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ABSTRACT

The center of the Milky Way Galaxy is a complex environment, with a super-
massive black hole, Sagittarius A* (Sgr A¥), at its heart, which is a bright radio
source. It undergoes regular bursts of variability, known as flaring. The flaring is
also observed in near-IR and X-ray observations. This flaring activity is thought
to arise from the innermost region of the accretion flow. One aim of this thesis is to
analyze the observations of the Galactic Center at millimeter wavelength to observe
and study the flaring activity of Sgr A*. In part these observations were carried out
by myself. For this,  have observed the GC at 3 mm wavelength between 2010-2014
with Australia Telescope Compact Array (ATCA). The observations in 2013 —2014
were also carried out to study the the flyby of the dusty S-cluster object (DSO/G2)
that was supposed to have its periapse passage in 2014, and its effects on the flaring
activity of Sgr A*.

I obtain the radio light curves of Sgr A* from interferometer data by subtracting
the contributions from the surrounding extended emission and correcting the ele-
vation and time dependent gains of the telescope. The observations detect three
instances of significant variability in the flux density of Sgr A*, with variations
between 0.5 to 1.0 Jy, lasting for 1.5 -3 hours. I use the adiabatically expanding
plasmon model to analyze the the flux density variations. We derive the physical
quantities of the modelled flare emission, which give a source expansion speed of
Vexp ~ 0.013-0.025 ¢, source sizes of ~ 1—3 Schwarzschild radii, spectral indices of
@synch = 0.5 — 0.8, with the peak of the synchrotron radiation occurring at frequen-
cies of few hundred GHz. These parameters suggest that the expanding source
components are either confined to the neighbourhood of Sgr A* by contributing to
the corona or the disc, or have a bulk motion greater than vey,. I do not detect ex-
ceptional flux density variation on short flare time-scales during the approach and
the flyby of the DSO which is consistent with its observed compactness and the
absence of a large bow shock.
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I also present the observations of SiO maser sources observed in the central par-
sec of the GC. SgrA* was observed with two intermediate frequencies (IFs) centered
at 86.243 GHz and 85.640 GHz corresponding to the two rotational transition lines
of the SiO molecule with 2 GHz bandwidth each, and 1 MHz frequency resoluti-
on, which corresponds to 3.477 kms™! velocity resolution. Our spatial resolution is
limited by the available baselines with best resolution of 0.2arcsec. These are the
most comprehensive observations of the central parsec of the GC at 3mm, with wi-
de band that allow us to investigate high velocity stars. In the thesis, I present the
method to detect the maser sources. In total, 11 sources were detected, of which
8 are previously known sources, like: IRS 1W, IRS 2L, IRS 7, IRS 9, IRS 10EE, IRS
12N, IRS 28 and IRS 34. Three new sources were detected. I present the method to
calculate the accurate positions and proper motions of the maser sources. The pro-
per motions of strong sources IRS 7 & IRS 12N are calculated precisely and are in
agreement with previous results. Comparative study of the relative strength of the
SiO transition lines indicates that the 86.243 GHz line is stronger than the 85.640
GHz line. Among the detected stars, 3 are cool stars, 2 HE I stars, 1 AGB star and
1 red giant. I also present an upper limit on the detection of several maser sources
which have been detected in previous studies but were not detected in my dataset.
This is most likely due to the strong variability of the maser emission.



ZUSAMMENFASSUNG

Das Zentrum der Milchstrafle stellt eine komplexe Umgebung dar, die in ihrem
Zentrum ein supermassives schwarzen Lochs, die helle Radioquelle Sagittarius A*
(SgrA*), aufweist. Diese variabele Quelle durchlduft regelmafiige Fluidichteaus-
briiche, die "flares’ genannt werden. Diese Ausbriiche werden auch im nahen Infra-
roten und im Rontgenbereich beobachtet. Man vermutet, dass diese FlufSdichteva-
riationen aus dem innersten Bereich des Akkretionsstromes auf das schwarze Loch
entstehen. Ein Ziel dieser Arbeit ist, die Beobachtungsergebnisse des Galaktischen
Zentrums bei Millimeterwellenldngen zu untersuchen und die ‘flare’-Aktivitdt von
SgrA* zu studieren. Dafiir haben wir zwischen 2010 und 2014 das Galaktische Zen-
trum bei 3 mm Wellenldnge mit dem Australia Telescope Compact Array (ATCA)
beobachtet. Die Beobachtungen in 2013-2014 wurden auch durchgefiihrt, um den
Vorbeiflug des staubigen S-Cluster-Objekt (DSO alias G2) an SgrA* zu studieren.
Dessen Periaps-Durchgang wurde fiir das Jahr 2014 erwartet. Ziel ist auch die mog-
lichen Auswirkungen dieses Ereignisses auf die "flare’-Aktivitdat von SgrA* zu ana-
lysieren.

Aus den interferometrischen Radiodaten erhalte ich die Lichtkurven von Sgr A
* durch Subtraktion der Beitrdge der ausgedehnter Emission der Umgebung, sowie
durch Korrektur der Elevations- und zeitabhédngigen Verstarkungsgewinne des Te-
leskops. Die Beobachtungen enthalten drei Phasen signifikanter Verdnderung der
Flussdichte von SgrA*, mit Variationen zwischen 0,5-1,0 Jy, die 1,5 bis 3 Stunden an-
dauern. Ich verwende ein Model eines sich adiabatisch expandierenden Plasmons,
um die kurzzeitigen Schwankungen der Flussdichte zu erkldaren. Dann leite ich die
physikalischen Grofien der modellierten “flare’-Emission ab. Hierbei ergibt sich ei-
ne typische Expansionsgeschwindigkeit der Quelle von vex, ~ 0.013 -0.025 ¢, eine
Quellgrofien von etwa einem Schwarzschild-Radius und ein typischer Spektralin-
dex von agsynen = 0.5—0.8. Der maxmale Flufd der Synchrotronstrahlung tritt bei Fre-
quenzen von einigen hundert GHz auf. Diese Parameter implizieren, dass die sich
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ausdehnende Quellkomponenten auf die direkte Umgebung von SgrA* beschrankt
sind und entweder zu einer Korona oder einer Akkretionsscheibe betragen. Alter-
nativ weisen sie eine Gesamtgeschwindigkeit von mehr als vey, auf. Wahrend der
Anndherung und des Vorbeiflugs des staubigen S-Cluster-Objekts (DSO) wurde
keine auflergewthnliche Anderung der Flussdichte auf kurzen ’flare’-Zeitskalen
beobachtet. Dies stimmt mit ihrer Kompaktheit und dem Fehlen einer signifikan-
ten und grofsen Bugstofiwelle tiberein.

Ich prasentieren auch die Beobachtungen von SiO Maserquellen, die in dem
zentralen Parsek des Galaktischen Zentrums gefunden werden. In meinen Be-
obachtungen habe ich mit zwei Zwischenfrequenzen (Zfs), zentriert auf 86,243
GHz und 85,640 GHz, entsprechend der beiden Rotationslineniibergdnge des SiO-
Molekiils, je mit 2-GHz-Bandbreite und 1 MHz Frequenzauflosung beobachtet.
Dies entspricht einer Geschwindigkeitsauflosung von 3.477 kms™!. Unsere raumli-
che Auflosung wird durch die ldngsten verfligbaren Basislinien auf etwa 0.2arcsec
begrenzt. Damit gehoren unsere Beobachtungen zu den umfassendsten, die vom
zentralen Parsek des Galaktischen Zentrums bei 3mm mit dieser grofsen Bandbreite
gurchgefiihrt wurden und uns somit die SiO Emission von Sternen mit hohen Ge-
schwindigkeiten untersuchen lassen. In meiner Doktorarbeit, prasentiere ich eine
Methode, um die Maserquellen zu erkennen. Insgesamt wurden 10 Quellen erfasst,
davon sind 8 bekannten Quellen, namlich IRS 1W, IRS 2L, IRS 7, IRS 9, IRS 10EE,
IRS 12N, IRS 28 und IRS 34. Drei Quellen wurden von mir neu entdeckt. Ich stelle
eine Methode vor, um die genauen Positionen und Eigenbewegungen der Maser-
quellen zu berechnen. Die Eigenbewegungen von starken Quellen, wie IRS 7 und
IRS 12N, sind genau berechnet und sind in Ubereinstimmung mit fritheren Ergeb-
nissen. Eine vergleichende Studie tiber die relative Starke der SiO Linieniibergédnge
zeigt, dass die 86,243 GHz Linie stédrker als die 85,640 GHz Linie ist. Unter den
nachgewiesenen Masersternen sind 3 kiihle Sterne, 2 He I Sternen, 1 AGB-Stern
und 1 roter Riese. Ich gebe auch eine obere Grenze fiir den Nachweis mehrerer po-
tentieller Maserquellen an, die in vorherigen Studien gefunden, aber durch meinem
Datensatz nicht erfasst wurden. Dies ist vermutlich eine Folge der hohen Variabili-
tat der Maseremission.
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CHAPTER

INTRODUCTION

“Far out in the uncharted backwaters of the unfashionable end of the
western spiral arm of the Galaxy lies a small unregarded yellow sun.
Orbiting this at a distance of roughly ninety-two million miles is an
utterly insignificant little blue green planet whose ape-descended life
forms are so amazingly primitive that they still think digital watches
are a pretty neat idea.”

— Douglas Adams, The Hitchhiker’s Guide to the Galaxy

Since the dawn of humanity, we have looked up at the sky and wondered about
the mysteries that the heavens held. Starting from the tracking of the motions of the
Sun and the Moon, we have come to realize our place in the Universe, and along
the way, we have uncovered some exotic objects, the secrets of the stars, the ways
of the galaxies, and the mysteries of Universe. We have measured the motions of
the planets, and formulated the evolution of the Universe. With each discovery,
we have understood more about the working of the Universe. It is an achievement
that the primitive ape-descended life forms have managed to grasp it. And yet,
with each discovery we have come across phenomena that have challenged our
theories. We found that we really know only 5% of the Universe, and that too not
very well, and the rest is mostly unknown Dark Matter and Dark Energy. But it is
the human nature to want to explore our surroundings, Brahma Jidnyasa — as it is
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2 CHAPTER 1. Introduction

called in Sanskrit — the urge to understand the Universe, that motivates us to keep
going in the face of unknown. This thesis is my attempt to understand a very small
part of the Universe, and take our knowledge further by a tiny step. Here in this
chapter I will introduce the Galactic Center environment.

1.1 THE MILKY WAY

Figure 1.1: The Milky Way across the night sky as seen at the ATCA site. Image credit:
Alex Cherney (terrastro.com).

On the edge of the newly discovered “Laniakea” supercluster of galaxies (Tully
et. al. 2014) lies the Milky Way Galaxy (also known as the Galaxy), a barred spiral
galaxy host to 300 billion stars, including our own Sun, and the Solar system, which
is located in its outskirts at a distance of 27,000 light years (~ 8kpc) from the center
in the Orion-Cygnus Arm. The Milky Way gets its name from its appearance in the
night sky as a dim fuzzy glowing band stretching across the night sky, as seen in
Fig. 1.1. It is made up of a disk of stars which is 100,000 light years in diameter,
and only 1000 light years thick near the position of the Sun, decreasing away from
the center. The disk contains most of the Milky Way’s stars and all of its gas and
dust, with the total mass of 10'! M. The spiral arms are located in this disk and are
traced by the molecular clouds. These arms are thought to have formed because
of the density waves from the interaction between the stars and the gas in the disk
orbiting the Galaxy. As the molecular clouds are home to massive star formation,
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the star clusters near the spiral arms have relatively young massive stars. The HiI
regions, illuminated by the massive young stars also run across the spiral arms.
Periodic supernova explosions from the dying OB stars create expanding shells of
material and fill the interstellar medium with hot (~ 10°K) X-ray emitting gas. The
stars eventually disperse from their birth environment, and thus the disk contains
a mix of young and old stars.

The disk of the Galaxy is surrounded by a spherical halo of stars. This halo is
sparsely populated and contains stars worth total mass of ~ 10° M, and virtually
no gas and dust, and thus no star formation. Due to this, the halo stars are quite old
and appear reddish in color. The small, spherical, densely packed globular clusters
of about 10° — 10° stars contain about 1% of the halo stars. Some of the oldest stars
in the Galaxy can be found in these 150 globular clusters. This halo of the stars and
the Galaxy are embedded in the spherical dark matter halo extending for hundreds
of kiloparsecs, which has a mass of ~10'? M.

*25,000 light years

—_— )
y 50,000 light years

Figure 1.2: A sketch of out Galaxy showing different structural components, the disk, the
bulge, and the halo. Image: Ka Chun Yu, Introduction to Astronomy.

Towards the center of the Galaxy is the flattened, elongated collection of stars
known as the Galactic Bulge. The bulge stars away from the center are older. They
have highly elliptical orbits, with largely random inclinations, although their aver-
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age stellar motion is net rotation around the Galactic center. The center also con-
tains a faint bar of the length of 1 -5kpc. The nature of the bar is highly debated,
with suggestions of a single bar, triaxial bulge, or two distinct nested bars. At the
very center of the Galaxy lies a supermassive black hole (SMBH) Sagittarius A*
(Sgr A*) with a mass of 4 million solar masses, the protagonist of this thesis. The
center of the Galaxy is shrouded in the intervening gas and dust. Thus it remains
obscured in the visible light, and cannot be observed. But it appears bright in other
wavelengths of the spectrum, which can pierce through the dust, and provide us
with the landscape of the central region.

Center of the Milky Way Galaxy
Chandra X-ray Observatory
Hubble Space Telescope

Fﬁ;ﬁ::'ﬂs . Spitzer Space Telescope

]
-\"""ur‘_.-
ArtHes ..
Cluster :
X-ray Binary . *
1E 1743.1-2843

Pistol Star e i & Sagittarius A
: s

' N
50 light-years - ” ,
15.3 parsecs '35 ; . 5
‘o E

Figure 1.3: A combined image of the Galactic Center as seen from the Hubble Space Tele-
scope in near-infrared, Spitzer Space Telescope in infrared, and Chandra X-ray Observatory
in X-ray light. (Image credit: NASA /ESA /Spitzer/CXC/STScI).

The nucleus of the Milky Way is 100 pc across, which contains several stellar
clusters, such as the Arches Cluster and the Quintuplet Cluster, as well as fila-
ments of dust and gas which are heated up by the radiation from the stars, and are
birthplaces of young stars (yellow in color as seen fig. 1.3). The X-ray traces the
high energy emission from the accretion of material on compact sources and black
holes. Sagittarius A complex is the brightest region in X-ray light, arising from the
diffused gas that has been heated to several million degrees of temperature by stel-
lar winds, and outflows from stellar explosions and from the supermassive black
hole.
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1.2 THE CENTER OF THE MILKY WAY

The inner few parsecs of the Milky Way galaxy is a complex and dynamic envi-
ronment, with Sgr A*, the supermassive black hole at the dynamic center, and sur-
rounded by the stellar cluster of young and evolved stars, interstellar medium with
diffuse hot gas, molecular dusty ring and supernova-like remnants. It is a unique
environment which allows for the study of the interplay of several phenomena,
from star formation in the vicinity of the SMBH, physics of interstellar medium, to
high energy emission processes associated with the accretion onto the black hole.
Being the closest available galactic nucleus environment, it can be studied with the
resolution that isn’t possible to achieve with other galaxies. At a distance of ~ 8
kpc, one arcsecond corresponds to 0.04 pc (~ 1.2 x 10! ¢cm). Thus the Galactic Cen-
ter has been actively explored in radio, submillimeter, infrared, X-ray and y-ray
wavelength with high angular and spectral resolution.

1.2.1 The Galactic Center Interstellar Medium

The interstellar medium in the GC region is mostly distributed in giant molecular
clouds. The central few parsecs of the GC consist of a circumnuclear disk (CND) of
neutral atomic gas, enclosing a cavity of relatively less density containing atomic
and ionized gas. Close to Sgr A* within 1-1.5 pc lies a region called Sgr A West,
which contains the mini-spiral. These are ionized clumpy filaments or streamers
that orbit Sgr A*. 1.3 cm and 3.6 cm observations with Very Large Array (VLA)
telescope have identified the features of the mini-spiral, viz. the Western arc, the
Northern and Eastern arms, and an extended bar, as seen in fig. 1.4 (Ekers et al.,
1983; Lo and Claussen, 1983; Serabyn and Lacy, 1985; Serabyn et al., 1988; Schwarz
et al., 1989; Lacy et al., 1991; Herbst et al., 1993; Roberts and Goss, 1993; Liszt, 2003;
Paumard et al., 2004; Zhao et al., 2009). The Western arc of the streamer is most likely
on a circular orbit, while the other components, i.e. the Northern, and Eastern arms
and the bar penetrate deep into the central region within few arcsecond from Sgr
A* and have highly elliptical orbits.

These filaments are ionized by the ultraviolet radiation from the massive young
stars. Of the 300 M, neutral atomic gas and few M, of warm dust, large fraction
is associated with the mini-spiral streamers, while the ionizing fronts may be inter-
faces between the low density and high density regions described by the neutral
ring (CND) (Paumard ef al., 2004). In the central parsec, the average gas density is
lower than the surrounding CND. Study of the orbital motion of the streamers us-
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Figure 1.4: Integrated 8.3 GHz image of the mini-spiral with marked components, the
Western arc, the Northern and Eastern arms, and the extended bar. (Image: Zhao et al.
(2009)).

ing the VLA by Zhao et al. (2009) suggests that the CND and the enclosing streamers
have their orbits at the same inclination relative to the plane of the sky. It is also
suggested that these streamers are part of the inflow of gas due to dissipative loss
of angular momentum from friction.

The circumnuclear disk is a dense torus-like ring or a disk surrounds the central
parsec of the GC. It consists of clouds of dense molecular gas (Wright ef al., 2001;
Herrnstein and Ho, 2002) and warm dust (Zylka ef al., 1995) of about 10* solar mass
of gas and dust. It rotates around the center in a circular orbit, with a sharp edge at
1.5 pc and extends up to 5—7 pc from the center (Becklin et al., 1982; Guesten et al.,
1987; Christopher et al., 2005; Montero-Castafio et al., 2009). The Western arc of the
mini-spiral is thought to be the inner ionized surface of the CND. The studies of
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Sgr A East

Figure 1.5: Schematic diagram of the Sgr A Complex as seen in the plane of the sky. (Image:
Herrnstein and Ho (2005)).

the velocity field and line emission, and the clumpiness of the CND suggest that
the CND may be a transient structure, although there is no conclusive evidence for
it (Guesten et al., 1987). Figure 1.5 shows the schematic of the larger scale structure
of the interstellar medium in the Sgr A Complex, where the CND is surrounded by
several thermal and non-thermal features, such as Sgr A East and the giant molec-
ular clouds (GMCs).

1.2.2 The Star Clusters

The central parsec of the Galactic Center contains a dense star cluster, with Sgr A*
at the dynamical center. The observations of the GC stellar cluster at IR and radio
wavelengths over two decades have shown some intriguing characteristics. It is
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an extremely dense cluster that contains mainly late-type red giants, including the
asymptotic giant branch (AGB) stars. The spectroscopic observations also reveal
hot early-type stars with strong winds exhibiting helium and hydrogen emission
lines (“He stars”) (Krabbe et al., 1995; Genzel et al., 1996; Paumard et al., 2006; Tan-
ner et al., 2006). These stars are generally characterized as the post main sequence
Ofpe/WNDO stars, while some show characteristics of luminous blue variable (LBV)
stars and Wolf-Rayet stars (Clénet ef al., 2001; Eckart et al., 2004b; Moultaka et al.,
2005).

- Mit-S piral* Bar

. e .

Figure 1.6: A composite NIR image (A = 1.5 —4um) of the GC environment within the
central parsec with the most prominent sources. The image is taken with NACO instrument
at European Southern Observatory’s Very Large Telescope. Image: GC webpage of 1.
Physikalisches Institut, University of Cologne.

The presence of such young stars in the immediate vicinity of the SMBH is
not completely understood. These stars are too young to have formed away from
the center and migrated inwards while it is thought that the extreme tidal forces
due to the presence of the supermassive black hole, the strong magnetic fields and
stellar wind may make star formation impossible in the region. But recent study
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of hydrodynamical simulations of the IRS stellar cluster 13 complex by Jalali et al.
(2014) has shown that orbital compression of the clumps orbiting the SMBH on
the elliptical orbit can not only not hinder but even assist the star formation by
increasing the gas densities in the clump to critical limit and overcoming the tidal
density of the black hole. Potentially younger objects have been discovered in the
central parsec of Sgr A* that hint towards very recent or ongoing star formation
(Eckart et al., 2003, 2004b, 2005; Moultaka et al., 2004a,b; Muzi¢ et al., 2008). The GC
also contains several luminous extended sources, which have now been known as
bow shock sources, such as IRS 1W, 2, 5, 10W, and 21. These are caused by bright
stars expelling strong winds through the ambient gas and dust of the northern arm
(Tanner et al., 2002, 2003, 2005; Rigaut et al., 2003; Eckart et al., 2004b; Geballe et al.,
2004). Some of these stellar sources will be discussed later in detail in chapter 4.

Right Ascension difference from 17h 45m 40.045s
+0.5"+0.4"+0.3"+4+0.2"4+0.1" 0.0" -0.1" -0.2"

| 51

+0.4"

403"
e~

-0.2"

Declination difference fro

-0.3"

S13

Orbits of some bodies of the Solar System|
(Sedna, Eris, Plufo and Neptune) | )
at the same scale for comparison \_J/

-0.4" ®

-0.5"

Figure 1.7: Inferred orbits of S-cluster objects around the supermassive black hole Sgr A*
obtained from the data from Eisenhauer et al. (2005).
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The central arcsecond near to Sgr A* has a star cluster containing high velocity
stars called the S-star Cluster. The NIR observations from 8 — 10 m class telescopes
equipped with adaptive optics have enabled to identify and study closely the stars
in the extreme vicinity of the SMBH. These S-stars orbit around Sgr A* at extremely
high velocities in highly eccentric and inclined orbits. The precise measurements of
the positions and proper motions of these stars has allowed for the determination
of trajectories of 20 stars, which has been used for the calculation of the mass of
the SMBH as well as relativistic effects on the central stellar cluster due the the
black hole (Genzel et al., 1997; Schodel et al., 2002; Ghez et al., 2003; Gillessen et al.,
2009a,b). Of these S-stars, S2 is the brightest star with the shortest orbital period
of ~ 15.9 years. Its motion was tracked for its full orbital period and was used to
confirm the presence of the supermassive black hole and precisely determine its
exact mass (Schodel et al., 2002; Ghez et al., 2003).

In 2012, a faint, dusty object was discovered in the S-star cluster, approaching
Sgr A*, which is now called DSO/G2 (Gillessen et al., 2012, 2013; Eckart et al., 2013).
From the first observations, the object was thought to be made up of pure dust and
gas, with a mass 3 times the mass of the Earth. Further observations and analysis
pointed towards presence of stellar source at the center that is surrounded by a
cloud of gas and dust. It was supposed to undergo its closest approach passage
to the SMBH during Spring of 2014 at a distance of 200 AU. The discovery raised
several questions. Would the object be destroyed by the tidal forces of the SMBH or
would it survive the closest approach? How much of its mass would get accreted
on to the black hole, and will it be enough to cause large variations in the flux
density to brighten up Sgr A* across all wavelengths? This sparked a frenzy of
observations from multiple telescopes (including observations I performed in 2013
& 2014, see section 2.3.2 for details). In section 3.6.1, I will discuss in details the
results of the observations and conclusions of the DSO flyby.

1.2.3 Sagittarius A*

In 1971, Lynden-Bell and Rees (1971), by applying the then speculative black hole
model for quasars to the Milky Way, pointed out that the Galaxy should contain
a supermassive black hole at its center, which might be detectable with radio in-
terferometry. A compact radio source was subsequently observed by Balick and
Brown (1974) using the Green Bank Telescope of the National Radio Astronomy
Observatory (NRAO). It was then later confirmed by Westerbork and Very Large
Baseline Interferometry (VLBI) observations (Ekers et al., 1975; Lo et al., 1975), and
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was named as Sagittarius A*. It was discovered that Sgr A* was located near the
dynamical center of the streamers in the nucleus from the high resolution VLA ob-
servation Brown ef al. (1981).

Sgr A* is one of the brightest radio source in the sky. It is always visible in this
wavelength regime as its intensity never falls below the detection limit. Thus it can
be monitored continuously in the radio regime. In contrast, Sgr A* is not detectable
in IR and X-ray regime in its quiescent state and becomes visible only in its flaring
state. Thus radio interferometric observations, thanks to the radio brightness of Sgr
A*, allow us to study the SMBH at very high resolution.

One of the important question — how well does Sgr A* actually coincide with
the dynamical center of the stellar cluster — was answered by radio observations.
The detection of SiO masers in the IR stars in both NIR and millimeter wavelengths
within central arcsecond of Sgr A* led to the precise calculation of NIR reference
frame, and the location of Sgr A* to within 30 mas in the NIR frame (See chapter 4
for details). The radio interferometric observations of the GC by Reid et al. (1999,
2003) with the Very Long Baseline Array (VLBA) have provided an accurate mea-
sure of the position and proper motion of Sgr A* with respect to the extragalactic
sources. From these observations they estimate that Sgr A* has a peculiar motion
of —18+7 kms™! towards positive galactic longitude and —0.4 +0.9 kms™! towards
the north Galactic Pole (Reid and Brunthaler, 2004). No significant acceleration was
detected in the motion of Sgr A*. These values are consistent with the zero proper
motion. The simulations of the stellar motions of the central star cluster and the
proper motion of Sgr A*, the estimated lower limit on the mass of Sgr A* is 0.4 x
105 M, within few AU. This result, along with the IR observations of the proper
motions of S-cluster stars around Sgr A* has led to the conclusion that the radio
source Sgr A* is associated with a supermassive black hole with a mass of 4 x 10°
Mo, which is at the dynamical center of the central stellar cluster.

Thanks to multiwavelength observations of the GC, the spectrum of Sgr A* is
well-known. Sgr A* is known to be extremely dim compared to other objects in the
same class, radiating at roughly nine orders of magnitude lower than the Edding-
ton limit, which is the theoretical maximum limit at which black holes can accrete
given mass. The low luminosity of Sgr A* can be partly explained by the accretion
rate, which is significantly lower than the possible Eddington accretion rate. Fig. 1.9
shows the spectral energy distribution (SED) of Sgr A* in its quiescent phase across
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Figure 1.8: The figure shows apparent motion of Sgr A* on the plane of the sky. Position
residuals of Sgr A* relative to extragalactic source J1745 — 283 is plotted along with 1 —o
error bars. The dashed line represents the variance-weighted best-fit proper motion, and the
solid line gives the orientation of the Galactic plane. Image: Reid and Brunthaler (2004).

radio, near-infrared and X-ray wavelengths. The low frequency spectrum at cen-
timeter wavelength rises slowly with spectral index of @ = 0.1 -0.3 (the spectral
index a is given as S, o« v¥). The spectral index increases to @ = 0.5 at higher fre-
quencies, and peaking at a = 0.7 at 2—3 mm. This is known as the ‘submillimeter
bump’. This excess is probably due to the synchrotron self-absorption radiation
from the innermost optically thick region of the accretion disk. The turnover at
the submillimeter wavelengths happens as a result of the transition from optically
thick to optically thin, and the inner accretion region becomes transparent to the
synchrotron radiation. The spectral index of this part of the spectrum is negative
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Figure 1.9: Spectrum of Sgr A*. Image: Yuan et al. (2003b).

(a <0), though the measurement of the index value of the quiescent spectrum at
infrared & X-ray wavelength is not possible as the value varies with flux.

The models for the SED of Sgr A* have to explain the discrepancy between the
Eddington luminosity and the observed luminosity. The most successful model
to explain the low luminosity was the advection dominated accretion flow model
(ADAF) which assumes a radiatively inefficient accretion flow. It involves an opti-
cally thin, but geometrically thick accretion disk. Since the accretion disk is thick,
the radial velocity and temperature are much larger and density of accretion flow
is lower. Estimates from the observations of radio and submillimeter polarization
(Bower et al. 2003; Marrone et al. 2006) predict significantly lower electron densities
in the accretion region of Sgr A*, implying that most of the material does not reach
the central black hole. This leads to the radiative time scales to be longer than the
accretion time scale. Thus the accretion flow energy is not radiated away, but stored
as thermal energy, thus leading to observed low efficiency.

1.2.4 Flaring of Sgr A*

Observations of the flux density of Sgr A* over different wavelength regimes have
shown that it is a highly variable source in all wavelengths, from NIR & X-ray to
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radio and submm (Baganoff et al., 2001; Genzel et al., 2003; Eckart et al., 2006b, 2008,
2012; Yusef-Zadeh et al., 2006a,b; Li et al., 2009; Dodds-Eden et al., 2009; Kunneriath
et al., 2010). This variability has been observed over wide range of time periods,
from few minutes to few hours to few days. The first simultaneous multiwave-
length observations were carried out by Eckart ef al. (2004a). Since then, several
such observations have been carried out, in which variations in the flux density of
Sgr A* (called flares) were detected in NIR, X-ray, as well as in radio and submm
regime. The radio/submm flares have been demonstrated to follow the brightest
simultaneous NIR/X-ray flares with a delay of ~ 100 min, indicating a link between
flaring activity in different regions (Eckart et al. 2004a, 2006b, 2008; Marrone et al.
2008; Yusef-Zadeh et al. 2006b, 2008).

Several models have been proposed to explain the flaring activity of Sgr A*
with varying merits. Some of the prominent models are the adiabatically expand-
ing plasmon model, the Jet-model with a weak jet, and the rotating hotspot model.
The study of the variability of Sgr A* can be helpful in understanding the physical
processes in the vicinity of the SMBH, and understand the basic emission mecha-
nisms of the accretion disk. The flaring activity of Sgr A* at mm wavelength will
be discussed in detail in chapter 3.

1.3 OUTLINE

In this thesis, I will present the radio interferometric observations of the GC with
Australia Telescope Compact Array (ATCA) at 3mm, which were carried out be-
tween 2010 —2014. In chapter 2, I will introduce the basics of radio interferometry,
as well as provide the details of observations and data reduction. This thesis con-
sists of two main parts:

o The flaring activity of Sgr A* In this part (Chapter 3) I will discuss the results
of the monitoring of flaring activity of Sgr A* at 3mm wavelength. I will
present the methods used to obtain flux and light curves, and calculating the
variability of Sgr A*. I will present the results of the modeling of the observed
flares with the expanding plasmon model, and the analysis of the individual
flares. I will also discuss various models that have been used to study the
flaring of Sgr A*.
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« SiO maser sources in the central parsec In Chapter 4, I will present the SiO
maser sources that were detected within the central parsec of the Galactic
Center during the 3mm observations with ATCA. I will describe the tech-
nique used to detect the maser sources, and the method to compute the pre-
cise positions and proper motions of the detected sources. I will then discuss
the results and properties of the SiO masers.

In Chapter 5, I will present the summary and conclusions of the thesis.






CHAPTER

RADIO INTERFEROMETRY, OBSERVATIONS, AND
DATA REDUCTION

“There is a theory which states that if ever anyone discovers exactly
what the Universe is for and why it is here, it will instantly disappear
and be replaced by something even more bizarre and inexplicable.

There is another theory which states that this has already happened.”
— Douglas Adams, The Restaurant at the End of the Universe

2.1 RADIO ASTRONOMY

For most of the human existence, the view of the Universe was restricted to the vis-
ible light. With the advances in electromagnetic theory in the 19th century, it was
understood that objects could emit radiation apart from optical light. Radio waves
were first postulated from the electromagnetic equations of James Clerk Maxwell
and were subsequently discovered by Heinrich Hertz in 1887. The first practical ra-
dio transmitters and receivers were developed by Guglielmo Marconi in mid-1890s.
The first astronomical discovery of radio source was done by Karl Jansky in 1933
when his antenna serendipitously discovered the radiation from Milky Way, and
is now considered as the birth of radio astronomy. The field of radio astronomy
gained momentum when scientists and engineers, who had carried out research

17
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on radar technology during the World War II, turned their attention to astronomy
to develop observational and instrumentation techniques. It led to the discovery
of 21-cm hydrogen line, the pulsars, the quasars, and the cosmic microwave back-
ground radiation. And now radio astronomy has become one of the most important
tools in astronomy and has been used complimentary to other wavelength astron-
omy.

The Earth’s atmosphere is opaque to most of the electromagnetic spectrum,
with two main windows, the optical-infrared band and the radio band, where it
is transparent. This allows us to observe astronomical sources from the ground,
as opposed to other wavelengths where satellite or balloon observations become
necessary. The opacity of the atmosphere is shown in fig. 2.1. As seen from the
figure the optical-NIR band is very narrow. Compared to that, radio wavelength
can be useful between the wide window of wavelengths between 10 meters (30
GHz) to 0.3 millimeter (1 THz), which allows for the observations of wide range
of astronomical sources, such as molecular gas, galaxies, active galactic nuclei etc.
The radio regime is divided into several bands: HF (below 30 MHz), VHF (30 —300
MHz), UHF (300 — 1000 MHz), microwaves (1000 — 30000 MHz), millimeter-wave,
and sub-millimeter-wave. At wavelengths smaller than 1 cm, only specific bands
are available for observations as atmospheric absorption from vibrational transi-
tion from atmospheric molecules such as CO,, O,, and H,O noise and attenuation
creates limitations for observations. At wavelengths longer than 10 meters, the at-
mosphere is completely opaque due to reflection from ionosphere.

The exceptionally broad frequency band of five orders of magnitude has two
main consequences. The wide band allows for observations of a variety of astro-
nomical sources, which arise from different thermal and non-thermal mechanism.
These include non-thermal radiation from galaxies, the strong radiation from the
radio galaxies and quasars powered by SMBHs, thermal emission from cold inter-
stellar gas, continuum emission from stars & pulsars, extrasolar planets and so on.
It also means different observation telescopes and techniques need to be developed
to cover various bands of the radio spectrum.

2.1.1 Emission mechanisms

Electromagnetic theory describes two main types of emission processes: contin-
uum emission and line emission. The continuum emission process is further di-
vided into thermal and non-thermal emission. A continuum emission occurs when
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Figure 2.1: Electromagnetic transmittance of the atmosphere of the Earth over different
parts of the electromagnetic spectrum. Image: NASA/jpl.nasa.gov

a source emits light in a continuous spectrum, as opposed to the line emission,
which is quantized emission that gives rise to discrete lines or spectrum.

2.1.2 Thermal emission

Thermal radiation is the most basic form of radiation. All objects with a temper-
ature emit continuous radiation that is proportional to the fourth power of their
absolute temperature (< T*, Stefan-Boltzmann Law). There are two main types of
thermal emission: the blackbody radiation, and the free-free emission.

Blackbody radiation:

A blackbody is an object that absorbs all the radiation incident on it and radiates
a smooth spectrum of radiation. The peak of the radiation occurs at a frequency that
is proportional to its temperature (see fig. 2.2) given by the Wien’s displacement
law:
Vmax =5.879x10'° T Hz

The power emitted per unit area per unit frequency is given by the Planck’s

law:
2hv3 1
2 ohviksT _ 3

BWw,T) = (2.1)
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Figure 2.2: Blackbody radiation curves at different temperatures. Image: astron-
omy.swin.edu.au.

where v is the frequency, kp is the Boltzmann constant, T is the absolute tempera-
ture, and c is the speed of light. For radio wavelength region, the energy of photons
is very low (hv << kg T), and thus the Rayleigh-Jeans limit is relevant over all of the
radio window. The emitted power is then given by:

2hv?kgT

Bwv,T)= =2

2.2)

The first examples of black bodies at radio wavelength were solar system plan-
ets and asteroids. Stars, dust emission from interstellar medium, the cosmic mi-
crowave background emission are some other examples of thermal blackbody ra-
diation.

Bremsstrahlung:

Another form of thermal emission occurs from electrons traveling in ionized
gas or plasma (HII region). It is produced by free electrons scattering off ions with-
out being captured, hence called free-free emission or bremsstrahlung. In a plasma,
the heavy immobile ions continuously cause slight deviations in the path of fast
moving electrons. Since any charged particle that is accelerating also radiates, each
deviation produces broad spectrum, and the power of the radiation emitted by the
particle is given by the Larmour’s formula:

20

=373 (2.3)
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Figure 2.3: Log-log plot of the blackbody curves for different temperatures. The straight
line slope of the curve below THz (10'? Hz) frequency shows that the Rayleigh-Jeans ap-
proximation for the Planck law is valid for the radio frequencies. Image: web.njit.edu.

An inverse process to the free-free emission is the thermal bremsstrahlung absorp-
tion, i.e., the absorption of energy from free-moving electron. An astronomical
source radiating bremsstrahlung will show both the effects in its spectrum, the
emission and absorption. Assuming a Maxwell-Boltzmann distribution of veloc-
ities, the optical depth of the region is

Ty X fT_3/2v_2n§ds (2.4)

where n, is the electron number density. Atlow frequencies, 7, >> 1, the HII region
is optically thick, its spectrum approaches blackbody spectrum with temperature
T, and its flux density varies as the square of the frequency. At high frequencies, the

HII region is optically thin with 7, < 1 and its flux density changes as S, o< v™%1.

2.1.3 Non-thermal emission

If the characteristics of the emitted radiation are independent of the temperature of
the source, the radiation is known as non-thermal radiation.



22 CHAPTER 2. Radio Interferometry, Observations, and Data Reduction

Synchrotron emission:

Synchrotron radiation is a process that dominates much of high energy astro-
physics. It is caused by the acceleration of charged particle moving at relativis-
tic speeds in a magnetic field. It was first observed in early betatron experiments
where the electrons were first accelerated to relativistic energies. In astronomy;,
only the radiation from an ensemble of electrons with a wide energy distribution is
observed. Thus many of the details of the radiation are lost in the averaging pro-
cess. In many cases, the synchrotron radiation is emitted by electrons which have
power-law distribution:

N(y)dy <y Pdy

We can then express the emissivity as

€, o< BPD/2,~(p=D/2

where B is the magnetic field. For the electron energy spectrum with power law
index p, the spectral index of the synchrotron radiation, defined by €, o< v, is
a = (p—1)/2. The spectral shape is thus determined by the shape of electron energy
spectrum, rather than the shape of emission spectrum from individual electrons.

The radio emission from the Galaxy, supernova remnants, and extragalactic ra-
dio sources is a result of synchrotron radiation.

Synchrotron self-absorption:

For every emission process, there is an absorption process. The process of scat-
tering of emitted photons off of synchrotron electrons is known as synchrotron self-
absorption. If the scattering process occurs many times, only the emission from the
thin surface layer is observed, and the total flux observed is much smaller. For
sufficient low frequencies and homogeneous source, the source becomes optically
thick, and the flux density can be given by S, ~ v5/2
source is optically thin. The frequency at which the source changes from optically
thick to optically thin is known as the turnover frequency, where the optical depth
T =1

. At higher frequencies, the

Inverse Compton scattering:

Inverse Compton scattering is the scattering of low energy photons to high en-
ergies by relativistic electrons so that the photons gain while the electrons lose the
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Figure 2.4: The spectrum of a homogeneous cylindrical synchrotron source for optically
thick and thin region, with the turnover frequency v,. Image: ifa hawaii.edu

energy. The inverse-Compton scattering is important for astronomy, especially ac-
tive galactic nuclei and black holes, whose accretion disks produce a thermal spec-
trum. The low energy photons produced in the accretion disk can be up-scattered
to high energies by the high-Lorentz-factor electrons. In AGN and blazars, the syn-
chrotron processes produce such low speed photons. These photons can then be
up-scattered by the same electrons that produced them. This process is then called
synchrotron self-Compton (SSC). Energy losses due to the inverse-Compton process
are referred to as electron cooling.

The gamma ray bubbles arising from the center of the Milky Way observed
with the Fermi-Gamma ray space telescope are thought to be due to the inverse
Compton scattering of synchrotron radiation Su et al. (2010).

2.1.4 Line emission

Spectral lines are narrow emission or absorption features in the spectra of gases
which appear at discrete frequencies. The spectral lines are a quantum phenomena.
The quantization of angular momentum gives rise to discrete energy levels in atoms
and molecules. The transitions between these discrete energy states in the physical
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Figure 2.5: The illustration of the Gamma-ray bubbles arising from the GC. Image: Fermi
telescope website.

systems result in spectral line emission and absorption. At radio wavelengths, the
main sources of spectral line emission are the rotational transitions of molecules,
such as CO, NHj etc. The 21-cm emission from the hydrogen line is the hyperfine
transition between the two levels of the ground state of the electron in hydrogen
atom.

Another type of emission that is important at the radio wavelengths is the natu-
rally occurring stimulated emission in molecules, called as maser (microwave am-
plification by stimulated emission of radiation). It is produced by the population
inversion of the transition. The spectral lines are an important tool to study then
physical and chemical properties of their sources. Hydroxyl (OH), water (H,O),
and silicon oxide (SiO) masers are some of the most prominent sources of maser
emission in millimeter astronomy. The SiO maser emission will be discussed in
details in chapter 4.

2.2 RADIO TELESCOPES

Radio telescopes are the instruments used to detect the electromagnetic radiation
at radio wavelengths. Most modern radio telescopes are antennas with parabolic
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reflecting dishes that can be pointed to the direction of the source of radiation. The
parabolic dish reflects the radio waves to a subreflector located close to the prime
focus, which then reflects the waves to the feed at the center of the reflector. The Ra-
dio telescopes generally have a Cassegrain subreflector system. The signal from
the feed is then sent to the receiver and amplifier system, which magnifies the
faint radio signals. Throughout this process, the signal remains proportional to
the strength of the incoming radiation, so that the resulting map is a true represen-
tation of the emission from the source. The amplifiers are extremely sensitive and
are normally cooled to very low temperatures to minimize interference due to the
thermal noise. The spectral power received by the detector of unit projected area is
called the source flux density S,, given by

S, = f L,do 2.5)
source

here I, is the specific intensity or the spectral brightness of the source, in the units
of Wm™2Hz sr™!, and dQ is the solid angle between the observer and the source.
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The flux density is measured in the units of Jansky (with 1Jy = 1072°Wm™2Hz™!). If
we assume that the incident radiation is thermal in nature (even when it is actually
not), we can express the specific intensity in terms of brightness temperature Tp
which is given by
I,c? SyA?

Tsv) = ZkVsz - ZdeQ (2.6)
One of the important parameters of a telescope is its resolution. From the diffrac-
tion theory, the resolution of a single dish radio telescope is given by

0 = 1.22A/D (radian) = 2.52 x 10°A/D (arcsec)

where D is the diameter of the dish. The resolution of single dish telescopes is lim-
ited by the maximum size of the movable dish that can be constructed. The largest
antenna also suffer from many issues such as tracking accuracy problem, gravita-
tional distortion, solar heating etc. For example, a single dish telescope with aper-
ture of 22 meters, operating at 3 mm wavelength will have a resolution of ~ 35".
This is very low resolution compared to optical telescopes. Thus for high resolu-
tion observations, single dish telescopes are not useful. To improve the resolution,
single dish telescopes are combined to form an interferometer. Interferometry tech-
niques combine several single antennas to synthesize a larger aperture, defined by
the baseline B — the separation between the two antennas. Then the angular reso-
lution is given as 8 = 1.221/B. Thus, larger the separation between the individual
antennas, better will be the resolution of the interferometer.

221 Interferometry and aperture synthesis

The basics of interferometry come from the Young’s double slit experiment, where
coherent waves passing through two slits produce an interference pattern.

The van Cittert-Zernike theorem relates the spatial coherence function V (ry,12)
to the distribution of intensity of the incoming radiation I(s) received at two points
r and rp. It shows that the spatial correlation function V(ry,r2) depends only on
rn—rnr

Vy(ry,r2) = f I, (s)e" 2SI gy 2.7)

Thus if one knows the mutual coherence function of the electric field, then the
source brightness distribution can be measured by taking the Fourier transform.

Consider a two element interferometer, as shown in figure 2.7, with a separation
of b looking towards a point source in a direction §. Plane waves traveling from the
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Figure 2.7: A block diagram showing a simple two element interferometer. Image:
gmrt.ncra.tifr.res.in

distance source must travel extra distance of bsin# to reach antenna 2, so the output
at both the antennas is the same but the output at antenna 2 lags behind by the
geometric delay of 7 = b-§/c. If the output voltage at antenna 1is V; = Vcos(2nv1)
then the output voltage at antenna 2is V, = Vcos(2nv(t — 74)) where ¢ is time and v
is the radiation frequency. These signals are first multiplied at the correlator which
gives

V2
Vi-Vo = Vzcos(vat) cos[2nv(t — Tg)] = (7) [cos(Zm/t—varg) + cos(ZJWTg)]

and then takes a time average which removes the high energy term cos2nvt -
2nv1g) so that the final output is

V2
R =WW) = (7)cos(2nwg)

The correlator output R varies sinusoidally with the rotation of the Earth. This
sinusoidal pattern is called as the fringe pattern. The fringe phase depends on 6 and
is a sensitive measure of the source position for projected baselines bcos6 longer
than several wavelength distances. Thus interferometers can measure the positions
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of compact radio sources with great accuracy, with errors as small as ~ 1072 arcsec.
The response R of a two-element interferometer with directive antennas is the prod-
uct of the power pattern of the individual antennas, and is known as the primary
beam. The point-source response of an interferometer can be improved by adding
more baselines. An interferometer with N antennas contains N(N —1)/2 baselines.
Each of these can be connected together and the combined response is known as
the synthesized beam.

The response of an interferometer to a spatially incoherent extended source
with sky brightness distribution I,(8) can be obtained by assuming the extended
source to be sum of independent point sources.

R(b) = f f A(s)I,(s) e’V edQdv
Q

Here A(s) is the effective collecting area of the antennas in the direction of 8. The co-
ordinates of the antennas when projected onto a plane perpendicular to the line of
sight form a plane with axes u and v, thus called the (u, v) plane and they describe
the projected separation and orientation of the elements. The coordinates ! and m
are direction cosines towards the astronomical source. Then the visibility function
measured by the interferometer is given by

Vi (u, v) = ffAV(l, m)IL, (I, mye My dm (2.8)

Taking the inverse Fourier transform of the above equation gives the source
brightness distribution

(o9}

I'il, m = AU, mI(, m) = f V(u, v)eX i w+vm 4,4y (2.9)

—00

Each observation of the source with a baseline and orientation forms a point in
the u— v plane, and a combined array of multiple baselines including the rotation
of the Earth fills up the plane, as can be seen from fig. 2.8. This can then be used to
construct the image of the source.
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Figure 2.8: As an example of the u— v coverage of telescope array — the u— v coverage of
Sgr A* with ATCA

2.3 OBSERVATIONS

2.3.1 The Telescope

We have used the Australia Telescope Compact Array (ATCA) for observing the
Galactic Center at 3 mm. ATCA is an array of six 22-m telescopes located at the
Paul Wild Observatory in Narrabri, New South Wales, about 550 km North-West
of Sydney, in Australia. It is operated by the Australia Telescope National Facility
(ATNF) of the Astronomy and Space Science division of the Commonwealth Scien-
tific and Industrial Research Organisation (CSIRO). The telescope operates in seven
observing bands: 20 cm, 13 cm, 6 cm, 1 cm, 7 mm, and 3 mm. The antenna 6 is per-
manently fixed in its location, which gives a maximum available baseline of 6 km,
but it is available for only select few array combinations. It is also not fitted with a
3 mm receiver, and thus is unavailable for 3 mm observations. Thus at 3 mm, the
angular resolution can range between 0.2" to 6 .
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2.3.2 Observation details

We have observed the GC at 3 mm wavelength with the ATCA between 2010 and
2014. Out of these, the observations in 2013 and 2014 were performed by me. The
location of ATCA has an advantage, as the GC passes almost overhead in the south-
ern hemisphere, it allows us to observe the GC for more than 8 hours a day. The
Compact Array Broadband Backend (CABB) of the telescope was upgraded in 2007.
This allows for observations with two 2048 MHz intermediate frequency (IF) bands.
The observations were performed with the spectral line mode at two different fre-
quency bands at 86.243 and 85.640 GHz. These frequencies correspond to two ro-
tational transition lines of the SiO maser (SO J=2-1, v=1and J=2-1, v =2).
The observations were conducted for approximately 10— 12 hours per observation
day. At the start of the observations, the bandpass calibrations were carried out
for 30 min with PKS 1253 — 055, and flux calibration with Uranus at the end of the
observations. We observed Sgr A* with three sets of 25 min on-source observations
which are in-between the observations of gain calibrators (see Table 2.1). For phase
calibrations we used Sgr A* as it is strong enough source that it can be used as a self
calibrator. The details of the observations are summarized in Table 1. The mapping
and data reduction of the interferometer data was performed using the MIRIAD
data reduction package.

The primary beam size of the telescope is ~ 0.5 arcmin while the resultant sec-
ondary beam size of the telescope is 1.95 x 2.28 arcsec. The antenna gain of ATCA
strongly varies with the elevation angle. It is most efficient at the elevation angle of
60° and has a minimum value of efficiency at the elevation of 90°. The gravitational
distortion of the dish causes small deformations in the shape of the dish. This de-
formation is significant when observing sources closer to the horizon, and thus it
limits the antenna efficiency at angles below 40°. Another factor to consider for the
antenna gain is the angular separation between Sgr A* and the calibrator (Li ef al.
2009). If we use a distant calibrator, the gain corrections resulting from it cannot
fully compensate for the elevation effects. These effects show up in the light curve,
and should be avoided. For this, the gain calibrators we used werenearby calibra-
tors within 10° of Sgr A*, among them mainly PKS 1741 - 312, as it is only 2.29°
away from Sgr A*. Some secondary gain calibrators were also used for consistency.
As I have discussed in section 2.1, at millimeter wavelength, the atmosphere is
not transparent for electromagnetic waves. This can result in large fluctuations in
the gain. Especially for observations at lower elevation angles (less than 45°), we
observe strong variation due to the thick atmosphere. For certain compact array
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Figure 2.9: The Australia Telescope Compact Array during observations in 2013.

configurations of the telescope, some antennas suffer from the shadowing effect,
and it is significant for elevations of <40°. Thus we only use the observational data
above the elevation of 40°.

2.3.3 Data reduction

Once the observations are complete, the raw data obtained stored from the tele-
scope needs to be processed. Data reduction is a procedure for processing the raw
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Table 2.1: The Log of observations of Sgr A* taken during 2010 to 2014. The dashes represent the

days on which observations were not made. See section 3.4 for details.

Date Array Calibrators  Start Time End Time
uT uT
May 13 1741-312 2010 May 13 11:04:45 2010 May 13 21:50:25
2010 May 14 H214 1622 —297 2010 May 14 10:45:07 2010 May 14 22:07:40
May 15 1741 -312 2010 May 15 10:10:30 2010 May 15 22:30:10
May 16 1622 — 297 2010 May 16 10:08:47 2010 May 16
May 23 1741 -312 2011 May 23 09:57:43 2011 May 23 21:05:13
2011 May 24 H214 1741 -312 2011 May 24 09:56:05 2011 May 24 21:24:17
May 25 1741 -312 2011 May 25 10:01:13 2011 May 25 21:22:30
May 26 1741 -312 2011 May 26 10:03:01 2011 May 26 21:17:33
May 15 1714-336 2012 May 15 08:23:47 2012 May 15 21:51:35
2012 May 16 H214 1714 -336 2012 May 16 10:04:30 2012 May 16 21:45:22
May 17 1714-336 2012 May 17 09:49:17 2012 May 17 21:52:18
May 18 1714-336 2012 May 18 11:02:51 2012 May 18 21:56:46
June 26 EW352 1741 -312 2013 June 26 08:18:21 2013 June 26 20:44:37
June 27 EW 352 1741 -312 2013 June 27 — — - 2013 June 27 — — -
2013 August 31 1.5A 1741 -312 2013 August 31 03:36:08 2013 August 31 14:57:04
September 1 1.5A 1741 -312 2010 September 2 — — - 2013 September 2 — - -
September 14 H214 1741 -312 2013 September 14 03:08:12 2013 September 14 13:27:58
September 16 H214 1741 -312 2013 September 16 — — — 2013 September 16 ———
April 1 H168 1741 -312 2014 April 1 14:54:24 2014 April 1 23:38:55
April 2 H1e8 1741 -312 2014 April 2 13:37:58 2014 April 3 00:22:18
2014 June 7 EW352 1714-336 2014 June 7 08:00:50 2014 June 7 19:00:02
September 26 H214 1714 - 336 2014 September 26 02:05:40 2014 September 26 12:44:31
September 27 H214 1714 - 336 2014 September 27 02:10:13 2014 September 27 12:40:51

data to correct for errors and interference in measurements. To perform the data re-
duction, I used the MIRIAD data reduction software (Sault et al. (1995)). I start with
flagging the data for bad data points as well as outliers and interferences. After

that, several calibrations are performed. The aim of calibrations is to find out the

relationship between the observed visibilities V,;s and the true visibilities V. For

each baseline:

Vops(t, v) = V(¢, v)-G(¥)-B(t, v)

here t is time and v is frequency. G is the complex continuum gain, and B is the

complex frequency-dependent gain (i.e., the bandpass).

* Bandpass calibration is a process of measuring and correcting the frequency-
dependent part of the gains B(t, v). The antenna based complex gains vary
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across the passband. These need to be corrected before the visibilities from
individual frequency channels are averaged. Hence bandpass calibration is
performed to estimate and correct for the bandpass shape.

* Amplitude calibration: The interferometers do not measure the absolute flux
densities of the sources. Thus the relative flux density scale is usually set by
observing an unresolved reference source whose flux density is believed to
be stable and whose intensity has previously been measured on an absolute
scale. In our case, planet Uranus was used as a flux calibrator.

¢ Gain calibration: Antenna based complex gains vary slowly with time with
variation of the order of few tens of minutes. These slow variations are mea-
sured and corrected using periodic observations of a secondary calibrator,
which is not too far from the source.

* Phase calibration: The phase calibration determines the instrumental and at-
mospheric phase effects by observing a point-like source that is not variable
and whose position is well-known.

¢ Self calibration: The technique of self-calibration is used to make additional
corrections to the antenna gains as a function of time. This is similar to basic
calibration discussed above, the main difference being that self-calibration
procedure is often performed iteratively, each time with a better model, until
finally the sequence converges.
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After performing these calibrations, a final image is produced using following
steps:

The image produced by Fourier transform of the visibilities is called the dirty
image. Since the u — v plane is not sampled completely (as seen from fig. 2.8), it
causes imperfections in this image. The inverse Fourier transform of the sampling
function produces a point spread function, which is referred to as dirty beam in radio
astronomy. We assume that the dirty image is a convolution of the dirty image with
the dirty beam. The CLEAN algorithm attempts to deconvolve the dirty beam from
the dirty image, and convolves it with a Gaussian shaped clean beam to produce a
clean image.



CHAPTER

BREAKFAST HABITS OF THE BEAST: FLARING OF
SAGITTARIUS A*

“The story so far:
In the beginning the Universe was created. This has made a lot of
people very angry and been widely regarded as a bad move.”

— Douglas Adams, The Restaurant at the End of the Universe

3.1 INTRODUCTION

As I have discussed in chapter 1, Sagittarius A* shines at luminosity several orders
of magnitude less than the Eddington luminosity. To explain this faint emission,
several theoretical models have been proposed. For the substantial mass inflow
of the accreting gas that is predicted predicted towards Sgr A*, these models re-
quire a very inefficient radiation mechanism (Narayan et al. (1998); Liu and Melia
(2001); Melia and Falcke (2001); Yuan et al. (2003b); Goldston et al. (2005); Liu et al.
(2006)). The advection dominated accretion flow (ADAF) model was used to model
the multiwavelength spectrum of Sgr A* successfully (Narayan ef al. (1998)). This
model predicts a two-temperature radiatively inefficient flow which is advected
across the event horizon. Significantly lower electron densities in the accretion re-
gion of Sgr A* are predicted from the estimates from the observations of radio and

35
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submillimeter polarization (Bower et al. 2003; Marrone et al. 2006). This means that
only small portion of the material finally reaches the central black hole. The study
of the flare emission from Sgr A* allows us to contribute to the solution of this issue.

It has been known for quite a few years now that Sagittarius A* is highly vari-
able across all wavelength bands, from radio-submillimeter to NIR-X-ray wave-
lengths. The NIR flares have been observed prominently where the flux can in-
crease by up to a factor of ~ 20 above the detection limit and in X-ray by up to a
factor of ~ 160. In millimeter wavelengths, the flux variation during a flaring event
up to 40% have been detected (Mauerhan ef al. (2005)). Multiwavelength observa-
tions of the GC have shown that the NIR & X-ray flares occur simultaneously, and
last for about 50 — 80 minutes (Eckart et al. 2004a, 2006b, 2008; Marrone et al. 2008;
Yusef-Zadeh et al. 2006b, 2008), while the radio-submm flares were demonstrated
to follow the brightest NIR/X-ray flares with a delay of ~ 100 minutes, with a life-
time of 90 — 150 minutes. This suggests that there is a connection between these
flares at different wavelengths. It is thought that the same set of particles gives rise
to the flares at different wavelengths. Since Sgr A* is embedded in thick thermal
material, it is difficult to observe the intrinsic structure of the source region that
gives rise to the flares. But the observations of flares can provide constraints on the
source structure and emission mechanism.

Several models have been provoked to explain the flaring activity and the emis-
sion mechanism of Sgr A*. The synchrotron and synchrotron self-Compton (SSC)
model has been used to explain the flare emission at the NIR/X-ray wavelengths.
The model involves up-scattering of the sub-mm photons from a compact source
component. The inverse Compton scattering of the THz-peaked flare spectrum by
relativistic electrons gives rise to the X-ray flares while the NIR flares arise due to
the synchrotron and SSC mechanism. The flares in radio and submillimeter regime
are caused by the adiabatic expansion of the source components. Alternative mod-
els include the hot spot model, and the jet-outflow model. I will discuss these
models in next section.

3.2 MODELS

3.2.1 The Synchrotron and SSC model

The synchrotron and SSC model assumes a uniform magnetic field B, and a power
law distribution of electrons
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N(E) = NgE~@¥™Y; (yymc? < E < yamc?)

for a synchrotron source of angular size 6. The Schwarzschild radius of the SMBH
is Ry = 2R; = 2GM/ c? ~ 8uas where Ry is the gravitational radius of the SMBH.
Thus at a distance of 8kpc from us, the size of one R, corresponds to an angular size
of 8uas. The synchrotron spectrum has an optically thin spectral index a given by

Sy x v ¢

where S, is the flux density at frequency v. The synchrotron spectrum has a
turnover frequency of v,, with flux density S,,. (See section 2.1.3 for the detailed
discussion of synchrotron emission mechanism). This source has a bulk velocity of
B = vl/c. This gives a relativistic boost factor of

5 =T1[1-pBcos¢p]™?

where T is the bulk Lorentz factor

r = [1—,62]1/2

¢ is the angle between the velocity vector and line of sight.

The magnetic field strength is then given by
B = 107°b(@)0*v3,S,26 (3.1)

Synchrotron photons from the spectrum are scattered by the same population of
source electrons population, giving rise to an inverse-Compton flux density

SSSC — d(a)ln (2) 0—2(2a+3) Vr—n(3a+5) S%r(l(x+2) E§a6—2(a+2) (32)

Vm

Here Ex is the X-ray photon energy in keV, d(a) and b(a) are dimensionless param-
eters that are function of @, as shown in table 3.1, from Marscher (1983). The SSC
spectrum has the same spectral index of a as the synchrotron component within the
wavelengths of Anax to Amin corresponding to energies of Emin to Emax. To produce
the observed flux in the X-ray domain, Lorentz factor of the order of y, ~ 103 of the
emitting electrons is required. The upper synchrotron cut-off frequency for this lies
in NIR bands. Thus, most of the NIR spectrum can be explained by synchrotron
emission, while the inverse Compton emission explains the X-ray emission. The
detailed derivation and discussion of this formalism can be found in Eckart et al.
(2012).
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Table 3.1: The values of dimensionless parameters d(a) and b(a) for various values of a.
Source: Marscher (1983)

a da) b(a)

025 130 1.8
0.5 43 3.2
075 18 3.6
01 91 38

3.2.2 The adiabatic expanding plasmon model

Multiwavelength campaigns have shown that the radio/sub-mm flares follow the
brightest NIR/X-ray flares by 1.5+ 0.5 hours, and are shown to be related to the
higher frequency flares. The adiabatically expanding plasmon model which was
developed by van der Laan (1966) has been used extensively to analyze the radio
and sub-mm flares of Sgr A*. This model assumes that the adiabatic expansion of
the synchrotron components in the synchrotron and SSC model used in section 3.2.1
causes the flares in radio and submillimeter regime. Multiwavelength analysis of
the simultaneous flaring of Sgr A* conducted in the previous studies (Eckart ef al.,
2006b, 2008, 2012; Yusef-Zadeh et al., 2006a, 2008) have demonstrated that the peak
of the light curves occurs at successively lower frequencies (starting from NIR to
sub-mm to millimeter to radio frequencies). The initial event that energizes the
electrons gives rise to NIR and X-ray flares, and the expanding self-absorbed syn-
chrotron source results in flares at lower frequencies. When the synchrotron com-
ponent becomes optically thin at a particular frequency, the flux reaches its peak
value at the frequency. The peak value reached by the flux is determined by the size
of the component, and the time period of the flare is given by the expansion speed
of the blob. The model is successful in the prediction of the simultaneous flaring
and declining emission occurs at NIR and X-ray wavelengths, and then successive
flares occuring at lower frequencies in sum-mm and mm radio regime where the
blob is initially optically thick.

This model assumes a synchrotron component of relativistic electrons which
has a power-law energy spectrum, n(E) < E~P. This source is situated in a magnetic
field that declines as R™2. As the component expands, its particle energy of each
relativistic particle reduces proportional to R™! and the particle density scales as
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R73 (van der Laan, 1966). The frequency dependence of the flux density I, is given
as

I, = L2 p3&(ry) (3.3)

Here v = (v/vp) is the normalized frequency, p = (R/Ry) is the expansion factor
for the expanding blob of synchrotron emitting relativistic electrons with Ry as the

initial radius, and &(7) = %. The optical depth of the synchrotron radiation
7, scales as
Ty = TO,V—(p+4)/2p—(2p+3) (34)

where 7 is the critical optical depth at the peak of the flux density at any partic-
ular frequency, and v is the frequency at which the flux density peaks when R = Ry
at time t = . For frequencies = v the blob is initially optically thin. The initial op-
tical depth 7y depends only on the particle spectral index p through the condition

e —(2p/3+1)19—1=0. (3.5)

Thus for a given particle spectral index p and peak flux density Iy at the turnover

frequency v, the model gives the variation in flux density at any frequency as a
function of the expansion factor p = (R/Ry).

3.2.3 The Hot Spot model

The orbiting hot-spot model is a frequently used model that has been invoked to
analyze the short term NIR and X-ray variability of Sgr A* (Broderick and Loeb
2006; Eckart et al. 2006b). This model postulated that the accretion disk around the
SMBH form bright overdensities which manifest as hot spots in the accretion disk.
These hot spots revolve around the SMBH in Keplerian orbit close to the last stable
orbit. Since the spots are moving at high velocities, they appear brighter while ap-
proaching than receding due to the relativistic beaming effects and Doppler shift.
To estimate the parameters of the NIR & X-ray flares, a combination of the relativis-
tic effects and the SSC modeling are used (Eckart et al., 2006b; Zamaninasab et al.,
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2010). The radio and sub-mm flares have been described by using the hot spot
model combined with the radiatively inefficient accretion models. The opacity ef-
fects in the accretion disk are taken into consideration for modelling in the radio
band (Broderick and Loeb 2006; Li et al. 2009). This model has been invoked to
study the physics of accretion disks in AGNs and stellar-mass black holes in binary
systems. But an absence of a standard gaseous disc near Sgr A* limits the applica-
bility of this model (Levin and Beloborodov 2003). The ~ 90— 120 minute time lag
observed between the NIR and radio flares is also not explained by this model.

3.2.4 The Jet model

The Jet-ADAF model is another model which has often been invoked to analyze
the flaring of Sagittarius A* (Falcke et al. 1993; Markoff et al. 2001; Yuan et al. 2002).
The combined accretion-jet model was used to illustrate the spectral energy distri-
bution from the quiescent emission of Sgr A*. This model states that the emission
from Sgr A* comes from the interaction of the synchrotron and SSC components in
the accretion disc with the short jet *. It postulates a presence of a blob of relativis-
tic electrons in the accretion disk which are emitting synchrotron radiation. When
this component gets caught up in the outflow of the jet, it gives rise to the flares.
The X-ray and NIR flares are produced by the upscattering of the SSC components.
The motion of the blob along the jet causes it to accelerate and expand. Because
of this expansion, emission reaches its peak at successive radio wavelengths which
corresponds to different sections of the jet. This model can predict the flaring in
the NIR and X-ray regime without a delay, and explain the delay in the flair time
of the radio/sub-mm flares, and the observed 10% linear polarization in the sub-
mm bump. The jet model has been used to describe the emission of low luminosity
AGNs (LLAGN) (Herrnstein et al. 1998; Bietenholz et al. 2000; Yuan et al. 2003a; An-
derson et al. 2004; Liu and Wu 2013; Nemmen ef al. 2014). And given that Sgr A*
is thought of as the weakest known LLAGN, a jet outflow from Sgr A* is also pos-
tulated. Although such a jet has been assumed, any jet from Sgr A* has not been
observed, but only circumstantial evidence has been found for the presence of a
jet. There have been detections of some extended features at position angles 120°
to 130° (Eckart et al. 2006b,a; Morris et al. 2004). These detections, suggest towards
presence of a jet, when coupled together with the NIR polarization of synchrotron
radiation (Shahzamanian et al. 2015). An upper limit of about 1073 AU can be put
on the size of the jet of Sgr A* by comparing with the parameters obtained from
the analysis of the LLAGN. This value is significantly smaller than best resolution
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available with the current telescopes (Markoff and Falcke 2003). The detection of
the jet is made difficult by the possible low surface brightness and it remains hid-
den. Next generation telescopes with higher resolution observations will be able to
resolve the neighbourhood of Sgr A*.

jet

nozzle

| i sohic radius
1 nozzle 1
1 1
1 1
1 1

A

Figure 3.1: The schematic diagram of jet-disk coupling model for Sgr A*. Image: Yuan
et al. (2003a).

For analyzing the emission from Sgr A*, the two qualitatively distinct models
can be integrated together (Eckart ef al. 2015). In the basic formulation, the orbiting
or the outward traveling source has the relativistic bulk motion which is given
by the Lorentz factor, but it is expected that the source may have a helical-type
motion. The orbital motion of the component gives rise to the flux variations in
the central plane, while the ejection of the material along the jet cause the flares
from the outflow, where the bulk velocity of the component is close to the speed of
light. The magnetic field lines close to the SMBH are embedded into the accreting
material. They are further dragged in a toroidal motion due to the orbiting material.
Further away from the black holes the magnetic field lines emerging out are tangled
into a spiral which gives rise to the radial element of the blob velocity.

Recently, Mohan and Mangalam (2015) analyzed a phenomenological model of
the combined orbiting hot spot component in helical motion along the surface of a
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conical magnetic field embedded in the inner accretion disc. It has been proposed
that an outward motion along spiraling trajectories can lead to quasi-periodic vari-
ability. Observations of the variability of Sgr A* in several different frequency
bands and polarimetry can be used to test this model in the future (Broderick and
Loeb, 2009).

For the purpose of this thesis, I will use the adiabatic expanding plasmon model
for modeling the observed flare events in the data.

3.3 OBTAINING THE LIGHT CURVES

As the 6th antenna of ATCA does not have a receiver for 3mm observations, it is
unavailable for our observations. Because of this, the maximum baseline avail-
able at 3mm is 214m for H214 configuration, which is the array configuration we
have used predominantly. The resulting synthesized beam is 2 arcsec. At shorter
baselines, the diffuse emission originating from the extended sources in the neigh-
bourhood of Sgr A*, such as the mini-spiral, dominates the flux density at this
angular resolution, and also a contributor at longer baselines. Table 3.2 shows the
obtained lower quartile flux density from the light curves for our observations of
Sgr A*. We assume that this lower quartile value represents the base flux density
value of Sgr A* around which we detect flux variations. These flux density values
are conisistent with the values from the ATCA database, and with the recent VLA
observations of Sgr A* (Sjouwerman and Chandler 2014). The flux contains contri-
bution from the extended emission around Sgr A*. There have been indications of
~ 8 hour variability in the flux density of the Sgr A* by Witzel et al. (2012) and Dex-
ter et al. (2014). This variation may account for the fluctuations in the flux density
values from different consecutive observation days.

To find out the intrinsic flux density of Sgr A* we need to account for these
contributions*. The contributions from the extended flux and the atmospheric and
instrumental variations in the flux of Sgr A* were corrected using the method de-
veloped by Kunneriath ef al. (2010). In this method, we first extract the flux values
from two orthogonal pairs of the longest baselines, and then we subtract the me-
dian baseline and time dependent flux was for each baseline from each dataset of
observations. For each given baseline b, s,(t) represents its observed flux density.
Then S, (¢) gives the median baseline flux for each year

Sp(8) = pyr (sp(D)). (3.6)
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Table 3.2: The lower quartile flux density values of the Sgr A* for the observations.

Observation Day ~ Flux density [Jy]
13 May 2010 4.68
14 May 2010 418
15 May 2010 4.49
16 May 2010 3.62
23 May 2011 3.51
24 May 2011 3.46
25 May 2011 2.98
26 May 2011 3.43
15 May 2012 3.69
16 May 2012 3.48
17 May 2012 3.02
18 May 2012 2.84
26 June 2013 3.96
31 August 2013 3.86
14 September 2013 6.08
01 April 2014 2.29
02 April 2014 2.53
07 June 2014 2.71
26 September 2014 2.26
27 September 2014 221

The time dependent differential flux density I(#) and the uncertainties & 1(¢)

were calculated using

and

I(2) = pp(sp(2) = Sp(1))

S1(1) = pp(S(8) = (sp(8) — Sp(1))

(3.7)

(3.8)
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Here uy, represents the median operator where the median is taken over the all
the observation days for each particular year, while yy, is the median calculated over
different baselines. The uncertainty in the differential flux density 6 I(#) is given by
the median of the deviation from the median flux I(¢). Because the differential
flux takes both positive and negative values, I added or subtracted a constant flux
value from the differential flux densities to model the flux densities. I attribute the
residual flux density dips/excesses to variations in the intrinsic flux density of Sgr
A*.

3.4 RESULTS

As the atmosphere is no longer transparent at 3mm, the observations with ATCA
are very sensitive to atmospheric conditions. On several observing days, the light
curves are contaminated by turbulence in the atmosphere or rainfalls. These con-
taminatinos manifest as strong and rapid fluctuations in the flux at very short
timescales (~ 30 minutes). Most of the observation on 16 May 2010 were affected
by turbulence. A heavy rainfall on 23 May 2011 resulted in extreme variations (~ 7
Jy) in the flux density. On 26 May 2011 and 15 May 2012 we observed similar rapid
variation, as the turbulence affected large portions of the observations.

No data was obtained on 27 June, 1 September and 16 September in 2013 as
heavy rainfall on these three days prevented from observing the GC (marked by
‘———"in the Table 1). Large fluctuations were also observed in part of the data
on 31 August and 14 September 2013 due to turbulence and during the rest of the
remaining time, the flux remained fairly stable. We did not detect any significant
fluctuations on 26 June 2013 either.

The observations in 2014 were not affected by atmospheric events and the
conditions were good. For all observation days, good quality flux data was ob-
tained. But no flaring activity was detected on any day of 2014 on the time-scale of
~ 100 - 150 minutes within the time of the observation.

We observed flares on three occasions, 13 May 2010, and 17 May and 18 May in
2012. The light curves of the corresponding dates are shown in Fig. 1 along with
the light curves of the calibrators. These flares will be discussed in the following
section in detail.
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Figure 3.2: The differential light curves of Sgr A* with ATCA at 3mm for the days during
which flares were detected. The top panel in each subfigure shows the differential flux
density of Sgr A*, while the bottom panel shows the observed calibrator flux on that day.
The data points between the vertical lines show the detected individual flares. A differential
light curve from 02 April 2014 observation is shown as an example of smooth flux variation
with no strong flare activity. No flares were observed during that day with their start and

stop times within the observed time range and with peak amplitude in excess of 0.3 Jy.
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3.4.1 Uncertainties

Given the nature of the light curves and significant spread in the values, it is nec-
essary to distinguish between minor fluctuations and flare events. As discussed in
Section 2, the uncertainties in the flux density variations were calculated by calcu-
lating the median deviation from the median flux. Hence, the resulting uncertain-
ties characterize the estimates of the compact flux associated with Sgr A*, corrected
for flux density contributions from more extended and spatially resolved structures
within the mini-spiral. The derived uncertainties in the differential flux are of the
order of 0.02 Jy, with the minimum value of 0.001 Jy and maximum value of 0.15
Jy, and the median value of 0.015 Jy. Thus to distinguish the significant flux excur-
sions leading to genuine flare events, we require the variation to be of the order of
at least 0.3 Jy. Smaller flux variations are considered to be too small to be signifi-
cant, and are not considered flare events. The flares have characteristic timescales
of ~ 100—150 minutes at 3mm wavelength (Mauerhan ef al., 2005). Thus excursions
in the differential flux which last for significantly shorter or longer time periods
than ~ 180 minutes are not considered as flaring events.

3.4.2 Flare events

13 May 2010:

We detected two flare events on 13 May 2010. The differential flux of Sgr A* in-
creased by 0.4 Jy in 45 minutes, and then decreased slowly to 0.1 Jy in 1.25 hours.
The flux increased again from 0.2 Jy to 1.0 Jy in 1 hour, followed by a decline back
to 0 Jy. The flux variation of 0.8 Jy makes this as one of the strongest flare detected
from all the observations.

17 May 2012:

Two instances of strong flux variation were detected on 17th May, 2012. For the
first flare, the differential flux increased from 0.4 Jy to 0.7 Jy within 1 hour, and then
decreased to 0.0 Jy. Following this was the second flare with a flux increase to 0.75
Jy in 45 minutes. The two flares are centered at 14:00 UT and 16:25 UT respectively.
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18 May 2012:

We observed a strong flare was on 18 May 2012. The differential flux increased
by 0.7 Jy within 1.5 hours before declining by 0.4 Jy. A slightly weaker second flare
was also observed where a differential flux increase by 0.3 Jy was seen in 45 minutes
which subsequently decreased to 0.0 Jy.

The 2013 and 2014 data:

We had scheduled our observations for 2013 and 2014 to monitor the flare activ-
ity of Sgr A* during the periapse passage of the dusty S-cluster object (DSO/G2).
DSO/G2 was which was discovered recently, and large flux variations were pre-
dicted during its flyby (Eckart et al. 2013; Valencia-S. et al. 2015, see Section 3.2.2
for details). During the 2013 campaign, heavy rainfall on 3 out of the 6 sched-
uled days caused loss of observation time, parts of the observation were affected
by atmospheric turbulence on the rest of the three days, but we did not detect any
significant excursion in the unaffected parts of the light curves. In 2014, we do not
observe any significant flux variation on the flare time scales of ~ 100—150 minutes
and no flares were observed with their start and end times within the observed
time range.

The calibrator flux density has remained constant during all the observed flar-
ing events. This supports our conclusions that the observed variations in the flux
density originate from Sgr A*.

3.5 FLARE ANALYSIS

I have discussed various different models that have been used to explain the flar-
ing of Sgr A* in section 3.2. For the analysis of the detected flares, I will use the
expanding plasmon model, discussed in section 3.2.2

As we observe the flares as progression in time, the dependence of I, and 7,
has to be converted from expansion factor to time. I assume that the blob expands
uniformly at a constant speed so that the expansion radius R is a simple linear
function of time, with a constant expansion speed of vey,. This expansion of the
radius is given by R— Ry = Vexp (£ — o). The initial radius Ry of the source component
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is usually expressed in multiples of the Schwarzschild radius. One Schwarzschild
radius corresponds to Rs = 2GM/ ¢* ~ 10'm for a supermassive black hole of mass
~ 4x 10°M,. This results in the velocity of light to be about 100 Rs per hour.
At times t<fy, the source optical depth is assumed to be equal to its frequency-
dependent initial value 79 at R=Ry. For the optically thin part of the spectrum,
there is an initial increase in flux as the source size increases at constant optical
depth 79 and then decreases with decreasing optical depth as it expands. For t>1,
an increase in the turnover frequency vy or the initial source size Ry shifts the de-
caying flank of the curve to later times, thus lengthening the duration of the flare.
A decrease in the spectral index asynch = (p —1)/2 or peak flux density Iy also has
the same effect in the shape of the decaying flank of the curve, while increasing the
adiabatic expansion velocity, vexp, shifts the peak of the light curve to earlier times.
Flare timescales are longer at lower frequencies and have a slower decay rate, as a
result of adiabatic expansion.

The uncertainties in the parameters values of the model are calculated from
the reduced x? fit values, by varying the parameters until the reduced y* varied
by 30%, which corresponds to 1o uncertainty in the model parameters. For each
source component, I use five parameters (Iy, &synch, Ro, Vo, Vexp), i.e. 5 degrees of
freedom. The details of the models are described in the Table 2.

The synchrotron self-Compton (SSC) model has been used for the modeling
of the NIR flares together with the adiabatically expanding plasmon model. This
model assumes that the synchrotron and SSC components in the temporary ac-
cretion discs around the SMBH are upscattered by SSC processes to NIR/X-ray
regime. Then the adiabatic expansion of these components results in the radio/sub-
mm emission. Sabha et al. (2010) and Eckart et al. (2012) discuss the detailed formu-
lation of this model. Using formalism, we can constrain the strength of the mag-
netic field as a function of the turnover frequency v,,. The magnetic field is then
given by B ~ 0%} I,2. Here 0 is the angular size of the synchrotron component,
while I, is the peak flux density at the turnover frequency.

The modeling of the 13 May 2010 flare:

I model the first flare with a source component of initial radius 1.67 Rs. The expan-
sion speed of the component was 0.015 c¢. The obtainedparticle spectral index p and
the turnover frequency were 2.2 and 469.2 GHz respectively.
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Table 3.3: The parameters for the individual source components estimated from the adia-
batically expanding plasmon model. See also Borkar et al. (2016) for details.

Date Flare Vexp Smax Vmax Ro @synch X

] Uyl [GHz] [Bs] [G]

13 May 2010 A 0.015+ 0.002 3.57+ 0.21 469.2+ 70.0 1.67+ 0.06 0.60+ 0.15 1.43
B 0.021+ 0.001 6.95+ 0.29 378.73+ 102.5 3.61+ 0.03 0.77+ 0.20 1.94

17 May 2012 C 0.0135+ 0.002 5.19+ 0.37 542.7+ 67.4 1.60+ 0.05 0.66+ 0.21 1.76
D 0.022 + 0.003 7.45+ 0.27 5123+ 57.1 1.67+ 0.03 0.675+ 0.30 2.06

18 May 2012 E 0.023 + 0.004 773+ 0.4 5459+ 72.0 2.27+ 0.01 0.55+ 0.32 1.98
F 0.017+ 0.003 6.25+ 0.33 652.0+ 81.5 1.35+ 0.02 0.67+ 0.23 2.16

The second flare observed on this day was modeled using a component of initial
radius of 3.61 R;. The blob expands at the speed of 0.021 ¢, and has a particle
spectral index of 2.54. The turnover frequency is obtained from the fit is 378.7 Ghz.

The modeling of the 17 May 2012 flare:

I observed two flaring events on this day. The first blob originates at 13:00 UT and
reaches the peak intensity at 14:25 UT. From the fits, I obtain the expansion speed
of the blob to be 0.0135 ¢, the initial radius 1.60 Rs and the particle spectral index of
2.32 and the turnover frequency of 542.7 GHz.

For the second flare, he expansion speed for the source is assumed to be 0.022 ¢,
the particle index of 2.35. The turnover frequency was found to be 512.3 GHz and
the initial radius of 1.67 R;.

The modeling of the 18 May 2012 flare:

The first flare detected on this day was modeled with the source component of
radius 2.27 R,. This source has the expansion speed of 0.023 c, particle index of 2.1
and the turnover frequency of 545.9 GHz. The second flare was fitted using a source
component of size 1.35 Rs which expands at the speed of 0.017 c. The spectral index
and the turnover frequency of the blob was estimated to be 2.34 and 652.0 GHz
respectively.

Table 3.3 shows the details of all the fitted parameters from the expanding plas-
mon model for all flare events. The Fig. 3.3 shows the modeled curves fitted to the
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differential light curve data from our observations.

3.6 DISCUSSION

The NIR, submillimeter and radio flares of Sgr A* have been successfully explained
using the adiabatically expanding plasmon model (Eckart et al., 2006b, 2008; Yusef-
Zadeh et al., 2006a; Kunneriath et al., 2010). From these modeling of the flares, it
has been shown that the synchrotron emission is initially optically thick at radio
& millimeter wavelengths, and optically thin at NIR and X-ray wavelengths. The
turnover of the flare was shown to be occurring in the submillimeter region. The
millimeter flares modeled using the adiabatically expanding modeling by Yusef-
Zadeh et al. (2006b, 2008) predicts the turnover happening at frequencies = 350
GHz. Kunneriath et al. (2010) and Eckart et al. (2012) also estimate similar values of
the turnover frequency of around few hundred GHz. The turnover frequency de-
fines the values of the initial blob radius Ry and the particle spectral index p, which
in turn determine the flux density in the optically thick and optically thin part of
the spectrum. Higher values of v, in the THz regime have also been found which
provide reasonable fits to the data. But they overestimate the particle spectral in-
dex and the peak flux densities at submillimeter wavelengths (Eckart et al., 2008).
The particle index of 1.5 < p < 3.5 correctly predict the flux density at millimeter
wavelength. The estimates of the parameters that I obtained from the modeling our
data are fairly consistent with these values.

I obtain the expansion velocities of the blob of 0.013 —0.025 c. These are within
the range of previous results (Eckart ef al., 2008; Yusef-Zadeh et al., 2008; Li et al.,
2009). These values are an order of magnitude smaller than the values obtained
from the relativistic sound speed in the absence of external pressure in the vicinity
of the SMBH, which are estimated to be around 0.2 ¢. The low expansion speeds
that are obtained from the models imply that the expanding blob either has a higher
bulk motion or it is confined to the vicinity of the SMBH in the form of a disc or
a corona. The differential rotation within the accretion disk may cause shearing of
the hot spot source component, which may explain the low expansion velocities.

3.6.1 No detection of DSO-induced activity

Recently, a fast moving source was detected as an infrared excess approaching the
central black hole, which is called G2/DSO (Gillessen et al., 2012, 2013; Eckart et al.,
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Figure 3.3: The fitted models for the detected flares. The black curve denotes observed
differential flux points. The individual flares are shown by red curve. In case of multiple
sub-flares, the individual flares are shown by red curve and the blue dotted curve shows the
combined fitted model. See also Borkar et al. (2016) for details.
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2013). This new visitor has renewed attention towards the GC and has sparked sev-
eral multiwavelength observation campaigns of the GC. The origin and the nature
of this source has been a matter of debate as several theories have been put forward
to explathis enigmatic source. The infrared excess of the source has led to the postu-
lation that this source consists of dominant fraction of gas and dust (Gillessen et al.,
2012, 2013; Pfuhl et al., 2015). While its NIR/MIR spectrum also allow for the con-
tribution from a stellar component which has been favored by others (Eckart et al.
2013; Murray-Clay and Loeb 2012; Scoville and Burkert 2013; Ballone et al. 2013;
Phifer et al. 2013; Jalali et al. 2014). The spectroscopic measurements predicted the
periapse passage of the object in 2014. A blue-shifted Br—y emission from the DSO
has been detected by Pfuhl et al. (2015) in their April 2014 dataset. Valencia-S. et al.
(2015) detect a blue-shifted emission in their observations after May 2014. They
conclude that the DSO has remained spatially compact. The L' band observations
by Witzel et al. (2014) also find that the DSO has maintained the compact shape and
remained in a Keplerian orbit.

Given that the flyby of the DSO would lead to the extra amount of cold material
that would reach the SMBH vicinity, this was predicted to affect the flaring activity
of Sgr A* significantly. Computational models describing the flyby event suggested
that if the DSO develops a bow shock then it may lead to shock acceleration of
electrons and this in turn may cause strong flares in radio emission. The strength
of the flares would depend on the size of the bow shock. The initial estimates from
the computational models predicted that the excursions in the flux at centimeter
wavelengths would be of the order of 1-20 Jy. These estimates were later revised
which then put the values of the order of 0.01-0.2 Jy (Narayan et al. 2012; Sadowski
et al. 2013; Crumley and Kumar 2013). These values are well within the range of the
normal flux variations of Sgr A*, thus making it difficult to study the effects of the
flyby on the flaring of Sgr A*.

So far, there have been several observational campaigns at different wave-
lengths during the period of the flyby. These observations did not reveal any de-
viation from the regular flaring activity of Sgr A*. Three flares of few m]y strength
were detected during the NIR observations by Valencia-S. et al. (2015) with SIN-
FONI during 2013-2014, where no exceptional flaring activity was found. A shock-
heated gas would give rise to increased continuum flux density or extraordinary
variability in the = 2 keV band in X-ray regime, but no such variability was detected
(Haggard et al., 2014). Monitoring of the GC with the VLA did not provide any de-
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tectable strong radio flares. The current estimated variability would be within the
normal range of flux density variations of Sgr A* (Sjouwerman and Chandler 2014).

My observations of the Galactic Centre with ATCA in 2013-2014 do not lead to
any detection of significant variation in the flaring activity of Sgr A* in that period.
No flux density variation were detected in the light-curves within the character-
istic flare time-scales for the observations taken during the approach of the DSO
towards periapse. This is consistent with the compact blue-shifted Br—y emission
of the DSO observed in the NIR imaging. If there is a higher mass stellar source
present at the center of the DSO, then it would imply that the DSO would retain its
compactness through the flyby as the dust and gaseous material surrounding the
central core would be largely unaffected from the gravitational pull of Sgr A* and
would not cause large excursions in flux density. On the other hand, if the central
source has the mass of about one solar mass, then it may be able to lose a large part
of its gas and dust to fall onto Sgr A*. However, for a very short time scale during
and right after the periapse passage, it is not certain whether the gas close to the
central source will remain in the Roche lobe of the star. Given that the distance of
approach of the DSO is very short during the periapse around the SMBH, and it
will take several years for the gas to fall in to the black hole, it is unclear whether
the flyby would lead to any exceptional flaring activity.

(Parts of this chapter were published in the paper Borkar et al. (2016) Monitoring
the Galactic Centre with ATCA at 3mm.)
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Feb 2014

. Sep 2014

Figure 3.4: The DSO/G2 observed at different times along its trajectory towards Sgr A*,
showing the detection of redshifted and blueshifted parts, as it underwent periapse in May
2014. Image: ESO/Valencia-S. et al. (2015)



CHAPTER

THE VILLAIN’S MINIONS: SIO MASERS IN THE
CENTRAL PARSEC

“It is known that there are an infinite number of worlds, simply
because there is an infinite amount of space for them to be in. However,
not every one of them is inhabited. Therefore, there must be a finite
number of inhabited worlds. Any finite number divided by infinity is
as near to nothing as makes no odds, so the average population of all
the planets in the Universe can be said to be zero. From this it follows
that the population of the whole Universe is also zero, and that any
people you may meet from time to time are merely the products of a
deranged imagination.”

— Douglas Adams, The Restaurant at the End of the Universe

4.1 INTRODUCTION

Masers are a type of line emission akin to lasers. Maser stands for Microwave
Amplification by Stimulated Emission of Radiation. Stimulated emission was the-
orized by Albert Einstein in 1916 (Einstein 1916), and the first artificial maser was
constructed by Gordon, Zieger and Townes in 1953 (Gordon et al. 1955). A maser
is caused by the stimulated emission of photons when an electron in a higher en-
ergy state makes a transition to a lower energy state without absorbing the incident

55
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photon. The emitted photon is identical to the incident photon in all respect, in
phase, frequency, polarization and direction. This is an inverse process of absorp-
tion of radiation from lower level electrons to jump to the higher quantum energy
level. Normally, the absorption process dominates the emission, but presence of
population inversion allows for stimulated emission to dominate the absorption of
radiation, and this leads to a sustained maser. The stimulated emission removes
particles from the inverted population, and thus limiting the maser effect.

Astronomical masers were initially thought to be impossible, as it was thought
that no natural environment existed that would produce the same effect, as the
construction of maser device requires significant effort on Earth. It is now known
that in astronomical objects, the population inversion is caused by pumping mech-
anisms such as infrared radiation and collisions, that give rise to astronomical
masers. The Astrophysical masers were first discovered in 1965 (Weaver et al.,
1965) associated with the 1665MHz line of the OH molecule. 50 years later, we
now know thousands of astronomical masers. Some of the prominent astronomical
maser molecules are OH, H,O, SiO, NH3, HCN, SiS, H,CO etc. These are promi-
nently found in stellar atmospheres, star forming regions, planetary systems and
comets, and extragalactic sources which result in a phenomenon called as mega-
maser.

The SiO masers are mainly associated with stars and star forming regions. The
SiO masers involve rotational energy states in the vibrational levels of the molecule.
These states have energies high above the ground state, and thus high population
in these states can only be sustained only close to the star where excitation levels
are high. SiO maser emission has been observed in several transition lines towards
oxygen rich aymptotic giant branch (AGB) stars and supergiants. The AGB phase
occurs late in the life of a star when its diameter increases substantially due to
helium fusion, and the star becomes a bright, red giant. The VLBI observations
have shown that the SiO masers originate close to the photosphere of the star, at a
distance of 10'* cm. Other maser sources, such as H,), and OH masers are found
in cooler outer regions of the stars. The infrared radiation from the star is the main
source of pumping mechanism in these stars, though shock waves arising from
nonlinear pulsation of the stars may also play a part in The SiO masers are known
to be associated with long perdiod variable stars, whose variability is of the order
of few months, and the SiO emission is stable on short time scales.

Since the SiO masers are located within the innermost regions of the circum-
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stellar envelopes (within few AU), they can be treated as point-like sources that are
not subject to non-graviational perturbations such as magnetic fields and stellar
winds. The inner parts of the Galaxy have been surveyed for SiO maser sources ex-
tensively, especially at 43 GHz, in order to study the structure and dynamics of the
stellar disk. Since SiO emission is related to the infrared radiaton from the stars,
they are also strong IR sources. And as these objects are strongly visible in both
radio and IR wavelengths, their radio positions from Sgr A* have been used to ac-
curately measure the astrometry of IR sources with an accuracy of ~ 1 mas (Menten
etal.,1997; Reid et al., 2003, 2007). As Sgr A* is bright at radio wavelengths but dim
at IR wavelengths, accurate measurement of its position in the IR maps is difficult,
where the confusion due to surrounding stellar sources hinders the measurement
of emission from Sgr A*. The SiO maser sources have been used to create accurate
frame of reference in both radio and IR bands to determine the precise position of
Sgr A* in IR. Measurements of three-dimensional velocities of the SiO masers at 4
GHz also provided the lower limit on the enclosed mass within the given radius.

Although the GC has been observed extensively at 43 GHz (Izumiura et al., 1998;
Miyazaki et al., 2001; Deguchi et al., 2000a,b, 2002; Sjouwerman et al., 2002, 2004;
Imai et al., 2002; Yusef-Zadeh et al., 2015a; Menten et al., 1997; Reid et al., 2003, 2007;
Oyama et al., 2008; Li et al., 2010), the 86 GHz regime still remains largely unex-
plored. There have been few observations of the inner Galaxy at 86 GHz. Lindqvist
et al. (1991) observed the inner Galaxy with the Nobeyama 45 m telescope, but
failed to detect with significance any 86 GHz maser sources. Messineo et al. (2002)
observed the GC with the IRAM 30 m telescope and detected 271 SiO masers, with
255 new detections. The central parsec of the Galaxy has been observed by Li ef al.
(2010) with the ATCA between 2006 and 2008, where they detected two sources at
86 GHz. Apart from this, there haven’t been high resolutions radio interferometric
observations of the central parsec of the Galaxy at 86 GHz.

Our observations of the GC with the ATCA telescope at 86 GHz are the most ex-
tensive observations at this wavelength, spanning 5 years, from 2010 to 2014.. The
telescope backend was upgraded in 2009 (see section 2.3 for details) which allows
us to observe at two different bands with 2 GHz bandwidth each, as compared
to 128 MHz for pre-2009 observations. The observations before the upgrade were
thus restricted in velocity coverage, but the upgrade now allows us to detect high
velocity stars. In the next section, I will discuss the procedure I have used to detect
SiO masers, and method to obtain their positions and proper motions.
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4.2 DATA ANALYSIS

After initial basic data reduction and calibrations (see section 2.3.3 for details), I
created the continuum map of the central parsec from the visibilities. I found the
continuum levels by fitting a 1 dimesional fit to the line-free channels. This was
then subtracted from the line data using the MIRIAD task UVLIN. This is known as
the continuum-subtracted data, from which I constructed a spectral-line cube. Fur-
ther analysis on the data cube was performed with softwares such as QFitsView
and dpuser.

Each spectral channel forms a two-dimensional image, with subtracted Sgr A*
at its center, with an offset of + 20 arcsec in right ascension (RA) and declination
(DEC) on either side of the center. To detect SiO masers, I first calculated rms noise
(0) for each channel. Then I searched for all the instances where the flux density
was more than 50. These resulted in several candidates for the SiO masers. To
differentiate between the real sources from the spurious detections as well as in-
strumental and procedural artifacts, additional constraints were put: the canditate
should be detected over several epochs, and for weaker detections, they should
have a Gaussian spectral profile, i.e., they should be detected over several chan-
nels. I also referred to the lists of previously known stellar sources in the central
parsec observed at 43 GHz and in IR observations (Viehmann et al., 2005; Reid et al.,
2007; Li et al., 2010) to verify the positions of detected candidates.

After rejecting spurious detections, and cross-verifying previously known
sources, 11 sources were confirmed. Of these, following are known sources: IRS
1W, IRS 2L, IRS 7, IRS 9, IRS 10EE, IRS 12N, IRS 28, and IRS 34. Three new sources
were also detected, which I have named as ‘SiO New 1’,’SiO New 2’, and ‘SiO New
3.

4.2.1 Calculating positions and proper motions

As T have discussed in section 2.3, the longest baseline available for observation
with ATCA is ~ 300 m, which translates to best possible angular resolution of 0.2".
This is significantly lower resolution than the resolution available with VLBA at 43
GHz. Thus to improve the accuracy in the position, we fit a two dimensional Gaus-
sian to each detected source in each channel. These channels are then averaged by
variance weighting to give the position of the SiO maser for the observation day.
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To calculate the proper motions of the masers, I assume that the positions of the
stars don’t change within short period (~ days), and thus I can average the posi-
tions I have obtained from two dimensional Gaussian fitting to deduce the precise
position of the maser in that year. The mean position for a particular year is ob-
tained by variance weighted averaging the positions obtained for each individual
observation day. I then fit a variance weighted straight line through the resultant
positions to obtain the proper motions. The data from Reid ef al. (2007) has been
used to improve the fit of the data. The detailed values of obtained positions, im-
ages and spectra of individual maser sources can be found in the appendix B. Since
there is a large scatter and error their data, I do not include Li et al. (2010) position
measurements in the calculations.

The following figures show the resultant proper motions of each maser source.
In each image, the red triangls represent the data from Reid et al. (2007), while the
blue squares represent the positions obtained from my data. Although I have man-
aged to get subpixel accuracy to the positions of masers, the intrinsic instrumental
low resolution (compared to Reid et al. (2007)) means that there is still some scat-
ter in the obtained positions, which affects the calculations of their proper motion.
For some of the sources, such as IRS 1W, and the three newly discovered sources,
prior high resolution data was not available. Also, the flux density of these sources
is low, and they appear elongated and extended in the maps, thus it is difficult to
compute precise measurements of their positions and proper motions, resulting in
large scatter. Sources with high flux density, such as IRS 7, IRS 9, IRS 10 EE, IRS
12N lie closer to the fitted line and follow the general proper motion trend, albeit
the scatter. IRS 2L is has moderate flux density so that it’s position can be mea-
sured with good accuracy and its proper motion can be calculated. The source IRS
34 was not detected over many observation days, thus its proper motions could
not be calculated. The table 4.1 gives the detailed values of proper motions of the
strong sources in mas/yr and in km/s.

4.3 DISCUSSION

The central stellar cluster of the GC has been observed at various wavelengths
for long period. The multiwavelength observations, especially at NIR and mid-IR
wavelength regimes, have been used for not only calculating the precise positions
of the IR sources (IRSs), but they have also been used to determine their SEDs,
and from these, their morphology has been determined. Here I will give a brief
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Figure 4.1: Positions of all the detected SiO masers. The size of the circle is proportional to
the flux density of the corresponding SiO maser. The blue ‘+" marks the position of Sgr A*.
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Table 4.1: SiO maser proper motions for strong sources

Source ID  Visr HRA KDEC URA UDEC
kml/s  maslyr maslyr kmls kml/s
IRS 7 -114.37 -0.14 -7.26 —5.48 —241.1
IRS9 —340.75 2.5 3.0 97.85 117.42
IRS 10EE -27.8 0.05 =21 1.96 -82.19
IRS 12N -62.59 -1.3 -2.5 -50.88 -97.85
IRS 2L —-444.43 -18.65 16.04 -729.96 627.8

overview of these studies.
IRS 1IW:

IRS 1W is located in the Northern Arm of the mini-spiral and has been observed
in both radio and IR bands. It is known to be a bow-shock source which might be
produced by the flow of dust and gas along the northern arm encountering the
wind from the central star. It is experiencing rapid mass loss, thus it is thought to
be either a Wolf-Rayet star or an AGB star (Tanner ef al., 2002, 2005).

IRS 7:

IRS 7 is a very strong radio and IR source which has been used for pointing for
IR observations. It is classified as M-type supergiant Mira variable star with high
thermal radio emission from its external envelope. It has a supergiant luminosity
with its SiO maser features spread over more than 20kms™!, which means that its
envelope is much larger than typical Mira variable stars, with strongest features
spanning about 10 mas.

IRS 9:

IRS 9 is shown to have characteristics of a Mira variable star, with slow period
variability (Reid et al., 2007). A binary system was postulated to explain its high
velocity, but Reid et al. (2007) show that the contribution to the velocity from the
binary could not be more than 20 km s™!, and thus it could not explain the high ve-
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locity. They also argue that it is unlikely that IRS 9 is a newly-ejected high velocity
star due to close encounter with Sgr A*.

IRS 10EE:

From the IR observations, IRS 10EE has been shown to be a long-period variable
star, with variability ranging from several days to few months (Tamura et al., 1996;
Wood et al., 1998; Ott et al., 1999; Peeples et al., 2007). It has also been observed
at different maser lines, such as SiO, OH, and H,O (Lindqvist et al., 1990, 1992;
Menten et al., 1997; Sjouwerman et al., 2002; Reid et al., 2003, 2007; Oyama et al.,
2008; Peeples et al., 2007). It has been proposed that it could be a binary system
(Peeples et al., 2007), which has been supported by VLBA observations (Oyama
et al., 2008). Li et al. (2010) detect variation on the timescale of months at 86 GHz.
Since our observations are spaced every one year, this shorter variability is not
detected in our data. It also has a very compact SiO emission.

IRS 12N:

IRS 12N has been observed at both IR and radio wavelengths, though it has a
discrepancy between the IR and radio motions, possibly due to confusion due to
blending with other stars in the IR band. Similar to IRS 10EE, it has a very compact
emission, and it has been classified as a cool red giant star (Viehmann et al., 2005),
possibly a Mira variable star.

IRS 28:

There have been several observations of IRS 28. The infrared observations have
shown that it is variable over the period of 1 -2 years, similar to IRS 12N, which
is consistent with our observations (Tamura ef al., 1996). This suggests that IRS 28
could also be a cool red giant star.

IRS 34:
Viehmann et al. (2005) classify IRS 34 as an HE I star. Although it has not

been observed in our dataset for several observation days, for the days it has been
observed, it does not show any significant variability.
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Reid et al. (2007) and Li et al. (2010) have detected several new SiO maser sources
apart from the well known IR sources (IRSs) at 43 GHz, with a combined total of
23 new sources. These sources are not detected in our images. Some of the sources
are outside our field of view, and thus are not observed. For the sources that are
within our field of view, the peak flux densities at 43 GHz range from 0.015 Jy
to ~ 0.1 Jy. Since the 43 GHz transition is usually (though not always) stronger
than the 86 GHz transition, the corresponding peak flux density for these sources
would be much lower, where it would fall within 1 - 30 of the rms noise, where
lo = 0.015-0.020 Jy. Thus most of these sources are not detected in our dataset.

4.3.1 Variability of SiO masers

The SiO masers are associated with long period variable stars, such as AGB stars.
These stars are generally pulsating, cool giants stars belonging to the asymptotic
giant branch. In general, they have been known to have the variability of from few
days to thousand days or more, and the period of variability may not be strongly
defined, and some times may be completely irregular. It is known that the SiO vari-
ability and the infrared variability of a maser are correlated, and these are related
to the variation in the local heating rate due to underlying stellar pulsation, usually
dominated by the radiative processes (Elitzur, 1992). Our continuous monitoring
of the GC allows us to study the variability of the SiO masers in the central parsec.

The detailed values of the flux densities observed - for each observation day
when the source was detected - are given in the appendix A. The flux values are
consistent within the measurment accuracy and rms noise for the same observation
period (~ few days), but the values can be seen to vary significantly over longer pe-
riods. Some of the sources show a periodic behaviour while others show monotonic
increase or decrease in the peak flux density. Sources such as IRS 7, IRS 12 N, and
IRS 28 exibit a variation period of the order of two years, while IRS 1W, IRS 9, and
IRS 10EE show a gradual decrease in the peak flux density. IRS 7 is known to be
a Mira variable star. The Mira variable stars show strong variability of the order
of few hundred days where their flux density in IR may change by more than a
magnitude. Since the SiO variability is directly correlated with the IR variability,
strong changes in the peak flux density are also expected at the SiO transition lines.
The remaining sources, such as IRS 2L, and the three newly detected masers show
a steady stable peak flux density.

We can also see that the brighter the source, more the difference between the
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highest and lowest observed peak flux density. Thus we may speculate that the
weaker sources that exhibit a stable flux might have a weakly defined period or
their variability may be irregular.
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Figure 4.2: The RA and DEC proper motion of IRS 1W, IRS 2L, IRS 7 and IRS 9.
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Figure 4.3: The RA and DEC proper motion of IRS 10EE, IRS 12N, IRS 28 and SiO New

1.
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CHAPTER

SUMMARY

“The Answer to the Great Question of Life, the Universe and
Everything is 42.”

— Douglas Adams, The Hitchhikers Guide to the Galaxy

In this chapter I will summarize the main results of my Ph.D. thesis. The thesis
was about the 3 mm observations of the Galactic Center with the ATCA telescope.
Although the GC has been observed extensively at various wavelengths, the 3 mm
regime has not been fully explored. Observed with the upgraded backend, and
spanning 5 years, this is the largest set of interferometric observations of the at 3
mm wavelength.

I began the thesis by providing the details about observations and basic data
reduction concepts. Since the antenna 6 is unavailable for 3 mm observations, the
resolution of the telescope is limited, which leads to significant contribution to the
flux density of Sgr A* from the diffuse emission from the surrounding extended
sources, such as the mini-spiral. To avoid this contribution, and to get rid of the
contributions from atmospheric and instrumental effects, I use the method devel-
oped by Kunneriath ef al. (2010). Using this method, I subtract the median flux
density of each year from the flux density of individual observation day. This gives
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70 CHAPTER 5. Summary

us the differential flux of Sgr A* which is largely free of aforementioned contribu-
tions, and it can be attributed to Sgr A* itself.

I detected three instances of variability in the flux density of Sgr A*. I use the
adiabatically expanding model involving synchrotron source components, to ob-
tain the spectral index values, the source size, the expansion velocities, the turnover
frequencis and the magnetic field. These values are consistent with the previously
published results of the variability studies. The flares occur for 1.5 -3 hrs, with the
source of size ~ 1 Schwarzschild radius expanding at the speed of ~ 0.013-0.025 c.
The synchrotron emission peaks at few hundred GHz in the sub-mm region, with
the spectral index of 0.5-0.8.

The observations in 2013 and 2014 were carried out in order to monitor the ef-
fects of the flyby of the dusty S-cluster object (DSO/G2). From our observations, we
do not detect any exceptional activity during the periapse passage of DSO, which is
consistent with the multiwavelength observations carried out during the same pe-
riod. This result supports the hypothesis that the DSO might have a stellar nucleus.
It is yet unclear as to how much effect will the flyby of DSO have on the flaring of
Sgr A*, and further monitoring is necessary to study the effects.

Simultaneous observations from radio/submm to NIR/X-ray regimes are re-
quired to better constrain the parameters of expanding source. At millime-
ter /submillimeter wavelengths, the current telescopes, such as ATCA, ALMA, the
upgraded Jansky VLA etc. can be used in combination with the NIR telescopes,
such as the VLT and Keck telescope to better understand the physics of accretion
and flaring of Sgr A*. The Event Horizon telescope will be able to observe the ex-
treme details of Sgr A*, and help us understand the flaring mechanisms. It will also
be useful in the search of a possible jet or an outflow from Sgr A* and would be
able to test different flaring models and theories of emission from the SMBH.

In the second part of the thesis, I presented the observations of the stellar clus-
ter within the central parsec of the GC. The improved backend allows us to observe
with 2 GHz bandwidth centered around two transition lines of the SiO molecule,
and thus enables us for the observations of high velocity stars in the GC. I dis-
cussed the methods I used to detect the SiO maser sources, wherein I detected 11
SiO masers in the data, out of which 3 are new detections. I present the method
used to obtain subpixel accuracy on the position measurements of the masers, and
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calculating their proper motions. Although I obtain subpixel accuracy on the mea-
surements, it is lower than the accuracy available with VLA and VLBA. Thus, there
is some scatter in the position measurements. The measurements of the proper
motion are in agreement with previous studies.

Most of the detected masers belong to the asymptotic giant branch of stars,
some of which are cool red giants, Mira variable stars, and bow shock sources. The
86 GHz regime has not been fully explored with high resolution telescopes. High
angular resolution observations at this wavelength would be able to identify the
new sources, and discover further more sources in the central parsec. VLBI obser-
vations at 3 mm will be able to provide high accuracy on the position and proper
motions of the masers, which in turn would help us to constrain the physical pa-
rameters of Sgr A*. Recently, several young stellar object (YSO) candidates were
detected by Yusef-Zadeh et al. (2015b) using the VLA and ALMA. Similar observa-
tions with millimeter and submillimeter telescopes, such as ATCA, VLA, ALMA,
SMA, and the upcoming SKA will be able to discover more YSO candidates, and
will help us understand the nature of the central stellar disk.
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APPENDIX

A.1 3 MM DIFFERENTIAL FLUX DENSITY CURVES OF SGR A*

The individual differential flux density curves at 3mm for all the observations from
2010 to 2014 are provided here.
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A.1. 3 mm differential flux density curves of Sgr A*
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A.2. Images and spectra of 5iO masers 77

A.2 IMAGES AND SPECTRA OF SIO MASERS
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Figure A.4: Image and spectrum of IRS 9
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A.2. Images and spectra of 5iO masers 81
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A.3. Position and flux values of SiO masers

A.3 POSITION AND FLUX VALUES OF S10O MASERS

Epoch RA DEC dRA dDEC  Flux
Ye ar " " n " ]'y

2010.36438356 5.168 0.174 0.0052 0.0051 0.171
2010.36712329 513 0332 0.00822 0.00754 0.155
2010.36986301 4.954 0.106 0.0074 0.0074  0.15
2011.39452055 5.2026 0.086  0.007  0.0094 0.167
2011.39726027 5.164 0.1 0.008 0.012 0.142
2011.40000000 5.078 0.366  0.0074  0.0084  0.156
2012.37260274 5.164 -0.002 0.0118 0.0116  0.16
2012.37534247 5.2388 0.306  0.0096 0.018 0.15
2012.37808219 5.172 0356 0.0076 ~ 0.0152  0.13
2012.38082192 4.958 0.228 0.01058 0.0256  0.144
2014.43287700 5.2756  0.93 0.024 0.066  0.1225
2014.73698600 5.178 0.554 0.0104 0.0102 0.1206
2014.73972600 524  0.348 0.0094 0.0078 0.1261

Table A.1: IRS ITW
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Epoch RA DEC dRA dDEC Flux
Year 1 1 I 1 ]y
2010.36438356 -3.154 -3.574 0.003 0.0028 0.158
2010.36712329 -3.126 -3.618 0.008 0.0072  0.16
2010.36986301 -3.048 -3.748 0.0054 0.0048 0.187
2011.39452055 -2.976 -3.636 0.0094 0.008  0.151
2011.39726027 -3.122 -3.654 0.0078 0.0084 0.175
2011.40000000 -3.188 -3.574 0.005 0.0062 0.134
2012.37260274 -3.23 -3.582 0.0118 0.0206  0.17
2012.37534247 -3.264 -3.544 0.016 0.022  0.16
2012.37808219 -3.262 -3.642 0.0224 0.0402 0.17
2012.38082192 -3.14 -3.67 0.0192 0.0424 0.163
2014.432877 -3.502 -3.206 0.014 0.025 0.148
2014.736986 -3.152 -3.694 0.006 0.008 0.14
2014.739726 -3.254 -3.428 0.012 0.008 0.1417

Table A.2: IRS 2L



A.3. Position and flux values of SiO masers

Epoch RA DEC dRA dDEC  Flux
Year " 1 n " ]y

2010.36438356  0.058 5.328 0.00246 0.00176 0.439
2010.36712329 -0.016 5.446 0.0026  0.0018 0.49
2010.36986301 0.034 5.402 0.0014 0.001 0.494
2011.39452055 -0.096 5.32 0.0046 0.0036 0.344
2011.39726027 0.092 537 0.0046 0.0038 0.305
2011.40000000 0.086 5.438 0.003 0.0022 0.3
2012.37260274 0.032 5.504 0.0068 0.016  0.497
2012.37534247 0.018 5.394  0.002 0.008  0.527
2012.37808219 0.06  5.508  0.004 0.01 0.475
2012.38082192 0.016 5.472  0.008 0.024  0.465
2013.48493151 -0.144 5.214 0.02 0.05 0.36
2013.66849315 0.024 5442  0.008 0.008  0.577
2013.70684931 0.046 5.188  0.006 0.004 0.637
2014.25205000 0.164 5.384  0.002 0.002 0.373
2014.43287700 -0.114 5.234  0.032 0.068 0.4
2014.73698600 -0.08 5.398  0.002 0.002 0.59
2014.73972600 0.084 5.402  0.002 0.002 0.62

Table A.3: IRS 7
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Epoch RA DEC dRA dDEC Flux
Year " " " " ]y

2010.36438356 5.6852 -6.3228 0.0025 0.0020 0.209
2010.36712329 5.7602 -6.1762 0.0037 0.0028 0.225
2010.36986301 5.6314 -6.1360 0.0111 0.0074 0.253
2011.39452055 5.8888 -5.9422 0.0198 0.0118 0.21

2011.39726027 5.7668 -6.0506 0.0096 0.0074 0.22

2011.40000000 5.7024 -6.1248 0.0047 0.0036 0.278
2012.37260274 5.6090 -6.2842 0.0085 0.0130 0.127
2012.37534247 5.6382 -6.1046 0.0294 0.0530 0.112
2012.37808219 5.5764 -6.0774 0.0206 0.0354 0.112
2012.38082192 5.6736 -6.2280 0.0058 0.0192 0.139
2014.73698600 5.8190 -6.1934 0.0112 0.0050 0.11

2014.73972600 5.6662 -5.7426 0.0132 0.0120 0.146

Table A.4: IRS 9

Epoch RA DEC dRA dDEC Flux
Year 1 1 1 1 ]y

2010.36438356 7.6720 4.078 0.0034 0.0032 0.378
2010.36712329 7.6776 4.228 0.0024 0.0020 0.39
2010.36986301 7.5818 4.192 0.0020 0.0020 0.38
2011.39452055 7.6126 4.118 0.0042 0.0034 0.28
2011.39726027 7.6018 4.142 0.0054 0.0046 0.24
2011.40000000 7.5806 4.178 0.0052 0.0044 0.20
2012.37260274 7.5164 3.898 0.0140 0.0202 0.20
2012.37534247 7.6504 4.254 0.0252 0.0650 0.1
2012.37808219 7.5348 4.422 0.0152 0.0210 0.14
2012.38082192 7.5770 3.938 0.0252 0.0426 0.15
2014.24931500 7.4438 3.864 0.0051 0.0034 0.12

Table A.5: IRS 10EE



A.3. Position and flux values of SiO masers

Epoch RA DEC dRA dDEC Flux
Year I " I 1 ]y
2010.36438356 -3.194 -7.0684 0.0114 0.0084 0.100
2010.36712329 -3.244 -6.8922 0.0076 0.0066 0.143
2010.36986301 -3.656 -7.0164 0.0078 0.0062 0.16
2012.37260274 -3.256 -6.6344 0.0050 0.0082 0.26
2012.37534247 -3.296 -6.8578 0.0038 0.0086 0.22
2012.37808219 -3.128 -6.9894 0.0035 0.0070 0.20
2012.38082192 -3.110 -6.7728 0.0238 0.0436 0.23
2014.43287700 -3.126 -6.4622 0.0274 0.0586 0.17
2014.73698600 -3.250 -6.8634 0.0030 0.0025 0.18
2014.73972600 -3.296 -6.8612 0.0050 0.0032 0.19
Table A.6: IRS 12N
Epoch RA DEC dRA dDEC Flux
Year I 1 " I ]’y
2010.36438356 9.98780 -5.7386 0.0140 0.008 0.134
2010.36712329 10.3094 -5.7244 0.0100 0.008 0.11
2010.36986301 10.4244 -5.8432 0.0044 0.003 0.153
2012.37260274 10.4798 -5.8726 0.0168 0.022 0.075
2012.37534247 10.3314 -5.4248 0.0260 0.050 0.074
2012.37808219 10.3444 -6.1092 0.0320 0.066 0.074
2012.38082192 10.0470 -5.8776 0.0286 0.050 0.065
2014.43287700 10.2916 -5.8406 0.0124 0.004 0.103
2014.73698600 10.2344 -5.8964 0.1932 0.152 0.100
2014.73972600 10.0848 -5.9746 0.0230 0.016 0.084

Table A.7: IRS 28
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Epoch RA DEC dRA dDEC Flux
Year n n " " ]'y

2010.36438356 7.2528 9.8140 0.0076 0.0074 0.100
2010.36712329 7.1894 10.174 0.0122 0.0122 0.115
2010.36986301 6.8064 9.8660 0.0160 0.0260 0.08
2011.39726027 7.0324 9.9300 0.0096 0.0116 0.11
2011.40000000 7.2100 9.6980 0.0114 0.0128 0.096
2012.37260274 6.9314 10.190 0.0114 0.0214 0.103
2012.37534247 7.3500 10.074 0.0080 0.0210 0.09
2012.37808219 7.4240 10.022 0.0140 0.0160 0.085
2012.38082192 7.1374 9.4760 0.0092 0.0240 0.112
2014.43287700 7.1016 9.7740 0.0080 0.0060 0.086

Table A.8: SiO New 1

Epoch RA DEC dRA dDEC Flux
Year n " " " ]y

2010.36712329 2226 -2.788 0.0888 0.0121 0.087
2010.36986301 2.290 -3.324 0.0740 0.0088 0.11
2011.39452055 2.090 -2.922 0.0066 0.0056 0.161
2011.39726027 2.158 -2.716 0.0120 0.0094 0.088
2011.40000000 1.982 -2.708 0.0060 0.0148 0.097
2012.37534247 2.026 -2.722 0.0194 0.0390 0.093
2012.37808219 1.898 -1.870 0.1400 0.9040 0.089
2012.38082192 2.068 -3.116 0.0216 0.0498 0.11
2014.73698600 2.004 -3.144 0.0434 0.0688 0.092
2014.73972600 2.024 -2.422 0.0240 0.0260 0.086

Table A.9: SiO New 2



A.3. Position and flux values of SiO masers

Epoch RA DEC dRA dDEC Flux
Year i " " I ]y

2010.36438356 -11.312 11.076 0.0152 0.017 0.14
2010.36712329 -11.032 10.616 0.0216 0.020 0.07
2010.36986301 -11.290 10.684 0.0294 0.031 0.06
2011.39452055 -10.698 10.800 0.0360 0.032 0.10
2011.39726027 -11.932 10.732 0.0092 0.009 0.14
2011.40000000 -11.248 11.380 0.0114 0.011 0.11
2012.37260274 -10.422 10.694 0.0340 0.032 0.10
2012.37534247 -11.230 11.150 0.0240 0.022 0.12
2012.37808219 -11.652 11.326 0.0126 0.156 0.14
2012.38082192 -12.028 11.204 0.0228 0.067 0.14
2014.73698600 -12.010 11.728 0.1600 0.360 0.11
2014.73972600 -12.158 11.948 0.1200 0.320 0.09

Table A.10: SiO New 3
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