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Abstract

Radio interferometry observations are a powerful tool to study the cen-
tral regions of the Galactic centre (GC). High angular resolution observati-
ons at millimetre wavelengths can disentangle the emission of Sgr A* from
the thermal emission of the circum nuclear disk (CND) and the mini-spiral
surrounding it. In this thesis I present the results of radio interferometric
observations of the GC region with local millimetre-telescope arrays such
as CARMA and ATCA, supplemented by observations in the infrared (IR)
with ESO’s VLT telescopes. My goal is to analyse the emission mechanisms
present in the central few parsecs of the GC region, in particular the exten-
ded thermal emission of the ionized gas and dust of the mini-spiral region
and the non-thermal emission of Sagittarius A* (Sgr A*), the radio source
associated with the supermassive black hole (SMBH) at the GC.

Observations were carried out in March and April 2009 at 1.3 and 3 mm
with the mm telescope array CARMA in California, in June 2006 with the
mid-infrared (MIR) instrument VISIR at ESO’s VLT, and the NIR Bry in
August 2009 with VLT NACO. I present high angular resolution continuum
maps of the GC at 3 and 1.3mm and the highest resolution spectral index
map obtained at these wavelengths. I obtain a spectral index of 0.5+0.25
for Sgr A* indicating an inverted synchrotron spectrum and a mixture
of negative and positive values in the extended emission of the minispiral,
including the thermal free-free emission from the ionized gas, and a possible
contribution of dust at 1.3 mm. I infer the physical properties of the dust and
gas in the mini-spiral by comparing the radio continuum maps to the MIR
continuum map, and the Bry line emission map in the NIR. An extinction
map at NIR wavelengths for the mini-spiral region, showing extinctions
ranging from 1.8-3 magnitudes, was also produced.

To study the flaring activity of Sgr A*, global coordinated multiwave-
length campaigns were carried out in 2007 and 2008 using ESO’s VLT and
the mm telescope arrays CARMA, ATCA, and the 30 m IRAM telescope in
Spain, which detected four flares in the NIR, of which three were covered
later by the mm data. I develop a new method for obtaining concatenated
light curves of the compact mm-source Sgr A* from single dish telescopes
and interferometers in the presence of significant flux density contributions



from an extended and only partially resolved source, and model the obser-
ved flares in the NIR and mm using an adiabatic expansion model involving
synchrotron source components. I derive physical quantities such as expan-
sion velocities ranging from vex, ~ 0.005¢ - 0.017¢, source sizes of about one
Schwarzschild radius, turnover frequencies of a few THz, flux densities of a
few Janskys, and spectral indices of a=0.6 to 1.3. These parameters sug-
gest either a bulk motion of the adiabatically expanding source components
greater than veyxp or a confinement of expanding material within a corona
or disk in the immediate surroundings of Sgr A*.



Zusammenfassung

Radiointerferometrische Beobachtungen sind eine ausgezeichnete Me-
thode zum Studium der zentralen Regionen des Galaktischen Zen-
trums (GC). Beobachtungen mit hoher Winkelauflosung im mm-
Wellenldangenbereich erméglichen die Unterscheidung der Emission von
Sgr A* von der thermischen Emission der Zirkumnuklearen Scheibe und
der Minispirale, welche Sgr A* umgeben. In dieser Arbeit stelle ich die Er-
gebnisse von radiointerferometrischen Beobachtungen des GC vor, die mit
Millimeterteleskopanordnungen wie CARMA und ATCA durchgefiihrt und
fiir den Infrarotbereich durch Beobachtung mit den VLT Teleskopen der
ESO ergénzt wurden. Mein Ziel ist die Analyse der bestehenden Emissions-
mechanismen im Umkreis weniger Parsec um das Zentrum der GC-Region,
insbesondere der ausgedehnten thermale Emission ionisierten Gases und
Staubes im Bereich der Minispirale und der nichtthermische Emission von
Sagittarius A* (Sgr A*), der Radioquelle, die dem supermassiven schwarzen
Loch (SMBH) im GC zugeordnet wird.

Die Beobachtungen wurden im Mérz und April 2009 bei 1,3 und 3,0
mm mit CARMA in Kalifornien, im Juni 2006 mit dem MIR Instrument
VISIR am VLT der ESO und im NIR Brvy im August 2009 mit VLT NACO
durchgefiihrt. Ich zeige hochaufgeloste Kontinuumsabbildungen des GC bei
3,0 und 1,3 mm und héchstaufgeloste Abbildungen des Spektralindexes fiir
diesen Wellenlédngenbereich. Ich erhalte einen Spektralindex von 0.5+0.25
for Sgr A*, der auf ein invertiertes Synchrotronspektrum hinweist, und so-
wohl negative als auch positiven Werten in der ausgedehnten Emission der
Minispirale, die thermale frei-frei-Strahlung des ionisierten Gases und einen
moglichen Beitrag vom Staub bei 1,3 mm beinhaltet. Durch den Vergleich
der Karten des Radiokontinuums mit denen des mittleren Infrarotbereichs
(MIR) sowie denen der Bry Linienemission bei nahinfraroten (NIR) Wel-
lenldngen leite ich die physikalischen Eigenschaften des Staubes und des
Gases in der Minispirale ab. Es wurde ebenfalls eine Extinktionskarte fiir
die Region der Minispirale bei NIR Wellenldngen erstellt. Sie zeigt, dafl die
Extinktion zwischen 1,8 bis 3 Magnituden liegt.

Um die Flare-Aktivitat von Sgr A* zu studieren, wurden 2007 und 2008
koordinierte weltweite Beobachtungskampagnen bei verschiedenen Wellen-



langen durchgefiihrt. Verwendet wurden dafiir das VLT der ESO, die mm-
Teleskopanordnungen CARMA, ATCA und das 30 m Teleskop IRAM in
Spanien. Sie detektierten vier Flares im NIR-Bereich, von denen drei mit
Verzogerung auch in den mm-Daten wiederzufinden waren. Ich entwickle
hier fiir Sgr A* eine neue Methode zur Verkniipfung von einzelnen Licht-
kurven, die von verschiedenen Interferometern und Einzelteleskopen stam-
men und fiir die in unterschiedlichem Mafse der konstanten Flukbeitrag
der ausgedehnte und nur teilweise aufgeléste Umgebung von der variablen
Emission getrennt werden mufs. Des Weiteren interpretiere ich die beobach-
teten Flares im NIR und im mm-Bereich im Rahmen eines Modells fiir die
adiabatischen Expansion von Synchrotronquellkomponenten. Fiir die Ex-
pansionsgeschwindigkeit erhalte ich Werte wie vex, ~ 0,005¢ — 0,017¢, die
Quellgrofie betragt etwa einen Schwarzschildradius, die Turnover-Frequenz
liegt bei einigen wenigen THz, die FluRkdichten bei wenigen Jansky und die
Spektralindizes reichen von o = 0,6 bis 1,3. Diese Parameter legen den
Schluf nahe, daf sich entweder die adiabatisch expandierenden Quellkom-
ponenten kohérent mit einer Geschwindigkeit bewegen, die grofer ist als
Vexp, Oder daf die expandierende Materie im Inneren einer Korona oder
Scheibe in der direkten Umgebung von Sgr A* eingeschlossen ist.
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Chapter 1

Introduction

1.1 The Galactic Centre

The theory that the centre of our galaxy, the Milky Way, and most other
galactic nuclei may contain a massive black hole, and the suggestion to
search for this compact synchrotron source using long baseline interferom-
etry was first put forward by Lynden-Bell (1969) and Lynden-Bell & Rees
(1971). Downes & Martin (1971) and Ekers et al. (1975) performed the
first full synthesis radio observations of the Galactic Centre (GC) region
and were able to resolve the emission from the region into two components,
a thermal component named Sgr A West, and a non-thermal source Sgr A
East, with characteristics similar to galactic supernova remnants. However,
the first detection of Sagittarius A* (Sgr A*), the compact non-thermal
radio source associated with the GC, was made by Balick & Brown (1974)
using the Green Bank Green Bank 35 km radio interferometer (Fig. 1.1).

At a distance of only ~8.5kpc (Reid 1993; Eisenhauer et al. 2005; Ghez
et al. 2008) from the Solar System, Sgr A* is the closest galactic nucleus to
us, making it an ideal candidate to study the physics of galactic nuclei at
high spatial resolutions. Since its discovery there have been several advances
in the study of the GC with convincing evidence (in the form of stellar
orbits) being found for the presence of a supermassive black hole (SMBH)

9



10 CHAPTER 1. Introduction

Figure 1.1: The 45 foot (~14m) telescope used to make the discovery of
Sgr A* (Balick € Brown 1974) at Huntersville, West Virginia. Taken from
Goss et al. (2003).

of mass ~4x105My at the position of Sgr A* (Eckart & Genzel 1996;
Gengzel et al. 1997, 2000; Ghez et al. 1998, 2000, 2004b,a, 2005; Eckart et al.
2002; Schodel et al. 2002, 2003; Eisenhauer et al. 2003, 2005; Gillessen et al.
2009; Ghez et al. 2009). The GC region consists of the interstellar medium
(ISM) in the circum nuclear Disk (CND), the nuclear stellar cluster and the
radio and infrared source Sgr A* associated with the SMBH.

The following sections describe the main components of the galactic
centre region. The last part of this chapter describes in brief the work
contained in this thesis and its structure.

1.1.1 The Insterstellar Medium

Figure 1.2 shows a schematic diagram of the GC region as seen in the plane
of the sky. The interstellar medium in this region is mostly distributed in
the giant molecular clouds, but there is a concentration of dense heated gas
in the inner ~10 parsecs of the GC, in the form of Sgr A East, Sgr A West
and the circum nuclear disk (CND). Sgr A*, Sgr A West, which contains
the mini-spiral, and the CND are placed inside Sgr A East, as can be seen
from the figure (see also Fig.1.3).
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Mini-spiral

Figure 1.2: Schematic view of the Galactic Centre in the plane of the sky
(Herrnstein € Ho 2005).

One of the first full synthesis radio maps of the GC at 5 GHz resolved the
region into two components, Sgr A West, a thermal component with a flat
spectrum, and Sgr A East, a non-thermal source with characteristics similar
to galactic supernova remnants, and evidence of a shell structure (Ekers
et al. 1975, 1983) (Fig. 1.3). Later interferometric observations (performed
with the VLA), also at 5 GHz (Brown et al. 1981), found peaks in the radio
brightness distribution at the same positions as the thermal peaks at 10 pm
reported by Becklin & Neugebauer (1975) and Becklin et al. (1978). These
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Figure 1.3: Sagittarius A complex at 6 cm: The light blue region shows
Sgr A East, while the green and red mark the thermal emission of Sgr A
West. Image courtesy of NRAO/AUI; F. Yusef-Zadeh and M. Morris.

thermal peaks were assumed to be emission from heated dust located within
or near to HII regions.

The circum nuclear disk (CND) (Fig. 1.4) is believed to be an associ-
ation of clouds/filaments of dense (10%-107 ¢cm™3) and warm (several 100
K) molecular gas (~10* My, of dust and gas), which orbits the nucleus in
a circular rotation pattern, with a sharp inner edge at 1.5 pc and extends
no further than 7 pc from the centre (Guesten et al. 1987). Observations
with high density molecular tracers like HCN(3-4) and CS(7-6) show that
the Northern and Southern lobes of the CND are independent structures,
with different excitation levels, the Southern part being warmer than the
Northern part (Fig. 1.4) (Montero-Castanio et al. 2006, 2009).

The region inside the cavity formed by the CND contains atomic and
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Figure 1.4: HCN emission map of the circum nuclear disk (Christopher
et al. 2005).

ionized gas. High resolution interferometric observations of this central
region at 6 cm identified three streams of ionized gas (Lo & Claussen 1983),
which were explained as an inflow of gas, possibly from the CND, ionized
by a central source, and is known as the mini-spiral (Fig. 1.5). 8.3 GHz
VLA observations of the H92«r line of the HII region identified three main
kinematic structures, the Northern Arm, Western Arc and the extended Bar
(refer Fig. 1.5), and determined a uniform electron temperature of ~7000 K
in the HII region (Roberts et al. 1991). A fourth feature, the Eastern Arm,
can also be recognised in the images of thermal emission from dust particles
in the ionized cavity and the neutral gas ring (Telesco et al. 1996). These
thermal structures were interpreted to be ionization fronts at the interfaces
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Figure 1.5: Background: VLA continuum image of Sqgr A West at 3.6 cm.
Inset: VLA continuum image at 1.8 cm. The mini-spiral arms and the IRS
position are marked out (Zhao et al. 2009).

between the low-density and high-density regions defined by the neutral
ring. Roberts et al. (1996) showed that the Northern Arm and the Western

Jy/beam
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Arc are unrelated kinematically, and that the Western Arc has the same
orientation as the CND.

Far-infrared continuum measurements revealed the dust in the mini-
spiral, plus an elliptical structure centred on Sgr A* and intersecting the
mini-spiral at the Western Arc, which was identified as the photodissociated
inner rim of the CND (Latvakoski et al. 1999). A comparison to radio maps
show that the radio features are 1-3” closer to Sgr A* than far-IR features,
which is most pronounced at the Western Arc.

1.1.2 Nuclear Star Cluster

The central region of the Milky Way contains a dense star cluster with the
SMBH at its dynamical center (Fig. 1.6). The distribution of stars around
the black hole can be described by a broken-power law with a power-law
slope of 7=0.1940.05 inside a break radius (projected) of Ry earc—=6".0£1".0
and 7=0.75£0.10 outside (Schodel et al. 2007). With the help of adaptive
optics systems, observations have found a significantly lower number of late-
type stars in the central few arcseconds, while there is a larger number of
early-type stars in this region (Genzel et al. 2003; Eisenhauer et al. 2005).
The central arcseconds contain several populations of stars: Old metal-rich
M, K, G type giants (Maness et al. 2007), AGB type intermediate-bright
stars (Krabbe et al. 1995; Blum et al. 1996, 2006), several bright and young
objects associated with the mini-spiral such as IRS 1W, 3, 9, 10W and
21 (Becklin et al. 1978; Genzel 1996; Krabbe et al. 1995), which are mass
losing and interact with the ISM in the GC (bow-shock sources, Tanner
et al. (2002)). Within the inner 0.5pc, there is a distinct population of
massive young stars (Krabbe et al. 1995; Allen et al. 1990; Paumard et al.
2001; Moultaka et al. 2005; Muzi¢ et al. 2008). Even closer to the SMBH,
there exists another population of stars called the S-stars, which exhibit
extremely high velocities of a few thousand kms~! (Eckart et al. 1999;
Eisenhauer et al. 2005; Ghez et al. 2003). Their closed orbits around Sgr A*
were used to determine the mass of the black hole accurately. These S-stars
are mainly B stars. The existence of young stars very near to the SMBH is
puzzling, because the strong tidal forces near the black hole should inhibit
star formation in these regions.
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Figure 1.6: NIR HKL composite image of the central ~40" region of the
GC. Image Credit:G. Witzel.

1.1.3 Sgr A*

Sgr A* is known to radiate well below its Eddington limits at almost all
wavelengths (Lggr ax ~ 107" Lgqq). The source is visible at all times in the
radio frequencies (Falcke et al. 1998; Zhao et al. 2001), while in the NIR and
X-ray wavelengths, it is visible only in its flaring, or high activity states.
This has been explained partly due to its low observed accretion rate. The
spectral energy distribution (SED) of Sgr A* in its quiescent stage is shown
in Fig. 1.7. The radio/sub-mm part of the SED is characterized by the
so-called "sub-mm bump". Sabha et al. (2010) report a lower flux density
limit of 2mJy for Sgr A* in the quiescent stage, which they have modelled
using synchrotron emission from a continuous or spotted accretion disk.
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A large part of the quiescent state X-ray emission is reported to be from
an extended thermal bremsstrahlung source coinciding with the position of
Sgr A* (Baganoff et al. 2001, 2003). The SED of Sgr A* was first explained
with a radiatively inefficient accretion flow such as the Advection Dominated
Accretion Flow (ADAF) Narayan et al. (1995). The ADAF model (Narayan
et al. 1998; Narayan & McClintock 2008; Yuan et al. 2003) involves an
optically thin, geometrically thick accretion disk. Since the radial velocity
and temperature of the accretion flow is much larger than in a standard
thin disk, the density of accretion flow is lower, making the radiative time
scales to be longer than the accretion time scale. Thus the energy of the
accretion flow is not radiated away and is stored as thermal energy instead,
leading to the observed low radiative efficiency.

log[VL (erg .s_] )l

ik

= AR ! ; |

12 1I4 16
log[v(Hz)]

Figure 1.7: Spectral energy distribution of the quiescent emission of
Sgr A*. The synchrotron and synchtrotron self-Compton (SSC) emission of
thermal electrons is represented by the dot-dashed line, and the non-thermal
electrons by the dashed line, while the dotted line shows the total synchrotron
and SSC emission. The solid line also includes Bremsstrahlung emission
(Yuan et al. 2003).
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1.1.4 Flaring activity of Sgr A*

Sgr A* is known to be highly variable across all wavelength regions, from
the NIR /X-ray (Baganoff et al. (2001); Porquet et al. (2003); Eckart et al.
(2006b)) to the radio/sub-mm wavelengths (Lo & Claussen 1983; Zhao et al.
1992; Tsuboi et al. 1999; Wright & Backer 1993; Tsutsumi et al. 1998). The
variation ranges from time scales of the order of a few minutes to a few hours
to a few days (Bower et al. 2002; Herrnstein et al. 2004; Zhao et al. 2003,
2004; Mauerhan et al. 2005; Eckart et al. 2006b,a; Meyer et al. 2006) and
is polarized in the radio, sub-mm and IR bands (Yusef-Zadeh et al. 2008;
Marrone et al. 2008; Eckart et al. 2006b, 2008a; Zamaninasab et al. 2010;
Trippe et al. 2007). This variability can be used to determine fundamental
parameters of the central SMBH, and give an insight into the basic emission

mechanisms of the accretion disk.

2004-07-06723:19:38 to 2004—07-07T04:16:37

0 50 100 150 200 250

Time [min]

Figure 1.8: Simultaneous flaring activity in the NIR and X-ray light curves
of Sgr A* (Eckart et al. 2006b).

The first simultaneous NIR/X-ray flare was observed by Eckart et al.
(2004) (Fig. 1.8). Since then several such NIR/X-ray flares have been ob-
served (Baganoff et al. 2001; Eckart et al. 2006b), along with observations
of flaring activity in the radio/sub-mm regime ~1.5-2 hours later (Fig. 1.9),
indicating that there is a link between the flaring activity in these two
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wavelength regimes (Eckart et al. 2006a, 2008b; Yusef-Zadeh et al. 2006b;
Marrone et al. 2008; Yusef-Zadeh et al. 2009). Several models have been
used to explain the flaring activity in Sgr A*:

A synchrotron self-Compton model involving upscattering of sub-mm
photons into NIR and X-ray wavelengths (Eckart et al. 2006b,a; Yusef-
Zadeh et al. 2006a; Sabha et al. 2010; Eckart et al. 2008a).

e A model involving emission from synchrotron components with a cool-
ing break (Dodds-Eden et al. 2009; Yuan et al. 2003).

e A jet model with a compact, weak jet structure where the jet or
accretion disk instabilities cause the flaring activity (Markoff et al.
2007, 2005).

e Emission arising from statistical fluctuations in the accretion disk
around the SMBH (Do et al. 2009; Meyer et al. 2008).

T T T T
4 6 8 10 12

flux density in Jansky

universal time in hours

Figure 1.9: Light curves of Sgr A* showing flaring activity at the NIR and
sub-mm wavelengths, with a 1.5£0.5hr delay between the NIR and sub-mm
light curve (Eckart et al. 2008b).
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1.2 This thesis

In this thesis, I will present results from radio interferometry observations
with local mm-telescope arrays such as CARMA and ATCA, and infrared
data obtained from the VLT telescopes. The basics of radio astronomy and
interferometry are introduced in Chapter 2. This thesis mainly consists of

two parts:

e The Galactic Centre mini-spiral region: Here I will present results
from mm-wavelength observations of the GC mini-spiral and compar-
isons with infrared maps of the same region, along with an analysis
of the interstellar medium of the region. This is described in Chap-
ter 3 of the thesis, which contains a description of the observations,
data reduction and the high resolution maps of the region, along with
a spectral index analysis and analysis of derived physical properties
from selected regions in the mini-spiral.

e Flaring activity of Sgr A*: Motivated by the need to constrain the
properties of Sgr A* and model its flaring activity, we performed mul-
tiwavelength observations of the source in 2007 and 2008. I present re-
sults from these coordinated multi-wavelength observations of Sgr A*,
in particular the radio interferometry data obtained, and the results
of the modelling of the observed flares in Sgr A*. Chapter 4 describes
the theoretical model in detail, and Chapter 5 presents the observa-
tions, data reduction methods, in particular the extraction of a long
light curve in the mm-domain from radio interferometry data, and the
modelling results and analysis of individual flares.

Chapter 6 contains a brief summary of results, conclusions and outlook.



Chapter 2

Background

2.1 Radio Astronomy

With Maxwell’s equations of electromagnetic radiation, it was shown that
astronomical sources could emit at different wavelengths, not just in the
optical waveband. The discovery of an actual radio source in the sky was
made only in the early 1930’s with Karl Jansky’s detection of an extrater-
restrial source of radio emission, which was later identified to be the Milky
Way (Jansky 1933). Further advances were made when Grote Reber in 1937
built a 9m parabolic radio telescope and conducted the first sky survey in

radio frequencies.

The Earth’s atmosphere and ionosphere are transparent to two main
bands, the optical/NIR and the radio frequencies, as shown in Fig. 2.1,
which enables astronomers to observe astronomical sources from ground-
based observatories using radio and optical telescopes. Radio telescopes
generally operate between the wavelengths of about 10 metres (30 MHz)
and 1 millimetre (300 GHz), where they detect radio emission from various
astronomical sources like stars, galaxies, active galactic nuclei, etc. The
ionosphere causes scintillation in radio waves at wavelengths longer than
20 cm and becomes completely opaque to wavelengths longer than 10 m,
while atmospheric absorption creates difficulties in observing radio emission

21
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Figure 2.1: Transmission windows of Earth’s atmosphere. Image from

NASA Earth Observatory website.

at wavelengths shorter than 1 cm, where only very specific wavebands are

absorption-free.

2.2 Emission processes

There are two main types of electromagnetic emission: Continuum emission

and Line emission.

2.2.1 Continuum emission

Continuum emission is produced from the acceleration of charged particles
where the photons produce a continuous spectrum, as opposed to quan-
tised emission that gives rise to spectral lines. Continuum radio emission
processes can be divided into two main types: Thermal and Non-thermal

processes.

Thermal emission

These are processes which depend on the temperature of the emitter or
particle distribution.
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e Black body radiation
The simplest example of thermal emission is black body radiation. A
black body absorbs all radiation that falls on it and emits a smooth
spectrum of radiation that peaks at a frequency dependent on its
temperature. The power emitted is then given by Planck’s law

2hv3 1

B, T) = 2 (ehv/FT _7)

(2.1)

where v is the frequency, k is the Boltzmann’s constant, T is the
temperature and c is the velocity of light. For radio wavelengths, we
can use the Rayleigh-Jeans approximation for energies hv<<kT’, which

gives
2hV2ET

B(v,T) = 5

- (2.2)

Some examples of thermal black body radiation are the moon, aster-
oids, dust emission from the interstellar medium, etc.

e Free-free emission
Charged particles which move in a field of ionized atoms slow down
by emitting photons. The particle is unbound or free before and after
this interaction, and hence the process is called free-free emission or
Bremsstrahlung. Larmor’s formula gives the power of electromagnetic
radiation produced by an accelerating electrical charge ¢ as

B 2(]21')2

= (2.3)

where the acceleration © is produced by electrostatic forces. For a dis-
tribution of charged particles, such as ionized plasma, which is in ther-
modynamical equilibrium, this radiation is then thermal in nature.
For free-free emission from ionized hydrogen clouds (or HII regions)
we can assume that only the electron-ion collisions and radiation from
electrons are important. Then, assuming a Maxwell-Boltzmann veloc-
ity distribution, we can derive the opacity of the region to be

NZ
TVO(/WdS (24)

where N, gives the number density of electrons. This implies that
for low frequencies where 7,>>1, the HII region is optically thick or
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Figure 2.2: Free-free emission spectrum of a thermal distribution of
particles. Image from NRAO radio astronomy lecture.

self-absorbed, its spectrum approaches that of a black body with tem-
perature 7', and flux density varies as S, ocv/?, while at higher frequen-

—-0.1

cies, 7,1, the HII region is optically thin and S,xr™"", as shown

in Fig. 2.2.

Non-thermal emission

The dominant source of non-thermal emission in astronomy is synchrotron
emission.

e Synchrotron emission arises from the acceleration of relativistic
charged particles in a magnetic field. For a power law distribution
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Figure 2.3: Synchrotron spectrum. Image from NRAO radio astronomy
lecture.

of electrons given by

N(E)dE « E°dE, (2.5)

the emissivity is then
€, B(5+1)/2y(175)/2 (26)
x Bty (2.7)

where a = (6 — 1)/2. At a sufficiently low frequency, for a purely
homogenous synchrotron source, the source becomes optically thick
and the flux density becomes S, ~ /2, while at higher frequencies
the source is optically thin, as shown in Fig. 2.3.
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2.2.2 Line emission

Spectral line emission occurs at discrete frequencies, due to changes in the
internal energy of atoms/molecules that have quantised energy levels. At
radio wavelengths, they are caused by rotational transitions of molecules.
The main spectral lines observed in the radio bands are the neutral hydrogen
line at 21 cm, and water maser lines.

2.3 Radio telescopes

We use radio telescopes to measure the emission from the radio sources
mentioned in the previous section. A typical radio telescope consists of a
radio antenna with the shape of a parabolic dish. This can be pointed in
the direction of the source to collect electromagnetic radiation, which is fed
into a receiver. The weak signals are amplified with an amplifier and further
processed. The strength of radiation is measured in units of flux density
known as Jansky, given by

S, = / 1,40 (2.8)

where I, is the intensity of the source in units of Wm=2?Hz !sr~!, and d
is the solid angle subtended by the source at the observer’s location. Flux
density is measured in units of Jansky (Jy), with 1Jy=10726 Wm—2Hz"!,
For an extended source, the surface brightness is measured in flux density
per unit surface area, which is Jy/beam for a radio map, where the beam is
the area of the point source response in the map. The brightness temper-
ature of the source is defined to be the temperature at which a pure black
body source would give rise to the same radio emission per unit area as the

source,

Ty, = S\ /2kd9) (2.9)

where k is the Boltzmann constant and A is the wavelength of the source.

The sensitivity of the radio telescope is a function of the collecting area
and the angular resolution is defined to be

0 =1.22)\/D (2.10)
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where A is the wavelength of incoming radiation and D is the aperture
of the telescope. Since the aperture of a single telescope can be a limiting
factor in achieving higher resolution images, interferometry techniques were
introduced. Radio interferometry involves the use of a number of smaller
antennas to synthesize a larger aperture. Then, in (2.9), D is replaced by
B, which would be the distance between two telescopes. At a wavelength of
3mm for a 10m telescope, the angular resolution would be 63", while for
two telescopes separated by a distance of 100m, i.e. B=100m, the angular
resolution becomes 6.3”.

2.4 Interferometry

The basic idea of interferometry can be understood from the Young’s double
slit experiment. In this experiment, waves passing through two slits gener-
ate wavelets that produce interference fringes, with constructive interference
occuring when the path difference is an integral number of wavelengths.

The van Cittert-Zernike relation describes the spatial coherence function
V., of a source subtending a solid angle of df2 in the sky as a cross-correlation
of the radiation field received at two points r1 and ro. This is written as

V,(r1,12) ~ / I, (s)el-2mvs (m1-r2)/) 4y (2.11)

where I(s) is the intensity of incoming radiation at frequency v. By measur-
ing and inverting this mutual coherence function (which has the dimension
of power) using a Fourier transform, we can obtain the intensity distribution
of the source and image it (Wilson et al. 2009).

Consider the case of a simple two element interferometer as shown in
Fig. 2.4. Radio waves from the source reach each element of the interfer-
ometer at different times, causing changes in the path difference between
the two elements. When we combine the signals from the two elements we
obtain an interference fringe pattern, which gives the distribution of the
source in the sky.
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Figure 2.4: A simple two-element interferometer. Image credit: Proceed-
ings from IRAM Millimeter Summer School 2 edited by A. Dutrey.

Here b is the baseline separation, 6 gives the angle between the baseline
and the wavefront propagating from the source in the sky, and

T =b-s/c (2.12)

gives the wave propagation delay (geometric). For a point source emitting
monochromatic radiation, the voltage measured by the two elements are
given by

Ry (t) = vy cos]2mv(t — 1¢)], (2.13)

and
Ry(t) = va cos(2mut) (2.14)

The signals are multiplied by the voltage multiplier to give
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Figure 2.5: Skelch of an extended image in the sky, with position vectors
used to determine the interferometer response. Image credit: Proceedings
from IRAM Millimeter Summer School 2 edited by A. Dutrey.

r(t) = Ri(t) x Ra(t) (2.15)
= [vicos(2mv(t — 1q))] X [v2 cos(2mut)] (2.16)
= vy cos(2mrTE) (2.17)

7¢ varies slowly with the Earth’s rotation, and r(t) oscillates as a cosine
function, called the fringe pattern. For an extended source which subtends
a solid angle € in the sky (as shown in Fig. 2.5), the total response measured
by the correlator is given by

R(b) = / /Q A(s)1,(s)el™™76) dQdy (2.18)

where A(s) is the effective collecting area in the direction s (assumed to be
the same for both antennas) and I,,(s) is the brightness distribution of the
source. Since s=sg+o, where sg is defined as the centre of the source, from
the above equation we obtain

V(b) ://SA(U)I(U)e(in'”/C)dU (2.19)

where V' is defined as the visibility function of the source.

We choose a coordinate system (u,v,w) measured in units of wavelength
A = 2mc/w such that 52-B = (u,v,w), and o = (z,y, z), where = and y are
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Figure 2.6: An example of the uv coverage of a telescope array.

direction cosines with respect to u and v. Thus
V(u, v, w)e ™ = / / Az, ) (z, y)e 2 W=t de dy.  (2.20)
—oo0 J —00

An inverse Fourier transform of the above equation gives us

[o.@]
I'(x,y) = A(x,y) I (z,y) = / V (u,v,0)e” 280 gy, gy, (2.21)
—0o0
Here each observation of the source with a particular baseline and orien-
tation provides one point in the uwv plane. For an array of telescopes, the
different baselines along with the rotation of the Earth fill up the uv plane,
as shown in Fig. 2.6.

To avoid transmission losses at high frequencies, we use receiver systems
which employ the heterodyne principle to down convert the observing radio
frequency (RF) to an intermediate frequency (IF), by mixing the signal with
a signal from a Local Oscillator (LO).
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Basic data reduction steps for interferometry observations

In order to correct for errors introduced in our measurements due to in-
strumental and atmospheric effects, we have to perform certain calibration
steps. We also perform a flagging where we flag bad data points or outliers
in the visibilities. The three main calibrations performed are:

e Bandpass calibration: The instrument bandpass is corrected by mea-
suring channel gains and offsets of an intense source, usually at the
beginning of observations.

e Phase calibration: Determines the instrumental and atmospheric
phase effects by observing a point-like source that is not variable and
whose position is well-known.

e Amplitude calibration: Calibrates the amplitude scale by observing a
source of known flux density, usually a planet like Uranus or Mars.

For mm-wavelength observations, calibrator observations are done every few
minutes, to account for atmospheric effects.

Mapping

The final image is produced from the visibilities obtained after the calibra-
tion is performed. The main steps are:

e Inverting the visibilities: The image produced after performing an
inverse Fourier transformation of the visibilities is called the dirty
image. The incomplete sampling of the uv plane of the telescope array
causes imperfections in this image. The response of the interferometer
to a point-like source is given by the dirty beam, or the point spread
function (PSF).

e Deconvolution: This step corrects for the sampling effects. The
CLEAN algorithm (Hogbom 1974; Schwarz 1978) convolves the dirty
map with a clean beam, which is an ideal Gaussian-shaped beam, to
produce a clean map.
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2.5 Telescopes and Instruments used

In this section, I describe briefly the telescopes and instruments which
were used to acquire the data presented in this thesis. All the radio data
presented here were observed in the mm-wavelengths, with the local mm-
telescope arrays CARMA and ATCA, and the IRAM 30m telescope. In
addition to the radio data, the infrared data presented in this thesis were
acquired at VLT.

2.5.1 CARMA

The Combined Array for Research in mm-wave Astronomy
(CARMA)!(Bock et al. 2006) is located at Cedar Flat, Eastern Cali-

!Support for CARMA construction was derived from the states of California, Illinois,
and Maryland, the Gordon and Betty Moore Foundation, the Kenneth T. and Eileen L.
Norris Foundation, the Associates of the California Institute of Technology, and the Na-
tional Science Foundation. Ongoing CARMA development and operations are supported
by the National Science Foundation under a cooperative agreement, and by the CARMA
partner universities.

Figure 2.7: CARMA telescope array. Image from CARMA website
http://mmarray.org.
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fornia. It consists of an array of 23 telescopes, nine of which are 6.1 m
in diameter, six are 10.4 m in diameter and eight are 3.5 m in diameter
with receivers that can observe in three wavelength bands: 7, 3 and 1.3
mm. The antennas are located at various stations in an area over 2 km
in diameter, with the baselines ranging from 7 m to 2 km. There are 5
standard configurations A, B, C, D and E with resolutions ranging from
0.3"” to 10" at 100 GHz.

2.5.2 ATCA

The Australia Telescope Compact Array (ATCA)? is located at the Paul
Wild Observatory, about 25 km west of Narrabi, in Australia. It is an
array of six 22-m telescopes, operated by the Australia Telescope National
Facility (ATNF). It has seven main observing bands: 20cm, 13 cm, 6 cm,
3cm, 1em, 7mm and 3mm with angular resolutions ranging from 6” to
0.2”.

2ATCA is operated by the Australia Telescope National Facility, a division of CSIRO,
which also includes the ATNF Headquarters at Marsfield in Sydney, the Parkes Obser-
vatory and the Mopra Observatory near Coonabarabran.

Figure 2.8: ATCA telescope array. Image from ATCA website
http:/ /www.narrabri.atnf. csiro. au.
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2.5.3 IRAM 30 m telescope

The Max-Planck Millimeter Bolometer (MAMBO 2) array is installed at the
IRAM 30m? telescope on Pico Veleta, Spain and performs observations at
250 GHZ. The 37 channel bolometer contains 117 pixels, and a He-3 fridge
is used to operate it at 300 mK.

Figure 2.9: MAMBO bolometer at IRAM 30m telescope. Image
credit:IRAM website.

2.5.4 VLT

Infrared observations were carried out with the European Southern Obser-
vatory’s (ESO) Very Large Telescope array (VLT) at Paranal, Chile. It
consists of four main unit telescopes (UT) of 8.2m diameter, and four mov-
able auxiliary telescopes (AT) of 1.8m diameter. The telescopes have a
wavelength range of 300nm to 20 4, and contain several different instru-

ments.

3The IRAM 30 m millimeter telescope is operated by the Institute for Radioastronomy
at millimeter wavelengths - Granada, Spain, and Grenoble, France.
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The VLT Array on the Paranal Mountain

SO PR Photo 14a/00 (24 May 2000) © European Southern Observatory B3

Figure 2.10: The VLT array at Paranal, Chile. Image credit: ESO.

NIR observations were carried out with the NACO (Rousset et al. 2003;
Lenzen et al. 2003) instrument installed at the Nasmyth B focus of UT4
and the VLT Imager and Spectrometer for the mid-Infrared (VISIR) was
used to perform MIR observations in the 8-13 ym range.
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Chapter 3

The Central Parsec of the
galaxy

In this chapter, I present high resolution maps from observations of the GC
region performed in 2009 using CARMA. It includes the best spectral index
map obtained at high resolution at millimetre wavelengths, a comparison
to the MIR dust continuum and NIR Bry emission in the same region, and
an analysis of the emission processes in the mini-spiral region.

3.1 Observations and Data Reduction

3.1.1 mm observations

The radio continuum observations of the Galactic Centre were per-
formed with the CARMA telescope, and centred on Sgr A* at
«(J2000.0)=17:45:40.04 and 6(J2000.0)=-29:00:28.09. The 3 mm (100 GHz)
data presented here were obtained with the C array configuration on the
17th of May, 2009. Intermittent observations of sources were performed for
calibration purposes. The sources used were 3C279 for bandpass calibration,
1733-130 for phase calibration and Neptune for the flux calibration. The

37
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combined grade for the quality of observations was an A+, with a good uv
coverage and all 15 antennas were used to acquire data. The total opacity
due to phase noise and atmospheric absorption was 0.11 at 112 GHz. Min-
imal flagging was applied on the data to remove shadowing effects, which
arise from the shorter baselines.

The 1.3 mm (230 GHz) observations were taken using the C and D array
configurations in March and April of 2009, with MW(C349 for bandpass
and 1733-130 for phase and amplitude calibration. The total opacity at
230 GHz was 0.61, and the combined grade for the observations was B. Due
to anomalous system temperature values, antenna 7 visibility were flagged,
and data from antenna 14 were flagged from 11:50.9 UT to 12:10.0 UT and
10:00.0 UT to 11:10.0 UT.

Mariad, an interferometric data reduction package, was used to perform
the routine data reduction steps (refer Chapter 2), including flagging, cal-
ibration and the fourier transform of the visibilities. A CLEAN algorithm
was then applied to produce the radio maps. Fig. 3.1 shows the final 3 mm
image obtained after all the calibration and imaging procedures. Table 3.2
gives the beam sizes, position angles and total fluxes obtained for Sgr A*
from the 3 and 1.3 mm maps using the im fit routine in Miriad.

Telescope Instrument/ A UT and JD UT and JD
Observing 1D Array Start Time Stop Time
CARMA C 3.0 2009 17 May 07:21:23.5 17 May 12:24:27.5
array mm JD 2454968.806522 JD 2454969.016985
CARMA D 1.3 2009 28 Mar 11:20:03.5 28 Mar 14:39:18.5
array mm JD 2454918.972263 JD 2454919.110631
CARMA C 1.3 2009 19 Apr 10:07:21.5 19 Apr 13:13:13.5
array mm JD 2454940.921777 JD 2454941.050851
VLT NACO 2.16 2009 05 Aug 22:59:14.59 05 Aug 23:30:44.34
pum  JD 2455049.457808 JD 2455049.479680
VLT VISIR 8.6 2006 05 Jun 04:55:00.0 05 Jun 08:01:00.0
pm JD 2453891.704861 JD 2453891.834028

Table 3.1: Log of the mm, NIR and MIR observations.
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Figure 3.1: 3mm C array map of the GC region, with a beam size of
3.96"x2.09" (P.A.=1./°), indicated in the lower right part of the map.

Units of flux are in Jy/beam.

‘ A Binajor | Bminor | PA(degrees) | Flux (Jy) ‘
3.0 mm 3.96 2.09 1.4 2.463
1.3 mm 2.90 1.80 -1.9 2.578

Table 3.2: Fluzes of Sgr A* at 3mm and 1.3 mm, where Byajor and Bpinor

refer to the beam size.

3.1.2 MIR observations

The GC region was observed with the VLT Imager and Spectrometer for
mid-Infrared (VISIR) at the European Southern Observatory’s (ESO) Very
Large Telescope (VLT) Unit 3 at 8.6 um using the PAHI1 filter (central
wavelength 8.59 ym and a half-bandwidth of AA=0.42 ym), and a standard
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Figure 3.2: MIR map of the central 30" arcseconds of the galactic centre region,
showing the bright IRS sources and the extended dust emission, in units of Jy/pizel.

nodding (~330 deg east of north) and chopping (with a chop throw of 30")
technique. After performing a sky subtraction, the individual frames ob-
tained by dithering were combined using a simple shift-and-add technique
to produce a combined mosaic image of 30”x30” at a pixel scale of 0.075”
(Lagage et al. 2003). The point spread function (PSF) of ~0.3" calculated
as the full-width-at-half-maximum (FWHM) of the reference star was close
to the diffraction limit of the VLT at 8.6 um, due to the good weather con-
ditions. The standard star HD 178345 with a flux of 14.32 Jy in the PAH1
filter (Cohen et al. 1999) was used for flux calibration and as the PSF ref-
erence for image deconvolution. The MIR map of the central 30" is shown
in Fig. 3.2. A point source subtraction was performed on this final image
to remove the stellar contribution using StarFinder (Diolaiti et al. 2000).
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Further details about the flux calibration and data reduction are given in
Schodel et al. (2007).

3.1.3 NIR Bracketty

In the near-infrared (NIR) regime, the GC was observed on August 5, 2009
with the narrow band 2.166 um filter of the NAOS/CONICA adaptive optics
system at the ESO/VLT (Lenzen et al. 2003; Rousset et al. 2003)'. The
software packages IDL and DPUSER? were used to perform standard data

!Based on observations made by ESO telescopes at Paranal Observatory, under the
programme 083.B-0390(A).
2developed by T. Ott; http://www.mpe.mpg.de/ ott/dpuser/index.html
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Figure 3.3: The NIR Bry image of the central 40" of the GC region.
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reduction steps such as pixel correction, sky subtraction, flat field correction,
and the detector row cross-talk correction. The reduced images were then
combined using a simple shift-and-add algorithm to obtain a mosaic. The
jitter routine (part of the ESO eclipse package; Devillard 1997) was used
to calculate the shifts between individual exposures with a cross-correlation
function and then shifted and median averaged the images. The pixel scale
is 0.027".

Star Finder (Diolaiti et al. 2000) was used to perform the point source
subtraction of the image shown in Fig. 3.3 to remove the stellar contribution
from the region. The mosaic was divided into overlapping sub-images, since
the field-of-view (FOV) of the Br+v mosaic is significantly larger than the
isoplanatic angles at this wavelength (~6”), and a local PSF was extracted
from each of the sub-images which was used to perform the PSF fitting and
subtraction of stars (Schodel et al. 2010; Schodel 2010). The point source
subtracted image is shown in Fig. 3.4. The residuals seen at the positions of
bright stars are mainly due to imperfections in the PSF extraction, caused

by the extreme stellar crowding in the central parsec region of the GC.
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Figure 3.4: Point source subtracted NIR Bry image of the central 40" of the
GC region, showing the recovered diffuse emission of the mini-spiral.
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The precise K-band photometry from Schodel (2010) of 20 stars randomly
distributed in the field was used to obtain the photometric zero-point, and
the flux density of Vega in the K-band (Allen 1976) was used to convert the
K magnitudes to flux in Jy.

3.2 Results and analysis

In order to infer different properties of the gas and dust in the mini-spiral
region, fluxes must be compared at different wavelengths. For that purpose,
I chose different regions in the central 20” of the point source subtracted
2.16 pm, 8.6 um, 1.3 mm and 3 mm maps. Fig. 3.5 shows the regions marked
in the 1.3 mm map. Since the beam shapes of the radio maps are elliptical,
the chosen regions are elliptical in shape. This also allows to maximise
aperture area on the source for a better fitting of the elongated structures
in the mini-spiral, and hence prevents the loss of flux from the selected

regions.

Figure 3.5: The elliptical regions used to extract fluxes from the central 20"
region of the GC from the multi-wavelength datasets, marked on the 1.3 mm radio
continuum map.
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The fluxes obtained for all the regions and the corresponding values of
the physical properties calculated are given in Table 3.3. The following
sections describe the analysis of the dust and gas properties in the mini-
spiral region.

3.2.1 Radio 3mm and 1.3 mm maps

The main features seen in the radio continuum maps produced at 3 and
1.3mm are: the central non-thermal source Sgr A*, the thermal emission
of the mini-spiral, including the Bar, Eastern Arm and the Northern Arm
(refer Fig. 1.5 in Chapter 1). The Western Arm is unresolved in the maps.
At 1.3mm a high resolution map was produced with a synthesised circular
beam of size 0.90”, shown in Fig. 3.6, which resolves several IRS sources in
the mini-spiral.

The 3mm map shown in Fig. 3.1 contains a total integrated flux of 13 Jy
inside a 82.5” diameter area, which corresponds to the primary beam size
of the CARMA array at 100 GHz. This is in good agreement with Shukla
et al. (2004) who used the OVRO array at 92 GHz to obtain a 6”.95x3".47
(P.A.=-5°) map and measured a total flux of 12Jy from the central 85"
region, and Wright et al. (1987) who used the Hat Creek Interferometer at
86 GHz to obtain a total flux of 12.6 Jy.

However, single dish observations at 106 GHz using the 30 m telescope
at IRAM, Spain measure a total flux of 22 Jy (Mezger et al. 1989). This
discrepancy in total flux measured can be explained by the fact that inter-
ferometric observations are less sensitive to the larger regions of underlying
extended thermal emission of Sgr A West, and resolves it out while being
more sensitive to the brighter small-scale thermal features of the mini-spiral
arms and the Bar. The total amount of flux resolved out by the CARMA ar-
ray is comparable to interferometric observations using other arrays. Since
the amount of flux that is resolved out remains approximately the same for
the two wavelengths 3 and 1.3 mm in the brighter regions of the mini-spiral,
the spectral indices calculated from these two wavelengths and discussed in
Sect.3.2.2 are reliable.
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Figure 3.6: 1.3mm CD array configuration map with a synthesised circular
beam size of 0.9". Contour levels are 0.0065, 0.01, 0.02, 0.03, 0.04, 0.05, 0.1,
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The fluxes extracted from the sources marked in Fig. 3.5 in the 1.3
and 3mm maps are tabulated in Table 3.3. The errors in the flux density
measurements are derived to be

Oflux = \/(Urzms) + (0calF1)?, (3.1)

where o, gives the rms noise of the map, o., gives the error in flux

calibration and F), is the flux density at frequency v. The error in flux
calibration is estimated to be 15% for the CARMA array.

From Panagia & Walmsley (1978), the flux density of an optically thin
thermal source emitting free-free radiation is given by

T 0.5 D —2
S, = 1.001 x 10~ 4n?2 {p‘;} [104}{] [ka b(v,T) Jy, (3.2)

where
b(v,T) = 1+ 0.3195 log(T/10* K) — 0.2130 log(v/1 GHz) (3.3)
and V is the source volume, n. is the electron density, D is the distance to

the source and T is electron temperature.

Then, for a source of angular radius 6,, the electron density (n.) and
emission measure (EM) can be computed by

0.5 0.25 —0.5
ne = 3.113 x 10? [S”] [ ! ] [ D ] b(v, T)7%%0,15 cm™3

Jy 10K kpc
(3.4)
EM = 5638 x 104 | 22| [ b(v, T)0;2 em™®pe (3.5)
‘ Jy | [104K ]| 0T ’ '

respectively. Zhao et al. (2010) estimated the kinetic temperatures in the
mini-spiral arms using the H92«a radio recombination line and radio contin-
uum emission at 1.3cm to be in the range 5000-13,000 K. With the tem-
peratures corresponding to the regions selected from the radio maps, I de-
termined the emission measures and electron temperatures from the radio
continuum fluxes using the formalism described above. Electron density val-
ues range from 0.8-1.5x10% cm™ for the regions, with the highest electron
densities and emission in the IRS 13 region, which is in agreement with pre-
viously published results (Brown et al. 1981; Zhao et al. 2010). The results
are tabulated in Table 3.3.



3.2. Results and analysis a7

3.2.2 Spectral index

The spectral index « is given by
 log(S1/5s)
o= —" ",
log(v1/12)
where S7 and Sy are the flux densities at 11=230 GHz and v5,=100 GHz,
respectively. In order to obtain a spectral index map between the two

(3.6)

wavelengths, the following steps were performed using Miriad:

e Convolve the maps at 3 and 1.3 mm to a common lower resolution of

o
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Figure 3.7: Spectral index map of the inner GC region. Contours indicate
spectral indices of -0.1 (dashed), 1.0, and 0.4 (line). Sgr A* has an inverted
synchrotron spectral index of 0.5.
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4" % 2" (p.a.=0°)

e Apply a primary beam correction using the primary beam sizes of
82.5"” and 36” at 3mm and 1.3 mm, respectively

e Shift the maps to align them accurately with each other

e Create masked images at both frequencies using a flux density cutoff of
0.01 Jy, and multiply the two masked images to obtain a final masked

image

Applying the final masked image to the radio maps and using the spectral
index equation above, a spectral index map of the region was created, shown
in Fig. 3.7. The masking process is to ensure that the flux densities and
hence the spectral index values in Fig. 3.7 are well-defined at all points
inside the masked region. From the above equation, the uncertainty in the
spectral index values is derived to be

oo = Ln(,,ll/,,z)} x \/(651/51)% + (651/52)2. (3.7)

The spectral index map covers the inner 40”x40” of the GC region, which
includes the Northern Arm, Eastern Arm, the Bar and the central bright
radio source Sgr A*.

The spectral index of Sgr A* of a~0.5+0.25 is in good agreement with
previously published results in Falcke et al. (1998) and Yusef-Zadeh et al.
(2006b), and is indicative of an inverted synchrotron spectrum, as is ex-
pected from a non-thermal source. The mini-spiral region exhibits a more
interesting spectral index behaviour with a mixture of positive and nega-
tive values. For an optically thin region emitting Bremsstrahlung, a thermal
spectral index of ~-0.1 is expected, which is seen around the Bar and parts
of the Northern Arm in the spectral index map. Regions of steeper spectral
index of ~-0.5 are also seen, which are indicative of non-thermal emission.
However, this could be the result of unresolved flux in the 1.3 mm map,
especially in the more extended regions of the Northern Arm. The presence
of a positive spectral index in most of the Eastern Arm, and around the
edges of the Bar, on the other hand, is an indication of excess emission in

the 1.3 mm map.
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Figure 3.8: 1.3mm excess emission (compared to Bremsstrahlung). See text

for details of subtraction of free-free emission. The contour levels represent -0.01
(dashed),0.01 and 0.05 (line) Jy/beam.

Assuming the 3 mm emission is purely free-free emission, the 3 mm map
was scaled by a factor of 0.92 (obtained using the relation S; = Sz (v /12)%)
to obtain a pure free-free emission map at 1.3 mm. This is subtracted from
the original 1.3 mm map to produce a residual map (Fig. 3.8) which shows
the regions of excess emission (compared to Bremsstrahlung) in the Eastern
Arm and parts of the Bar, corresponding to the regions of positive spectral
index in the spectral index map. This excess emission could be due to dust
emission, which starts to become important at wavelengths <1 mm (Zylka
& Mezger 1988), possibly from large dust grains (Draine & Lee 1984; Fich
& Hodge 1991).

Comparison to other spectral index maps

The spectral index map presented in Fig. 3.7 is the highest resolution spec-
tral index map obtained at mm-wavelengths so far. In the radio regime,
Ekers et al. (1975) have published a spectral index map between 6 cm and
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20 cm. They report a non-thermal spectral index of -0.3 for the diffuse emis-
sion from Sgr A West, and a thermal spectrum for the Sgr A West spiral,
in comparison to the spectral indices in Fig. 3.7. However, the spiral fea-
tures are not well-resolved and Mezger et al. (1989) show that the thermal
emission could become optically thick at A >6cm. In the sub-mm regime,
Garcia-Marin et al. (2010) presented maps of the inner 37x34 pc? of the GC
region, which includes the CND and surrounding molecular clouds. Their
derived temperature maps of this region reveal dust temperatures between
10 and 20 K in the CND and molecular clouds and spectral index maps of
the same region indicate spectral indices ranging from -0.8 to 1.0, which has
been explained with a combination of dust, synchrotron and free-free emis-
sion. In the regions immediately surrounding Sgr A*, they derived spectral
indices of -0.6<a<0.0, which was explained as a combination of 70-90% syn-
chrotron and 10-30% dust and free-free emission. This is in good agreement
with the results presented here.

3.2.3 MIR map

Thermal emission from the dust in the mini-spiral dominates the MIR con-
tinuum map at 8.6 um. The dust and ionized gas in the mini-spiral are
closely associated with each other, with a strong correlation reported be-
tween the dust emission at MIR (12.4 ym) wavelengths and the ionized gas
emission at radio wavelengths (VLA 2 cm) by Gezari & Yusef-Zadeh (1991).
The positions of several point sources such as IRS 1, 2 and 9 coincide in
both maps. However, significant displacements occur in the positions of
IRS 13 and 21, which have been explained as being caused by dust dis-
placement due to stellar winds. This correlation is confirmed by the high
resolution radio continuum and MIR maps presented here, with the radio
continuum map tracing out the dust features in the mini-spiral quite well
(Fig. 3.9). The 3mm radio map with a synthesised beam of size 1” and the
8.6 um map were transformed to the same pixel scale of 0.075”, and using
the position of Sgr A* in the radio map and in the MIR map (from Schodel
et al. (2007)), aligned with each other. The positions are accurate to within
0.075”. Fig. 3.9 shows the MIR map overlaid with the 3 mm radio map.

From Hildebrand (1983), the dust mass of a region of flux density F(v),
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at a distance D from the observer is given by

F(v)D? 4a

Ma = 50, 1) 3000)"

(3.8)
where a, Q(v) and p are the dust parameters grain size, emissivity and grain
density, respectively and B(v,T') the Planck function at dust temperature

3 and

Ty. The dust grain parameters are taken to be a=0.1 ym, p=2gm™
Q(v)=1072 for the mini-spiral region from Rieke et al. (1978), and an overall
dust temperature of 300 K (Gezari & Yusef-Zadeh 1991) is assumed. The
calculated dust masses along with the MIR fluxes are given in Table 3.3.
A total dust mass of 0.01M was obtained for the mini-spiral region. The

errors in flux density are obtained using (3.1).
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Figure 3.9: MIR 8.6 um map (units of Jy/pizel) overlaid with a 8 mm map of
synthesised circular beam size of 1". Contour levels are at 0.0090, 0.015, 0.02,
0.035, 0.3, 0.4, 0.45 Jy/beam.
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3.2.3.1 Dust to gas ratio

Using the procedure described in the previous section, the MIR and 3 mm
radio continuum maps were aligned, and by dividing the MIR map by the
radio continuum map, a dust-to-gas brightness ratio map was obtained,
which is shown in Fig. 3.10. The darker regions correspond to higher ratios
of dust-to-gas, while the lighter regions correspond to lower ratios. The
values range from about ~10 in the IRS 13 region to ~100-140 in the IRS
1W and 10W regions in the Northern Arm. This indicates higher amounts
of dust in the Northern Arm compared to the Bar, which is consistent with
the explanation that the ionized bar of the mini-spiral is dust depleted due
to a combined outflow/wind from the central ionizing source Sgr A* and
the stars in the region (Gezari & Yusef-Zadeh 1991).

100

DEC offzet (arcsec)

50

RA offset (arcsec)

Figure 3.10: Dust to gas ratio map - High at IRS 10W, and IRS 1W (Northern
Arm), low at IRS 13 (Bar).
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3.2.4 NIR Bracketty map

The Bry emission line at 2.16 ym traces out ionized gas in the mini-spiral
region, which is the same as that seen in the radio continuum maps at
3mm. At 2.2 um, most of the background continuum is from the stars in the
region, and the free-free emission contribution to the continuum radiation
is negligible (Neugebauer et al. 1978). Hence, after removing the strong
stellar sources in the Bry map using the point source subtraction described
in Sect. 3.1.3, a good estimate of the emission line fluxes in this region is
obtained.

The expected Brv line intensity can be estimated from the 5 GHz radio
continuum flux density using the formula (Glass 1999)

1By =2 x 104 L] [ gy Wt (39
Br) =271 x20 |l [ Ry W )
where T is the electron temperature and F), is the flux density at frequency
V.

The 3mm map was scaled to 6cm (5 GHz) using S; = Sa(v1/v2)* by
assuming an optically thin free-free emission spectral index of -0.1 between
5 GHz and 100 GHz. Using this 5 GHz map, the expected Br+ intensity map
was derived. The optical depth is given by

Br70bserved = e_TBrPYexpected (310)

and the extinction at wavelength A=2.16 ym is
Ay = 2.57 logge. (3.11)

The extinction map at A=2.16 ym is shown in Fig. 3.11. Extinction val-
ues range from 2.5-3.2mag in the mini-spiral region, with a mean extinc-
tion of 2.774+0.23mag. This is in good agreement with Schodel et al.
(2009) and Buchholz et al. (2009), who report median extinction values
of Ags=2.74+0.30 mag and Ax—=3.1+0.4, respectively, using H-K colours.
Brown et al. (1981) and Scoville et al. (2003) also derived extinction val-
ues from the radio continuum emission and the Brvy and Pa« line emission,
respectively, which are also in agreement with the values calculated here.
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Figure 3.11: Extinction map derived from observed and expected Bry map (from
radio continuum fluzes).

Using the relation A 9,m/Ayv=0.105 (from the extinction curve of Cardelli
et al. 1989), corresponding extinctions were obtained in the visual ranging
from Ay=25-32mag with a scaled error of 2.2 derived from the error of Axk.

Following Ho et al. (1990), the number of ionizing photons is calculated
from the expected Bry flux densities using

N(Lyc) = 2.9 x 10% DY S (3.12)
' kpc| |[10~12ergss—lem=2|’ '
which are calculated and tabulated in Table 3.3. These values rang-
ing from 1.8-3.4x10°° photonss™! are in agreement with the value of
3x10° photonss~! obtained by Zhao et al. (2010).



Region S1mm S3 mm 58.6 pm SBry EM Te Nrye Myust
+0.03Jy | £0.03Jy | £5Jy | £0.015Jy | +0.8x10%m®pc | £0.3x10%m =6 | +0.6x10%° s~ | +0.0002 M,
1 0.16 0.24 20.9 0.096 9.87 1.46 3.43 0.0009
2 0.11 0.13 16.2 0.042 2.25 0.99 2.08 0.0008
3 0.19 0.16 23.6 0.080 6.62 1.19 2.57 0.0011
4 0.15 0.16 46.6 0.125 3.86 1.12 2.48 0.0022
5 0.09 0.10 21.6 0.062 2.51 0.89 1.48 0.0010
6 0.12 0.12 16.6 0.049 5.51 1.04 1.79 0.0008

S!S/(|EUG pue synsay ‘¢'¢

Table 3.3: Fluxes from different wavelengths, calculated emission measures, electron densities, dust masses and

number of ionizing photons for selected regions from the mini-spiral.
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Chapter 4

Flaring Model of Sgr A*

4.1 Modelling

As mentioned in Chapter 1, Sgr A* is found to be highly variable at almost
all wavelengths, from the NIR and X-ray to radio and sub-mm wavelengths.
The simultaneous nature of the NIR/X-ray flares is indicative of the fact
that the same population of electrons is responsible for emission at both
wavelengths. And the observations of radio/sub-mm flares a few hours af-
ter the NIR/X-ray flares indicates that there is a link between the flaring
activity at these wavelengths. Several models have been used to explain
this flaring behaviour of Sgr A* as explained in Chapter 1. In this the-
sis, I use a model with synchrotron and synchrotron self-Compton (SSC)
components revolving around the SMBH on a temporary accretion disk to
describe the behaviour of Sgr A* from IR to radio wavelengths. This model
allows us to account for the NIR flux densities from both synchrotron and
SSC components. The source components which peak in the THz domain
are upscattered by SSC processes to the NIR/X-ray regimes, and expand
adiabatically to give rise to a delayed radio/sub-mm emission, as will be
explained below.

o7
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4.1.1 Synchrotron self-Compton theory

Using the nomenclature adopted by Gould (1979) and Marscher
(1983), we assume a synchrotron source of angular size 6, with
R=2R,=2GM c?~8 pas, where R, and R, are the Schwarzschild radius
and gravitational radius of the SMBH respectively. Therefore, an angular
diameter of ~8 pas at a distance of 8 kpc from us corresponds to a size of
one R,;. We assume a standard power law distribution of electrons

N(E) = N,E~2+D) (yyme? < E < yamc?) (4.1)
and an optically thin spectral index « corresponding to
Sy xv™ 9, (4.2)

where S, is the flux density at frequency v (the source becomes optically
thick at a frequency v, known as the turnover or cutoff frequency with
a flux density Sy,). Then taking into account the relativistic bulk motion
of the source with respect to an observer with a Doppler boosting factor
§=T"1(1-Bcosp) ! where ¢ is the angle of the velocity vector to the line of
sight, /3 is the velocity in terms of the speed of light (v/c), and T'=(1-3%)~1/2
for the bulk motion, the magnetic field strength B is given by

B x 03,82, (4.3)

Scattering by the same electron population gives rise to an inverse Compton
scattered flux density Sggc given by

Sssc o In(vy /vy, )0~2(20+3) VT;(3Q+5)S%Q+2)EIE3V, (4.4)

where Fyey is the X-ray photon energy (described in Marscher (1983)).
Within the limits Ey;, and Epax corresponding to the wavelengths Apax
and Apin the SSC spectrum has the same spectral index as the upscattered
synchrotron components, i.e., SsscoxF,_§,. A Lorentz factor of the order of
Ve ~ 102 of the emitting electrons is required to produce the observed flux
in the X-ray domain, for which the upper synchrotron cut-off frequency
1o lies within the NIR bands. Thus, most of the NIR spectrum can be
explained by synchrotron emission, while the inverse Compton emission
explains the X-ray emission (supported by SSC models in Markoff et al.
(2001); Yuan et al. (2003); Eckart et al. (2004)).
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4.1.2 Relativistic spot/disk modelling of NIR flares

The NIR light curves may be caused by a single hot spot orbiting the SMBH
several times or by multiple spots with individual lifetimes shorter than one
orbital period very close to the last stable orbit of the SMBH. In the case of
a single spot, if this spot sinks or moves towards the centre while orbiting,
then the emission of the spot will dominate the red-noise emission of the
disk by causing a quasi-periodic modulation of the light curve. And in
the case of multiple hot spots, the quasi-periodic modulation will exhibit a
frequency closer to the frequency of the last stable orbit (see discussion in
Eckart et al. 2008a and Eckart et al. 2006b). The quasi-periodic modulation
is smeared out if the hot spots expand within an accretion disk or form the
source of a short outflow above the disk, which may be undetectable at
lower radio/sub-mm observing frequencies. This model can be linked to
the adiabatic expansion of synchrotron components in the case of a source
expansion, as is described in the following sections.

4.1.2.1 Multi-component disk model

Using the SSC model described above, we describe the time dependent
flaring activity of Sgr A* with a multi-component disk model involving
a number of synchrotron and SSC emitting source components revolving
around the SMBH in a temporary accretion disk.

The low and high flux density states of the model give the boundary val-
ues for quantities of the source components such as the turnover frequency
Um, flux density 5, and source size 6, described by a power law, as given
by

N(S) o< 557, (4.5)
Nv) x vy, (4.6)
N(0) x 6, (4.7)

where N(5), N(v) and N () are the number distributions of the components
and ag, a, and ay are the corresponding exponents.
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Figure 4.1: Simulated images of multiple spots revolving around a black
hole, projected on the observer’s image plane (a,(3), viewed at three incli-
nation angles 1=0°, 30° and 60°, with respect to the common rotation axis.
The dotted and dashed circles represent the event horizon and the marginally
stable orbit, respectively (Zamaninasab et al. 2010).

Using a reference frame of an observer at the black hole, light amplifica-
tion curves for each individual component orbiting the SMBH are produced
by the KY-code (Dov¢iak et al. (2004)). This code takes into account rela-
tivistic effects such as redshift, lensing, time delays, changes in the emission
angle and polarization angle, etc. It also uses the concept of a transfer
function (Cunningham 1975), which relates the flux seen by a local ob-
server co-moving with the accretion disk to the flux seen by an observer

simulotion — — — —

simulation+white noise

e R T e R T A W

5‘0 1(‘)0 1.“.0
Time [min]

Figure 4.2: Light curve obtained from the multiple spot simulations shown

above for a particular inclination, with the solid black line giving the overall

light curve and different coloured dashed lines showing the contributions of
indiwidual spots (Zamaninasab et al. 2010).
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at infinity. Combining these curves with the SSC model described above,
we can estimate flux densities in the NIR and X-ray domain and magnetic
fields. Fig. 4.1 shows snapshots of simulations of the accretion disk with
multiple spots revolving around the SMBH. The light curve produced by
these simulations at a particular inclination is shown in Fig. 4.2. With
this model the small flux density variations (at time scales ~20minutes)
are produced when spots pass behind the SMBH in their first cycle around
it. Then, while they shrink they get slowly disrupted by the differential
rotation of the accretion disk, contributing marginally to the overall flare
event.

4.1.3 Adiabatic expansion modelling of the mm/sub-mm
emission

Almost all reported flare detections from multiwavelength campaigns of
the Galactic centre so far have observed radio/sub-mm flares delayed by
an hour or so compared to the NIR/X-ray events (Eckart et al. 2006a,
2008b; Yusef-Zadeh et al. 2009, 2006a,b, 2008; Marrone et al. 2008). If the
events in the NIR /X-ray and radio/sub-mm were unrelated, we can expect
to see an equal number of flares in the radio/sub-mm before the NIR /X-ray
events as we would after the NIR /X-ray events. Hence we can safely assume
that the radio/sub-mm events are in fact related to the higher frequency
events. An adiabatic expansion of the synchrotron components used in the
SSC model described in Section 4.1.1 has been used to explain the flaring
activity of Sgr A* in the radio/sub-mm regime occuring with a time lag
of ~1.5£0.5hours (Eckart et al. 2006a, 2008b; Yusef-Zadeh et al. 2006a).
I describe the adiabatic expansion model used to model the data in this
thesis in the following section.

4.1.3.1 Adiabatically expanding source components

A quantitative description of a model involving synchrotron source com-
ponents that are initially optically thick and expand with time to become
optically thin at longer wavelengths was presented by van der Laan (1966).



62 CHAPTER 4. Flaring Model of Sgr A*

Using this formalism we describe the adiabatic source components and de-
velop a time-dependent model to study their behaviour at different frequen-

cies.

We assume a compact, uniform spherical blob of radius R consisting
of relativistic electrons with an isotropic velocity distribution and a power
law energy distribution n(E) o< E~P. The blob is assumed to be optically
thick at all radio frequencies initially. As the blob expands uniformly, the
magnetic field declines as R~2, energy as R~!, and density as R3.

250 ; . . l T .
5 360 GHz (+ 2) |

b
j \\ge GHz (- 2 l

200

Sy (Mmdy)

R/Rq

Figure 4.3: Flux behaviour for an erpanding component at different fre-
quencies in the adiabatic expansion model (Yusef-Zadeh et al. 2006b).

If vg is the peak frequency or cutoff frequency at which the source be-
comes optically thick, Ry, Sp, and 79 give the size, flux density and the
optical depth of the source at this frequency, respectively. Then the optical
depth and flux density at any given frequency v scales as

—(p+4)/2 —(2p+3)

v R

= i - 4.8
e (V0> <R0> (48)
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and

v\ R\*1- exp(—Ty)

S, =5 | — - —, (4.9)

Vo Ry/) 1—exp(—mo)
respectively. We define 79 to be the optical depth corresponding to the
frequency at which flux density is maximum, in order to combine the SSC
formalism with the adiabatic expansion model. This makes 79 dependent
only on the particle spectral index p through the condition

e’ —71(p+4)/5—-1=0. (4.10)

Thus, if p ranges from 1 to 3, the corresponding 7y ranges from 0 to 0.65.
This gives us the variation in flux density at any frequency as a function
of the expansion factor (R/Ry) for a given spectral index p and peak flux
density Sy at a frequency vg, as shown in Fig. 4.3. Then, as the bulk of
relativistic electrons expands, the emission becomes optically thin at lower
frequencies and lower flux densities.

Assuming a simple linear expansion model with a constant expansion
speed of vVexp such that R-Ro=uvexp(t — to), we can convert the dependence
on radius to a dependence on time. At times ¢t < tg, the source is assumed
to have an optical depth that is equal to its frequency dependent initial
value 7o at R=Ry. In the optically thin part of the spectrum, the flux
initially increases with increasing source size at a constant optical depth
7o and then decreases with decreasing optical depth as it expands. And
for times t > tg, the decaying flank of the light curve can be stretched to
later times by increasing the turnover frequency vq or the initial source size
Ry, or by decreasing the spectral index agynen or peak flux density Sy. The
peak of the light curve can also be shifted to earlier times by increasing the
adiabatic expansion velocity vexp,. At lower frequencies, flare time scales are
longer and decay at a slower rate as a result of adiabatic expansion.
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Chapter 5

Modelling of May 2007 and
2008 flares

Simultaneous observations of the Galactic centre at wavelengths ranging
from NIR/X-ray to the radio/sub-mm is the best strategy for observing the
flaring activity of Sgr A*, and understanding the physical processes behind
this activity. With this objective in mind, we have organized extensive
multi-frequency campaigns in May 2007 and 2008. The data I present in
this thesis are from the observing campaigns in May 2007 and 2008 which
included millimetre single dish and interferometer arrays such as CARMA
(Bock et al. 2006), ATCA, and the MAMBO bolometer at the IRAM 30m
telescope, and the ESO VLT in the NIR. This chapter explains the data
reduction steps, including a new algorithm to extract the flux density of
Sgr A* from the surrounding extended emission from mm light curves, the
modelling of the data using the SSC model in combination with an adiabatic
expansion framework explained in the previous chapter, and summarises
briefly the results obtained from the modelling.

65
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5.1 Observations and data reduction

5.1.1 The mm data

Table 5.1 gives a log of the observations at different wavelengths in the
mm regime. We observed the Galactic centre with the radio interferometer
array CARMA at 3mm (100 GHz) in May 2007 and 2008. The quasar source
30273 was used for bandpass calibration while 1733-130 and Uranus were
used for phase and amplitude calibration of Sgr A*. The ATCA observations
at 3.5mm (86 GHz) in May 2007 used the calibrator sources 1253-055, 1921-
293, and Uranus for bandpass, phase, and amplitude calibration. The data
reduction package Miriad was used to reduce and map both the CARMA
and ATCA data. Fig. 5.1 shows the BCD array 3 mm map obtained from
the combined 2007 and 2008 data. The 1.2 mm MAMBO 2 bolometer array
data were reduced using the bolometer array data reduction, analysis and
handling software package, the BoA (Bolometer Data Analysis).

Sgr A* is surrounded by the mini-spiral and the CND, which consists of
gas and dust. Radio interferometric observations in the mm/sub-mm allow
us to differentiate the flux density contribution of Sgr A* from the thermal
emission of these extended regions.

Extracting the light curve

Even after calibrations are performed, the radio interferometric data may
be influenced by residual baseline and atmospheric effects. To extract reli-
able light curves of Sgr A* from this data and to correct for the extended
flux density contributions from the mini-spiral, I developed an algorithm
using medians of baseline visibilities. This algorithm performs the follow-
ing steps. From the two interferometer arrays, two pairs of orthogonal long
baselines were selected and visibilities for each baseline for each day were
extracted. These visibilities were calibrated with intermittent flux reference
observations. The median visibility for each baseline for all four days was
calculated and subtracted from each individual data set for the correspond-
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Figure 5.1: Combined BCD array 3mm map of 0.15" resolution (Kun-
neriath et al. 2010).
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Telescope Instrument/ A UT and JD UT and JD
Observing ID Array (mm) Start Time Stop Time

ATCA H214 3.5 2007 15 May 07:36:05 15 May 22:57:02.5
JD 2454235.81672 JD 2454236.45628

IRAM 30m MAMBO 1.2 2007 16 May 00:20:42 16 May 04:18:56
bolometer JD 2454236.51437 JD 2454236.67981
CARMA D array 3.0 2007 16 May 07:43:31.3 16 May 13:27:07.8
JD 2454236.82189 JD 2454237.06051
ATCA H214 3.5 2007 16 May 09:31:57.5 16 May 22:21:22.5
JD 2454236.89719 JD 2454237.43151

IRAM 30m MAMBO 1.2 2007 17 May 00:14:39 17 May 04:28:13
bolometer JD 2454237.51017 JD 2454237.68626

CARMA D array 3.0 2007 17 May 07:22:46 17 May 13:20:43
JD 2454237.80748 JD 2454238.05605
ATCA H214 3.5 2007 17 May 09:47:17.5 17 May 18:22:32.5
JD 2454237.90784 JD 2454238.26565

IRAM 30m MAMBO 1.2 2007 18 May 00:12:57 18 May 04:23:03
bolometer JD 2454238.50899 JD 2454238.68267
CARMA D array 3.0 2007 18 May 07:33:21.8 18 May 13:19:20.3
JD 2454238.81484 JD 2454239.05510
ATCA H214 3.5 2007 18 May 10:11:27.5 18 May 22:23:47.5
JD 2454238.92462 JD 2454236.67981
CARMA D array 3.0 2007 19 May 07:30:52.3 19 May 13:15:42.8
JD 2454239.81311 JD 2454240.05258
ATCA H214 3.5 2007 19 May 09:30:57.5 19 May 22:13:07.5
JD 2454239.89650 JD 2454240.42578

CARMA C array 3.0 2008 26 May 06:45:13 26 May 13:10:43

JD 2454612.78140

JD 2454613.04911

Table 5.1: Log of the mm- and sub-mm observations.
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ing baseline. The median of visibilities from all four baselines for each day
then gives the differential flux light curve for each day.

After this procedure is completed, the variations in the light curve can
then be attributed to variations in the intrinsic flux density of Sgr A*| since
the contribution of extended flux remains constant and is removed by this
median baseline subtraction method.

Mathematically, this can be expressed in the following way. The median
baseline and time dependent visibility trend

Db(t) = Mepoch(db(t)) (5'1)

was subtracted from each visibility data set dp(t), where the operator pepoch
represents the median over all epochs. The time-dependent differential vis-
ibilities S(¢) and their uncertainties d.5(t) are then given by

S(t) = pp(dp(t) — Dy(t)) (5.2)
and
05(t) = pmp(S(t) — (dy(t) — Di(t)))- (5.3)

Here the operator py, is the median over different baselines. Hence, §5(t) is
the median of the deviation from the median flux S(¢).

To be able to combine data from different frequencies in a single light
curve, the spectral index of Sgr A* should not vary significantly between
86 GHz and 250 GHz. If S and S, are the flux densities at frequencies 1
and 5 such that

log S; =log S2+ a (log v —log 1) (5.4)

and the spectral index changes from « to a + Aq, the new flux density S}
is given by

log S] =log S + (o + Aa)(log vy — log vs). (5.5)

From the above equations,

51 2!
log 5 = —A« log P (5.6)
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Figure 5.2: Top: Combined differential mm/sub-mm light curve of Sgr A*. Middle: Flux density averages from
simultaneous VLBA observations (Lu et al. 2008, 2010). Bottom: Combined NIR light curve (K-band and L’-band).

The time axis is labelled with UT hours starting at 00h on May 15.
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or for S| = fS;
log f = Aa log % (5.7)

From the radio to sub-mm measurements by Markoff et al. (2001) and
Zhao et al. (2003), the spectral index variation is estimated to be Aa = 0.07
between 10 GHz and 1000 GHz. The CARMA, ATCA and the IRAM 30 m
telescope data covers a spectral range from 86 GHz to 250 GHz. This gives
a maximum expected flux density variation of 8 % in the light curve due to
variations in the spectral index. The bulk of the data in which flux density
variations are detected in the light curve are from the CARMA and ATCA
telescope arrays, which are at frequencies 100 and 86 GHz, respectively, and
follow the VLT data set in time. The 30 m telescope data, which precede the
VLT data, does not exhibit significant flux density variations. Hence the
maximum expected flux density variation in the light curve due to changes
in spectral index can only be 0.005Jy, which is smaller than §S(¢). The
median flux density variation for each day for the CARMA and IRAM 30 m
data is then §S(t) ~ 0.1 Jy and for the ATCA data §S(t) ~ 0.2Jy. These
values represent the approximate range in which these data sets can be
freely shifted in flux density.

The uppermost panel in Fig. 5.2 shows the combined differential light
curve from all three telescopes, along with the daily flux density averages of
the 7 and 3mm VLBA (Very Large Baseline Array) observations that were
conducted in parallel with our observations in the middle panel (Lu et al.
2008; Kunneriath et al. 2008; Lu et al. 2010). The lower panel contains
the combined NIR light curve consisting of K and L’-band light curves for
the same epoch. The overall trend observed in the sub-mm /mm light curve
obtained by CARMA, ATCA and the IRAM 30m telescope is reflected in
the VLBA light curve.

To verify the trend observed in the light curve, the following check was
performed: From the CARMA data, which has the best combination of
high resolution and signal-to-noise ratio of all the mm-telescopes used in
this project, averaged maps for each day were produced. By subtracting a
mean map (Fig. 5.3) from each averaged map, residual maps were obtained
for all four days, shown in Fig. 5.4. The rms noise in these maps is of the
order of 0.1 Jy/beam. These residual maps reflect the same trend seen in
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the combined differential light curve (top panel in Fig. 5.2), in particular the
excess flux density of ~0.4 Jy on May 17 and a slightly positive flux density
on May 19. The mixture of negative and positive flux densities in the maps
on the 16th and 18th of May 2007 corresponds to the non-detection of flaring
activity in these epochs in Fig. 5.2.

Figure 5.4: Residual maps at 3mm of a 40" diameter region (shown by the
dashed white line) centred on Sgr A*, obtained from the difference between
full synthesis maps of the individual days of CARMA observations and the
full CARMA data set as described in the text. The maps have been plotted
with the same color-coding table.

5.1.2 The NIR data

The NIR observations in the K-band (2.2 ym, FWHM 0.35 ym) and the
L’-band (3.8 um, FWHM 0.62 um) were taken using ESO’s Very Large
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Telescope (VLT) NACO infrared camera and adaptive optics (AO) sys-
tem (Rousset et al. 2003; Lenzen et al. 2003) in Paranal, Chile. Table
5.2 gives the start and stop times of the observations. The integration
times were NDIT xDIT=200x0.2=40 seconds (DIT is Detector Integration
Time, and NDIT is the number of DIT’s) for the 3.8 um observations and
NDITxDIT=4x10=40 seconds for the 2.2 um observations. The infrared
wavefront sensor of NAOS was used to lock the AO loop on the NIR bright
(K-band magnitude ~6.5) supergiant IRS 7, located about 5.6” north of
Sgr A*. The Strehl ratio of a telescope is defined as the ratio of the ob-
served peak intensity of a point source to the theoretical peak intensity
value of the system at its diffraction limit. With a K-band diffraction limit
of about 60 mas, the AO was able to provide a stable correction with a high
Strehl ratio (of the order of 50%).

The standard data reduction steps of correcting for bad pixels, subtract-
ing the sky and flat fielding were performed on the images and a point spread
function (PSF) was extracted from each individual image using StarFinder
(Diolaiti et al. 2000), after which a Lucy-Richardson (LR) deconvolution
was applied. The beam was restored with a Gaussian beam with FWHM
corresponding to ~60mas at 2.2 um and ~104mas at 3.8 um. Aperture
photometry was performed on the sources with circular apertures of radius
52mas and extinction corrections of Ax=2.8 and Aj;,=1.8 applied, to cal-
ibrate the flux with flux densities of known sources, and obtain the final
flux densities of the sources in Jansky. This resulted in flux densities of the
reference star S2 of 22+1mJy and 9+1 mJy, respectively, which were used
to measure the uncertainties in flux measurements of Sgr A*.

To combine the NIR K and L’-band data (as shown in Fig. 5.2 and
Figs. 5.5 to 5.9), the L’-band data were scaled to K-band wavelengths using
a scaling factor of 0.6. This scaling factor is obtained from the spectral
index of -0.9 (Eckart et al. 2008b, 2009, Yusef-Zadeh et al. 2008). In the
remaining figures given in this chapter, no scaling has been applied.
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Telescope Instrument/ A UT and JD UT and JD
Observing 1D Array (pm)  Start Time Stop Time
VLT UT 4 NACO 2.2 2007 15 May 05:29:00 15 May 09:42:00
JD 2454235.72847 JD 2454235.90417
VLT UT 4 NACO 2.2 2007 16 May 04:47:22 16 May 07:54:41
JD 2454236.69956 JD 2454236.82339
VLT UT 4 NACO 2.2 2007 17 May 04:42:14 17 May 09:34:40
JD 2454235.69600 JD 2454235.89907
VLT UT 4 NACO 2.2 2007 19 May 04:55:00 19 May 09:28:22
JD 2454239.70486 JD 2454239.89470
VLT UT 4 NACO 3.8 2007 15 May 10:05:48 15 May 10:32:40
JD 2454235.92069 JD 2454235.93935
VLT UT 4 NACO 3.8 2007 16 May 08:28:34 16 May 10:44:04
JD 2454236.85317 JD 2454236.94727
VLT UT 4 NACO 3.8 2007 17 May 10:16:24 17 May 10:28:00
JD 2454237.92806 JD 2454237.93611
VLT UT 4 NACO 3.8 2007 18 May 06:03:26 18 May 10:29:05
JD 2454238.75238 JD 2454238.93686
VLT UT 4 NACO 3.8 2007 22 May 04:57:04 22 May 06:22:01
JD 2454242.70630 JD 2454242.76529
VLT UT 4 NACO 3.8 2007 23 May 04:39:08 23 May 10:36:24
JD 2454243.69384 JD 2454243.94194
VLT UT 4 NACO 3.8 2008 26 May 05:42:55 26 May 10:37:39

JD 2454612.73814

JD 2454612.94281

Table 5.2: Log of the near-infrared observations.
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Figure 5.8: Observing time- L’-band: 06:03:26 to 10:26:00.
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Figure 5.9: Observing time- K-band: 04:55:00 to 09:28:22.

5.2 Results and Analysis

The results of our multi-wavelength campaign are:

A bright NIR flare on May 15 2007.

A NIR flare on 17 May 2007 followed by a 0.4 Jy mm flare observed
with CARMA.

A NIR flare on 19 May 2007 with no flare detection in the mm light

curve.

A bright L’-band NIR light curve on 26 May 2008 with no flare de-
tection in the mm light curve.

The above flare events were modelled using the adiabatic expansion model
described in Chapter 4. The following sections describe the modelling of

individual flare events, the results and analysis.
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5.2.0.1 Adiabatic expansion modelling

The main parameters used in the model are the size Ry (expressed in units of
Schwarschild radius Ry), expansion velocity vexp, the optically thin spectral
index agynen and the flux density Spaxobs at the cutoff or peak frequency
Vmax,obs Of the source component (adopting the nomenclature used in Eckart
et al. (2006a, 2009)).

A reduced y? fit was performed for the model for each flare event with
a number of source components (denoted by N), which implies a total of N
times 4 (Smax,obs, Qsynch, 120, Vmax) Plus a common expansion velocity vexp
and time offset (the time differences between the components are fixed), i.e.,
4N+2 degrees of freedom. Since certain factors like the width and peak of
the light curve signature depend to a varying extent on all 4 parameters
Shaxs Qsynch, 1o, and Vpax, the model parameters cannot all be considered
to be independent. Therefore a minimum number of source components
were used to estimate the degrees of freedom. Since the VLT data contains
~10 times the number of data points in the CARMA data points in the 2007
data, the squared CARMA flux deviations and number of data points were
weighted by an additional factor of 19. The x? test was then performed
with the sum of the squared flux deviations and data points of the VLT
and CARMA datasets.

SSC modelling as an additional constraint

Since the model allows for NIR flux density contributions from both syn-
chrotron and SSC components, an additional constraint is provided by the
SSC model described in Sect. 4.1.2. The SSC contribution of the X-ray
and NIR flux densities and the magnetic field can be estimated from the
SSC model. A higher contribution of flux in the NIR from SSC components
would violate the assumption that the synchrotron emission of the sub-mm
(THz peaked) component is the main source of NIR flux density in the adi-
abatic expansion model, and require the modelling of the unknown X-ray
flux density. The magnetic field can be calculated from

B x 0%5 52, (5.8)
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where v, and S,,, are the synchrotron turnover frequency and flux density
mentioned above. A Ba70 Gauss has been obtained from previously pub-
lished results (Eckart et al. 2006a, 2008b; Yusef-Zadeh et al. 2008; Marrone
et al. 2008), which should also not be violated in the model. The upper
limits to flux densities of upscattered SSC components are represented by
SNIR,ssC and Sx_ray ssc and the optically thin synchrotron flux density in
the NIR is given by SNIR,synch-

Adding to a single input parameter the 1o uncertainty such that a max-
imum positive or negative flux density is reached results in an increase of
Ay = 1 (from the reduced x? value). A variation in the value of a sin-
gle source component by its listed uncertainty results in a variation of the
predicted model flux densities in the NIR and X-ray by more than 30 %.
Judging from the Ay based on the mm-data alone, the global uncertainties
for Smax,obs, Qsynch, and Rp may then be doubled. The flare events were
modelled at a higher and lower expansion velocity labelled A and B.

5.2.1 Flare events
5.2.1.1 The 15 May 2007 flare event

The NIR data obtained on May 15 2007 did not have any overlap with
the sub-mm/mm coverage which began nearly three hours after the NIR
coverage ended. The NIR coverage captured a long underlying main flare
with two significant flux density excursions which are termed ’sub-flares’,
centred at about 07:29 UT and 07:51 UT, respectively (see Fig. 5.5). The
time difference of 22 minutes between these two sub-flares is consistent with
previously reported sub-flare separations (Eckart et al. 2006b; Meyer et al.
2006), and the flux density levels between the two does not reach emission
levels before and after the flare. The May 15 NIR flare has been exten-
sively studied and analysed by Eckart et al. (2008a) who interpreted these
substructures in the framework of spot evolution in a temporary accretion
disk and Zamaninasab et al. (2010) who showed that these highly polarized
sub-flares are part of the flare structure that is significant compared to ran-
domly polarized red-noise. The brief L’-band observations at 10 UT show
a NIR signal that is a factor of 2 times stronger than at other times.
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The mm data begins nearly 3 hours after the NIR light curve. Flux
density variations at mm wavelengths due to adiabatic expansion will not
be sufficiently strong compared to median flux density variations in the data
3-4 hours after the NIR flare. Therefore, the flare can only be constrained
by the NIR data. This flare was modelled using a background component 3
responsible for the main underlying flare and two components o and v for
the two strongest sub-flares. The expansion speed cannot be constrained in
this case, but in model A a value of 0.007¢ close to the speed found for most
of the modelled flares was used, and in model B, a higher speed of 0.017c,
lower spectral index and a weaker background component to obtain a good
fit to the NIR data and fulfil the 100 GHz and the X-ray upper limits of flux
density were used. Fig. 5.10 shows the May 15 2007 light curve fitted with
the two models A and B, with the contributions of individual components
highlighted in different colours. Table 5.3 summarises the model parameters
described in Section 5.2.0.1, obtained from the model fits A and B.

The L’-band data at 10 UT (refer Fig. 5.5) could be correlated to the
radio data, but the light curve is not long enough to justify being included
in the modelling in this case. However, higher flux density levels are gen-
erally preceded by a positive flux density excursion in the mm-domain in
the framework of the adiabatic expansion model, which is not evident here.
This could be explained by the high L’-band flux being caused by a tran-
sient steeper infrared spectral index, indicating either a significantly higher

turnover frequency or stronger synchrotron losses.
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Figure 5.10: Models A and B of the 15 May 2007 NIR flare: a) Fitted
NIR light curve, with the black curve corresponding to the model and the
red curve corresponding to the data, b) Contribution of individual source

components to NIR light curve, and c) Contribution of individual source

components to mm light curve.
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date model  source At Vexp Smax,obs Qlsynch RO Vmax,obs B SNIR,synch SNIR,SSC Sxfray,SSC
label hours inec [Jy] [Rs] [GHz] [G] [mJy] [mJy] [nJy]

lo— +1.0 40.001 +0.1 +0.1 £0.1 +250 +£10 +1.0 +1.0 +20
15 May 2007 A «@ 0.0 0.007 0.6 0.85 1.3 340 33 3.1 <0.03 <10
1) 0.0 0.3 0.60 0.3 840 29 12 <0.03 <10

¥ 0.30 0.3 0.75 0.2 840 32 5.6 <0.03 <10

15 May 2007 B «@ 0.0 0.017 0.6 0.65 1.3 340 37 8.3 <0.02 <40
I) 0.0 0.3 0.65 0.3 840 30 8.4 <0.02 <40

¥ 0.37 0.3 0.65 0.35 810 32 8.4 <0.02 <40

Table 5.3: Source component parameters for the combined SSC and adiabatic expansion model of the 15 May 2007

flare. Labels A and B refer to models with lower and higher expansion velocities, respectively. The flare times At are
giwen with respect to the peak of the brighter NIR flares. In addition to vexp, the Ro values are responsible for the
position and width of the infrared flare peaks in time. Different values for asynen are required to match the infrared

flux densities.
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5.2.1.2 The 17 May 2007 flare event

On May 17 2007 the NIR flare had a clear overlap with the 3mm CARMA
observations, with indications of a 0.4 Jy flare following a NIR flare. The
differential light curve obtained from the four longest baselines of CARMA
and ATCA along with the NIR light curve is shown in Fig. 5.11. A cross-
correlation between the two shows a time lag of 1.5+0.5 hours with a sig-
nificant, broad and positive peak corresponding to the flares found at both
wavelengths. The negative power seen in the cross-correlation is most likely
due to a combination of two effects:

e The poorer signal-to-noise ratio of the differential ATCA data
compared to the CARMA data, and

e Residual power on time scales of the length of the sub-mm datasets.
Some amount of negative power is also expected when dealing with
differential light curves which measure variation in flux with respect
to a median flux level over the entire length of the dataset.

If the cross-correlation is performed with only the K-band NIR and CARMA
data, a significant, broad and positive cross-correlation peak centred at
1.5£0.5 hours still remains.

In order to verify that the variation in flux seen in the CARMA data
is not related to a variation in calibrator flux densities, a cross-correlation
between the calibrator and source fluxes from the CARMA data was per-
formed, shown in Fig. 5.12. This therefore indicates that a 0.4 Jy 3 mm flare
followed the NIR flare.

The NIR K-band data is dominated by four sub-flares, while the mm-
data is dominated by a single flare that is wider than the individual NIR
sub-flares, due to the expansion and subsequent overlap of sub-flares from
individual source components. Since the May 17 2007 flare is constrained
by the NIR and CARMA data, the time lag of 1.5+0.5 hours determines
the expansion velocity (Fig. 5.13). A constant flux density of 0.003 Jy was
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tively) and K- and L’-band NIR (middle red and blue, respectively) light
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tween the two showing that the mm flare follows the NIR flare with a time
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function.
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date model source At Vexp Smax,obs Qsynch Ry Vmax,obs B SNIR7synch SNIR,SSC SXfray,SSC
label hours inec [Jy] [Rs] [GHz] [G] [mJy] [mJy] [nJy]

17 May 2007 A « 0.0 0.010 1.0 1.00 0.8 840 66 4.7 <0.01 <10
Ié) 0.45 0.5 097 0.3 1250 66 4.0 <0.01 15

v -0.59 1.3 1.11 1.0 840 69 3.2 <0.01 <10

] -0.96 0.5 1.02 0.3 1250 68 3.2 <0.01 12

17 May 2007 B o 0.0 0.011 0.25 0.70 0.2 1360 86 8.1 <0.01 19
Ié) 0.36 0.25 0.70 0.2 1360 86 8.1 <0.01 19

¥ -0.69 0.17 0.70 0.2 1360 65 5.1 <0.01 21

0 -1.05 0.17 0.70 0.2 1360 65 5.1 <0.01 21

€ -0.33 1.75 1.05 1.6 570 68 7.1 <0.01 <2

Table 5.4: Same as Table 5.3, but for May 17, 2007.
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subtracted from the NIR data to model the sub-flare events. The two
modelling approaches A and B are presented in Table 5.4. Four components
« through ¢ representing the four sub-flares events were used in model
A . For model B on the other hand, motivated by the relativistic disk

5 6 7 8 9 10 1" 5 6 7 8 9 10 M
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0.2] d
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Figure 5.13: Models A and B of the 17 May 2007 NIR flare: a) Fitted
NIR light curve, with the black curve corresponding to the model and the red
curve corresponding to the data, b) Contribution of individual source com-
ponents to NIR light curve, c¢) Fitted mm light curve, with the black curve
corresponding to the model and the red curve corresponding to the data, and
d) Contribution of individual source components to mm light curve.
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modelling referred to in Sect. 4.1.2, an additional background component
€ located close to the centre of the overall NIR flare along with additional
components to model the sub-flares were used. Model B has lower values
of Smax,obs and the spectral index agyncn, smaller source component sizes
Ry, and higher cutoff frequencies vyax obs for components a through ¢ when
compared to model A. The quality of the fit is comparable for models A
and B.

5.2.1.3 The 19 May 2007 flare event

The 19 May 2007 flare in the NIR is only partially constrained by the
CARMA mm data. In the NIR, two flare events of peak flux density 3.5 mJy
and 1.1 mJy are separated by about 3 hours, with a gap in the observations
when the first event reaches its peak flux density (refer Fig. 5.9 which implies
that the true peak was probably missed and that the flare was probably
brighter than 3.5 mJy. The mm data has an overlap of about 1.5 hours with
the NIR data with no detection of a flare event brighter than 0.1-0.2 Jy.

Model A with a slower adiabatic expansion velocity of 0.007 ¢ allows to
fit the first event (centred on the NIR at ~5:30 UT) with a single compo-
nent (Fig. 5.14). For the higher velocity used in model B, a larger number
of sources are needed to model the NIR data. For both models, the second
flare event (centred on the NIR at ~8:20 UT) is constrained by the 3 mm
CARMA data, giving upper limits of about 0.1-0.2 Jy to the flux density
above which no millimetre flare event was detected for both flare compo-
nents (at ~5:30 UT and ~8:20 UT). Model parameters are tabulated in
Table 5.5.
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Figure 5.14: Models A and B of the 19 May 2007 NIR flare: a) Fitted
NIR light curve, with the black curve corresponding to the model and the red
curve corresponding to the data, b) Contribution of individual source com-
ponents to NIR light curve, c) Fitted mm light curve, with the black curve
corresponding to the model and the red curve corresponding to the data, and

d) Contribution of individual source components to mm light curve.
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date model  source At Vexp Smax,obs Qsynch RO Vmax,obs B SNIR,synch SNIR,SSC SX—ray,SSC
label hours in ¢ [Jy] [Rs] [GHz] [G] [mJy] [mJy] [nJy]

19 May 2007 A «Q 0.0 0.007 1.30 1.07 1.0 1360 67 3.5 <0.01 <10
I6) 2.50 1.10 1.10 0.8 1360 67 0.5 <0.01 <10

¥ 2.90 1.10 1.10 0.8 1360 67 0.5 <0.01 <10

19 May 2007 B «@ 0.0 0.017 1.33 1.13 1.0 720 68 2.5 <0.01 <10
1) 0.50 1.33 1.09 1.0 720 67 3.1 <0.01 <10

¥ 2.85 1.50 1.30 0.8 820 72 1.2 <0.02 <10

1) 3.30 1.50 1.30 0.8 850 72 1.2 <0.02 <10

Table 5.5: Same as Table 5.3, but for May 19, 2007.
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5.2.1.4 The 26 May 2008 flare event

The 26 May 2008 NIR flare in the L’-band is one of the brightest flares
observed, with a flux density increase of about 70 mJy, followed by a plateau
of almost constant flux density of 40 mJy before finally reaching the original
flux density level of 20mJy after nearly 200 minutes. The CARMA data
on 26 May were taken under moderate to poor weather conditions, with
the source visibility levels comparable to the 2007 observing session levels
from 07:10 UT to 11:10 UT, followed by deteriorating weather conditions
resulting in strong coherence losses. From 07:10 UT to 11:10 UT, however,
no flare was detected within a limit of 0.2 Jy.

To be able to model the initially bright flare with sharp rising and falling
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Figure 5.15: 3.8 um NIR flare (top) covered by 3mm CARMA data (bot-
tom) on the 26 May, 2008. The time coverage of the L’-band flare is from
05:42:55 to 10:37:39 UT.
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flanks, followed by a 1.5 hour plateau requires the use of several source com-
ponents each covering a maximum portion of time of about 30 minutes. A
reduction in the number of sources would require much larger source com-
ponents which in turn results in higher magnetic fields and a violation of
the flux density limits given by the 3mm CARMA data. Given these dif-
ficulties, the number of source components is of course not unique and the
models proposed in Table 5.6 can only be taken as an example. The overall
flare structure is quite similar to the flare described in Eckart et al. (2008b),
observed with the APEX sub-mm bolometer and the VLT, the only differ-
ence being the continuous structure of the 26 May flare compared to the 3
June flare. Similar flare structures have been reported previously by Eckart
et al. (2006a, 2009). A possible common physical structure behind these
flares could be a disk structure expanded by differential rotation within the
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Figure 5.16: Models A and B of the 26 May 2008 NIR flare: a) Fitted NIR
light curve, with the black curve corresponding to the model and the red curve
corresponding to the data, b) Contribution of different source components
to NIR light curve, and c) Contribution of different source components to
mm, light curve.



date model  source At Vexp Smax,obs Qsynch RO Vmax,obs B SNIR,synch SNIR,SSC SXfray,SSC
label hours in ¢ [Jy] [Rs] [GHz] [G] [mJy] [mJy] (nJy]

26 May 2008 A «a 0.0 0.005 1.1 0.68 0.5 1090 30 31 <0.02 41
1] -0.45 1.0 0.68 0.5 1090 40 26 <0.02 18

¥ 0.52 1.0 0.83 0.5 1030 31 15 <0.02 17

0 1.03 1.0 0.80 0.5 1160 34 17 <0.03 23

€ 1.48 0.8 0.77 0.5 1160 48 16 <0.01 <10

¢ 1.90 0.8 0.77 0.5 1160 48 16 <0.01 <10

26 May 2008 B o 0.0 0.007 1.4 0.70 0.6 1090 44 39 <0.02 24
8 -0.40 1.3 0.70 0.6 1090 56 35 <0.02 13

0% 0.52 1.1 0.77 0.6 1030 36 23 <0.02 18

6 1.03 1.3 0.80 0.5 1160 33 23 <0.04 33

€ 1.48 1.0 0.77 0.5 1160 58 20 <0.01 <10

¢ 1.90 1.0 0.73 0.5 1160 56 24 <0.01 <10

Table 5.6: Same as Table 5.3, but for May 26, 2008.
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disk, or accretion or magnetic field instabilities, maybe even within a jet
structure (see Eckart et al. (2008b,a). The model fits are shown in Fig. 5.16.

5.3 Flare analysis

From the adiabatic expansion modelling of the flares observed on May 15,
17 and 19 2007 and May 26 2008, I obtain expansion velocities ranging from
0.005¢ - 0.017¢, which are in agreement with previously published results
(eg., Yusef-Zadeh et al. (2008); Eckart et al. (2008b)). The relativistic
sound speed in orbital velocity near the SMBH is given by ¢/+/3, which is
much higher than the velocities obtained with this modelling. This could
be explained by the bulk motion of source components with velocities larger
than the expansion velocity vexp or by a confinement of expanding material
to the immediate region surrounding Sgr A* in the form of a disk or a
corona. In the latter case, differential rotation within the accretion disk
may cause shearing which is then responsible for the low velocities (Eckart
et al. 2008b; Zamaninasab et al. 2008; Pechacek et al. 2008). As explained
in Sect. 4.1.2, the expansion of several strong spots in the disk or corona can
cause the smearing out of the short-term modulation observed in the NIR
in the sub-mm/radio domain, implying that the quasi-periodic modulation
may not be observable at all wavelengths.



Chapter 6

Summary and conclusions

In this chapter, I summarise the main results of my Ph.D thesis which have
been described in detail in the previous chapters, including an outcome
of the analyis of the GC mini-spiral physical properties derived from a
multiwavelength dataset, and the flaring emission of Sgr A*.

After the reduction of radio interferometry observations of the Galactic
Centre region at millimetre wavelengths obtained from local mm-telescope
arrays such as CARMA and ATCA, and the IRAM 30m telescope at mm-
wavelengths, the main results obtained were

e High resolution maps of the mini-spiral region and Sgr A* at 100 GHz
and 230 GHz from CARMA observations.

e The highest resolution spectral index map of the mini-spiral region at
such high frequencies, obtained from the 100 GHz and 230 GHz maps.

e The long light curve of the compact radio source Sgr A* from the 15-
19th of May, 2007 in the mm-regime obtained using a new method to
combine light curves from both interferometers and single dish tele-
scopes omitting flux density contributions from the extended emission

in the galactic centre region.
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By combining this data with infrared data obtained with the VLT tele-
scopes, the results obtained were

e The physical properties of the ISM of the GC mini-spiral for selected
regions, and an extinction map at the NIR K band.

e The detection and modelling of simultaneous flaring activity in the
NIR and mm-regime with the May 2007 and 2008 observing campaigns
using an adiabatic expansion model with a SSC formalism.

6.1 Discussion and Outlook

6.1.1 Mini-spiral region

I have studied the properties of the mini-spiral at multiple wavelengths,
including radio continuum maps at 3 and 1.2 mm, MIR continuum at 8.6 ym
and the Bry line emission at 2.16 pm.

The spectral index map of the region indicates a mixture of various
emission mechanisms in the central few parsecs of the GC, with an inverted
synchrotron spectrum of ~0.5 of Sgr A*, thermal free-free emission spectral
indices of -0.1, and a possible contribution of dust emission as indicated
by the positive thermal indices ~1.0. The positive spectral indices may
be attributed to a possible dust contribution which begins to show up at
wavelengths <1.2 mm, probably from large dust grains (Draine & Lee 1984).

For selected regions in the mini-spiral arms, I extract flux densities from
the different wavelengths and infer the following:

e Physical properties of the ionized gas such as emission measure and
electron densities ranging from 0.8-1.5x10* cm™ from the 3 mm radio

continuum map.

e Dust masses from the 8.6 yum MIR map, with a total dust mass con-
tribution of 0.01Mg from the mini-spiral arms, and a dust-to-gas
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brightness ratio map indicating dust depletion along the Bar, with
higher ratios along the Northern Arm.

e Extinctions of 1.8-3.2 at 2.16 um from a comparison of observed Brvy
flux densities to the expected flux densities inferred from the free-free
radio emission and the Lyman continuum emission rate derived from
the expected Brvy flux density.

Future continuum and spectral line observations of the mini-spiral at
mm /sub-mm wavelengths with arrays of high resolution and sensitivity such
as ALMA will reveal more extended emission in the central few parsecs
of the Galactic centre, and show more structure in the mini-spiral arms,
including the mini-cavity region, and confirm the influence of dust emission
at wavelengths <1.2 mm.

6.1.2 Flares of Sgr A*

I present results from global coordinated multiwavelength observational
campaigns carried out in 2007 and 2008 using NACO at VLT in the NIR
K- and L’-bands, and CARMA, ATCA, and IRAM in the mm regime.

A new method to obtain concatenated light curves of the compact mm-
source Sgr A* after removing the significant flux density contributions from
an extended, partially resolved source by combining data from single dish
telecopes and interferometers was presented in this thesis. Consecutive
datasets from each participating observatory are required for this method.
Four different flaring events were discovered in the NIR, with three of these

events also covered later in the mm-wavelength.

This flaring activity was modelled with an adiabatic expansion model
involving synchrotron source components, to obtain spectral index values,
expansion velocities, turnover frequencies and other parameters, which are
consistent with previously published results from variability studies. An
average time delay of 1.5+0.5 hours between the NIR flares and the mm
flares was obtained, with expansion velocities ranging from 0.005¢ - 0.017c.
The SSC model provides constraints for the turnover frequencies and flux
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densities of the NIR flux density contributions from the synchrotron emis-
sion. The lower flux density limits obtained for the mm-regime also imply
that the turnover frequencies cannot be lower than about 1.0+0.3 THz and
the optically thick peak flux densities at or below these turnover frequencies
do not exceed about ~1 Jy on average. Previously reported flare detections
have observed higher flux densities in the mm-regime (Yusef-Zadeh et al.
2009; Marrone et al. 2008; Eckart et al. 2008b, 2006a).

Further simultaneous monitoring of Sgr A* at different wavelengths
(from the higher energy X-ray/NIR to the radio/sub-mm) and in polarised
NIR /radio emission are required to improve the statistics and to place bet-
ter constraints to the models describing this flaring activity. The current
crop of mm and sub-mm interferometers such as CARMA, PdBI, ATCA,
SMA and VLBA and future telescope arrays such as ALMA, which can
distinguish the emission of Sgr A* from the thermal emission of the sur-
rounding CND and mini-spiral, in combination with NIR telescopes such
as Keck, VLT and the upcoming LBT, which can distinguish Sgr A* from
the stellar population surrounding it, should provide us with higher quality
data.

Imaging of the central region of Sgr A* may become possible in the
near future with long baseline mm-VLBI measurements at higher angular
resolutions and frequencies (>230 GHz) (Doeleman et al. 2008, 2009). In
combination with polarimetric NIR interferometric observations with the
GRAVITY instrument at VLTI (Eisenhauer et al. 2008; Zamaninasab et al.
2010) this will enable a deeper understanding of the SMBH at the centre of
our galaxy, and allow us to test current theories of emission in the region.
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