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Abstract

The central regions of many galaxies emit extremely large amounts of energ)y*?

ergs secl). Extensive studies of these central regions have identified many interesting
phenomena, which have led us to believe that the central supermassive black hole is the
source of energy in many of these galaxies. In the case of our own Galaxy, such studies
of the central region have the added advantage of a much higher spatial resatution (
10 times) and therefore, it is hoped that detailed studies of this region will lead to

a better understanding of the physical processes occurring in this dense region. Such
detailed studies also provide inputs to understand processes in the central regions of
other similar galaxies.

Though the nucleus of our Galaxy is only mildly active, the central one kiloparsec
region, which is referred to as the Galactic Centre (GC) region, harbours a variety of
unique and interesting phenomena, not seen elsewhere in the Galaxy. This region shows
a concentration of gas, mostly in the form of molecular clouds, which are characterised
by densities~10* molecules cm?, velocity dispersions-10 km st, temperatures-70
K and and apparent magnetic fieldd milliGauss. Most of these quantities are one
to two orders of magnitude larger than that found in the disk of our Galaxy. In ad-
dition to the molecular clouds, this region also harbour ax2@ M., black hole at
the centre of the Galaxy, unique highly polarised non-thermal linear radio filamentary
structures, extended non-thermal radiation due to synchrotron emission and regions of
ionised hydrogen. The high density in the region, possibly due to a large gradient in

the gravitational force, leads to the formation of massive, high luminosity stars with

XXili



XXiv ABSTRACT

short life-spans. These stars end their lives in supernova explosions and many of the
supernova remnants (SNR) can be seen at radio wavelengths.

This region is largely opaque at optical wavelengths due to very high extinctions
caused by the dust and gas, and been studied at radio, infrared and X-ray wavelengths.
Though these studies have enabled us to get a broad picture, the complexity of the re-
gion has come in the way of our understanding of many of the processes occurring in
the region. In this thesis, we have carried out radio studies of the discrete objects and the
surrounding Interstellar Medium (ISM) found in the GC region with the Giant Metre-
wave Radio Telescope (GMRT), Very Large Array (VLA) and the Australia Telescope
Compact Array (ATCA).

Our study with the GMRT has resulted in the lowest frequency (620 MHz) detection
of radio emission towards the black hole candidate (Sgr A*), which puts new constraints
on its emission mechanism. We also investigated the peculiar flamentary structures
suspected to be part of candidate supernova remnants (SNRs), and confirmed G3.1-0.6
to be an SNR, and suggested that the large shell-like structure G3%8.is an old SNR
in the region. Some of the peculiar radio sources, like the unique non-thermal filaments
(NTFs) have only been observed towards the GC, and it is important to verify that these
objects are really located in the GC region and not a foreground or background object.
However, out of eight such NTFs, the distances of only two have been constrained. We
have carried out atomic hydrogen (HI) absorption line studies towards three more NTFs,
which constrains their distances to within a few kilo parsecs of the Galactic Centre. We
have investigated the large scale magnetic field prevalent in the ISM of the dextral
= 12 x 3.6° region of the Galaxy using the ATCA and the VLA. There has been no
systematic study of the RM in the inner part of the Galaxy, and our study of the Faraday
rotation towards 45 background extragalactic sources indicates that an axisymmetric
model of the magnetic field is not valid in the central region of the Galaxy.

In Chapter 1, an introduction to the thesis work has been presented. Based on pre-
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vious investigations at radio wavelengths, we present a summary of our understanding
of the central region of the Galaxy. The topics which are discussed are: (i) the known
physical properties of Sgr-A*, (ii) the central mass distribution, (iii) sources identified
from previous radio studies of the region (e.g., SNRs, NTFs, molecular clouds, Hll re-
gions and extended synchrotron emission), (iv) distance constraints to the sources seen
in the direction of the GC, and (v) the electron density in the GC ISM and the prevalent

magnetic field.

Observations of the GC region at 610 MHz with the GMRT are presented in Chapter
2. The GC region has been observed previously in high resolution using the VLA at 330
MHz, 1.4 GHz and 4.8 GHz, and several sources have been identified within the central
half a degree region of the Galaxy. At the very centre of the Galaxy is the POBM .,
black hole candidate, which coincides with a point source in radio-emission known as
the Sgr-A*. Along the line of sight to the source is a dense HIl region known as the Sgr-
A West, east of which is seen the SNR Sgr-A East. Around this regionhal@ which
is thought to be a mixture of thermal and non-thermal emission can also be identified.
Assuming the Sgr-A* to be coincident with the black hole, various models have been
proposed to explain its emission in different wavebands. At low radio frequencies below
1.0 GHz, this object has not been detected and it has been proposed that the free-free
absorption by the HIl region Sgr-A West absorbs most of the radiation at frequencies
less than 500 MHz. In our observations of the GC with the GMRT at 610 MHz, Sgr-A*
was detected. The estimated spectral index of Sgr-A* between 1.4 GHz and 610 MHz
is quite flat. However, a comparison of the 610 MHz and 1.4 GHz map of this region
indicates that most parts of the Sgr-A West HIl region have optical defdthTherefore,
the flat spectral index of Sgr-A* between 1.4 GHz and 610 MHz, which is similar to its
high-frequency spectral index, indicates that Sgr-A* is located in front of the Sgr-A West

complex and is not embedded within this complex as was suggested earlier.

In Chapter 3, we describe GMRT 330 MHz observations of the filamentary structures
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suspected to be associated with candidate SNRs. Previous observations at 843 MHz by
the Molonglo Observatory Synthesis Telescope (MOST) identified 17 new candidate
SNRs in this region. From their list, two objects, which appeared to have associated
filamentary structures, were observed with the GMRT. It is shown that one of these
filamentary structure is actually part of an extended object (&3.8), which we have
confirmed as an SNR. From the observation of the second field, two extended curved ob-
jects were identified, which we have suggested to be part of a large shell (G868)1

with size of~ 52 x 72. This is possibly the remains of an old supernova in the re-
gion. Three suspected SNRs, G356(083, G356.6+0.1 and G35%D.2 detected in

the MOST 843 MHz survey of the GC region appears to be located on this shell like
structure. Based on the HI absorption towards the candidate SNR G352,Iwhich

shows peculiar filamentary structures, we suggested it to be a separate SNR along the
same line of sight of the large shell. In this chapter, the radio continuum and HI absorp-
tion study of the unusual object known as the ‘Tornado nebula’ has also been presented.
The ‘Tornado nebula’ is believed to be an SNR, and is the second strongest source in
the GC region. The appearance of this source is unique with a compact source near the
eastern end, and central filamentary structures reminiscent of the ‘Radio-arc’ at the GC.
Extended emission appears to spread out from the central region likexe/tadwards

north west, which slowly fades out. Due to its similarity with extragalactic head-tail
sources, its classification as an SNR have been questioned in the past. Hence, to resolve
some of the above ambiguities, new observations have been carried out at 330 MHz.
These observations were carried out to study the distribution of spectral index along this
object. Further observations have also been carried out with the GMRT in the 1420
MHz band to study the HI absorption profile towards this object. We have compared the
existing continuum map at 1.4 GHz with the 330 MHz map, and estimated the spectral
index distribution over the source. The mean spectral index between 330 and 1410 MHz

is found to be consistent with its estimated value between 1.4 and 5 GHz. Compared
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to the central region, the tail of the source does not show any significant steepening of
the spectral index, which rules out the possibility of it being an extragalactic head tail
source. Also, systematic variation of spectral index at different parts of the object is
estimated to be less than 0.2, which is consistent with what is typically observed for
SNRs. The HI absorption study of this object confirms the previous tentative detection
of weak absorption by the ‘Nuclear disk’. This study shows the ‘Tornado nebula’ is ei-
ther embedded or located beyond the ‘Nuclear disk’ feature found within a few hundred

parsecs from the GC.

In Chapter 4, we describe our HI absorption study of the non-thermal filaments
(NTFs) which are seen only towards the centra° region of our Galaxy. From high-
resolution, radio-continuum maps, NTFs appear to be lesstigmarsec in width, but
extend up to 30 parsecs in length. Except one, all the other seven known NTFs are ori-
ented nearly perpendicular to the Galactic plane and they are found to be highly polarised
at centimetre wavelengths. Since these NTFs remain straight despite interaction with
nearby molecular clouds, it is believed that the molecular clouds and the NTFs are in
pressure equilibrium, which indicates a high magnetic field strength (a few milliGauss)
inside the NTFs. Magnetic fields of comparable strengths are thought to be present in
the central 400 parsecs of the Galaxy. However, except for two NTFs known as the
‘Radio-arc’ and the ‘Snake’, distances to other six NTFs are not constrained. In order
to estimate their distances, HI absorption study of three NTFs Sgr C, G359.54+0.18 and
(G359.79+0.17 have been carried out with the GMRT, and details of the study have been
presented in this chapter. These three NTFs are located to the south and south west of the
Sgr A complex. The Sgr C NTF also appears to have an Hll region located close to the
NTF. In this chapter, it is shown that the Sgr C NTF and the HIl region are located within
a few hundred parsecs from the GC. A molecular cloud with a velocityidf0 km st
appears to be interacting with the central part of the Sgr C NTF. This study indicates
that the Sgr C Hll region is located further away than the Sgr C NTF and rules out any
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possible interaction between them. The NTF G359.54+0.18 shows weak HI absorption
at a velocity of—140 km s, which is the velocity of a known dense molecular cloud
seen towards the filament. This cloud is believed to be located with2®0 parsecs

from the centre of the Galaxy and this provides a lower limit to the distance. The upper
limit to the distance of this NTF is 10.5 kiloparsecs from the sun. The distance to the
other NTF G359.79+0.17 is constrained to be between 5.5 and 10.5 kiloparsecs from the

sun.

Magnetic fields can play an important role in the central region of a galaxy. How-
ever, except the central 200 parsecs region of our Galaxy, the magnetic field in the rest
of the inner 5 kiloparsecs region is not observationally constrained. Even the mag-
netic field within the central 200 parsecs have been determined mainly towards some
unique objects like the NTFs. If these NTFs are manifestations of a favourable local
environment, the estimated RM towards these objects can provide misleading values of
the magnetic field in the GC region. Therefore, observations have been carried out to
estimate the line-of-sight magnetic field in the central 2 kiloparsecs regi6n<{| <
6°, —1.8< b < 1.8, wherel andb are galactic longitude and latitude respectively) by
estimating the Faraday Rotation Measure (RM) towards a large number of suspected
background extragalactic sources. In Chapter 5, we describe the criteria used for select-
ing the background sources, which were used as probes to estimate the RM introduced
by the GC ISM. Since these sources have not been studied in polarisation earlier, a total
of 64 source were observed, out of which 45 were found to be polarised. The maps of
the sources and their polarisation fractions are presented in this chapter. Most of the

sources has been identified as possible extragalactic sources for the first time.

We have determined polarisation angles from the Stokes Q, U parameters of the
polarised sources. Since each source was observed in at least four different frequencies
in the 5 and 8 GHz bands, it was possible to use a least square fit to unambiguously

estimate the RM from the polarisation angles. The estimated RMs towards the sources



XXiX

have been presented in Chapter 6. We have estimated depolarisation of the sources
between 8 and 5 GHz. Since the scale size of RM fluctuation due to the GC ISM is
significantly higher than the resolution, depolarisation indicate Faraday rotation caused
by thermal plasma outside of the Galaxy, which introduces additional RM other than
the GC ISM. These sources have been rejected while estimating the RM introduced by
the GC region. The observed RM towards the sources located withinfrbra the
Galactic plane are quite high with RM 1000 rad m?. RM estimated towards most

of the sources are positive (median value of 4677 rad nT2) and shows no significant
variation as a function of galactic longitude. If the magnetic field lines in the GC would
be circularly symmetric with respect to the rotation axis of the Galaxy, the observed RM
along the Galactic plane would undergo a reversal of sign atx@8sOur observations,

that the RMs do not vary significantly acras€)°, rules out any circularly symmetric
model (‘ring model’) of the large scale magnetic field near the central region of the
Galaxy. The above result is consistent with a bisymmetric spiral model of the magnetic
field in the Galaxy (Simard-Normandin & Kronberg 1980), where the magnetic field do

not change sign across ‘I'=@nd we discuss possible implications of these results.
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Chapter 1

Introduction

1.1 Background

The details with which an astronomical object can be studied is determined by its lu-
minosity and the distance. Due to their high luminosity*P1€rgs sec?), the central
regions of galaxies are detected at large distances (millions of parsecs). In a typical ra-
dio survey of the sky (e.g., NRAO VLA sky survey (NVSS)), the central regions of a
variety of galaxies are detected out to large distances. Since most of their luminosity is
confined in a region less than 1 kpc, they usually appear star (point) like due to inade-
guate angular resolution. High resolution study of these objects in the last few decades
have indicated association of a central supermassive black hole with this massive output
of energy from the central region of these galaxies. However, the detailed mechanisms
involved are quite uncertain, and spatial resolution plays an important role in distinguish-
ing the physical processes taking place. The energy emitted from the central region of
our Galaxy is much less than what is observed from the centre of the active galaxies.
However, due to its proximity, observing the central region of the Galaxy provides us
two major advantages. These are (i) study of faint objects, which cannot be detected in
any external galaxy with the presently existing telescopes, and (ii) availability of high
spatial resolution. These, in turn help us infer about the physical processes occurring in

the central region of similar galaxies.
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In this chapter, we first provide a brief overview of the Galactic Centre (GC) region,
which is followed by a discussion of the current limitation in our understanding of the

region and possible studies than can overcome these deficiencies.

1.2 Overview

The Galactic Centre encompasses a wide variety of phenomena occurring on stellar
to galactic scales. With improved observational techniques, research in this area has
advanced rapidly in the last three decades. High resolution studies of the central 1 kpc of
the Galaxy, commonly referred to as the Galactic Centre (GC) region, have identified a
variety of unique objects like the Radio-arc consisting of linear parallel filam&ose{-

Zadeh et al1984) and the 26 x 10°M,, object at the centreGenzel et al1996 Ghez

et al. 1998 Reid et al.1999, probably the best known case of a supermassive black
hole at the centre of galaxies. These studies have also established a concentration of gas,
mostly in the form of molecular clouds characterised by densitE3 molecules cm?,

velocity dispersions-10 km s, temperatures-70 K and apparent magnetic fieldd
milliGauss in the region. Most of these quantities are one to two orders of magnitude
larger than that found in the disk of our Galaxy. In addition to the molecular clouds, non-
thermal filaments and the supermassive black hole, this region also harbours extended
non-thermal radiation due to synchrotron emission and thermal emission from regions
of ionised hydrogen (HII regions). The high density in the GC region, which is possibly
due to a large gradient in the gravitational force, leads to the formation of massive, high
luminosity stars with short life-spans. These stars end their lives in supernova explosions
and many of the supernova remnants (SNRs) can be seen at radio wavelengths. The
reviews byOort (1977); Brown & Liszt (1989); Genzel & Towneg1987); Morris &
Serabyn(1996, describes this researctMelia & Falcke (2001) provides the recent

advances made in the research on the black hole and the central region (a few pc) of the
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Galaxy, whileReid (1993 summarises research on the distance to the Galactic Centre.
Since this region is opaque at optical wavelengths, it has mostly been studied in radio,
infrared, X-ray andy-ray. These observations have allowed us to study the discrete
objects and the surrounding Interstellar Medium of the region with considerable details.

Here, we will concentrate on the radio observations.

1.2.1 Discrete objects in the Radio Continuum images of the GC

Radio emission is due to either thermal (bremsstrahlung) emission as in HIl region or
non-thermal (mostly synchrotron) emission characterised by power law spectra. Ther-
mal emission from extended sources turnover at low radio frequencies (see dettion

for details), and this can be used to distinguish from the non-thermal emission, which
typically increases at lower frequencies. Earlier studies of the GC at radio wavelengths
have been carried out hyittle (1974 at 408 MHz,Downes et al(1978 at 610 MHz

and byMills & Drinkwater (1984 at 843 MHz. However, all these studies had low
resolution ¢&few arc-min). High resolution~arc-sec) multifrequency radio studies of
the region have been carried out with the Very Large Array (VLA). A false colour image
of the large scale structures seen at 330 MHz in the cerftnadion (~0.5 kpc) of the

Galaxy (aRosa et al2000 is shown in Fig.l.1, which will be discussed below.

1.2.1.1 Sgr A Complex:

As in Fig. 1.1, the most intense emission is seen within the central few arc minute region
of the Galaxy, which is called Sgr A complex. The emission at 330 MHz is dominated
by non-thermal emission from Sgr A East, which could be a supernova rentedia(

et al.1989. A 4.8 GHz radio image of this region (Fig@.2) shows that Sgr A complex
consists of the thermal spiral Sgr A West, the compact source Sgr A* near its centre, the
non-thermal source Sgr A East and tHéh@lo surrounding Sgr A East. The compact

source Sgr A* coincides with the inferred position of the:;218° M., black hole candi-
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Figure 1.1: 330 MHz false colour image of the GGRosa et al2000

date at the dynamical centre of the Galaxy. Sgr A* has a slightly inverted spectral index

(=~ 0.2) in centimetre wavelengths. Previously, this object has not been detected below 1
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GHz and it is believed that free-free absorption by Sgr A West causes its non-detection
below 1 GHz Davies et al1976. At 330 MHz, Sgr A East is seen in absorption against
Sgr A West, indicating that Sgr A East is located behind Sgr A Westl(ar et al1989.
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Figure 1.2: 4.8 GHz continuur/n map//of Sgr A complex. The rms noise in the map is 0.5
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1989
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1.2.1.2 Supernova remnants (SNRs)

Six SNRs are seen in the 330 MHz map shown in Eid., which we discuss below,

ordered in higher to lower Galactic longitude.

(i) Sgr D SNR: Located at=1.05, b=-0.T, it has a filled-shell morphology and is
identified as a shell-type SNR in A Catalogue of Galactic Supernovae Remnants by D.
A. Greert. In contrast to its 330 MHz image (Fid.1), which shows that this source
has a well-defined boundary around the entire circumference, 20 cm observhisans (
1992 show a bright northern rim and a very diffuse southern boundary. At 6 cm only
the northern rim of this source is detectéddefringer et al1998. The spectral index
reported by Green is —0.6 (wherev$(J v%; v is observing frequency is the spectral
index and S{) is the flux density). However, combining its 330 MHz flux density with
those in the literature,aRosa et al(2000 estimates a spectral index of —0.4 for this

SNR.

(i) G0.9+0.1: This SNR appears like a composite supernova remnant with two dis-
tinct components. Earlier observations of this SNR tezlfand & Becker(1987 to
classify it as a composite supernova remnant. It has a flat spectrumee®rin (diam-
eter) and a steep spectrum shell (diametéy. Mereghetti et al(1998 have detected
X-ray emission from the core with the BeppoSAX satellite. The small angular extent of
the X-ray emission, and an estimated age of a few thousand years provides evidence for
the core being powered by a young pulsar, giving rise to its flat spectrum core in radio.
LaRosa et al(2000 estimates the spectral index of the core to be 0.12 and of the shell

to be -0.77.

(iif) G0.33+0.0: This object was first identified hyarosa & Kassim(1989 in an
80 MHz Clark Lake image of the GC region. Based on multifrequency archival data,

Larosa & Kassim(1985 suggested it as a possible SNR (or evidence of Seyfert-like

Lhttp://www.mrao.cam.ac.uk/surveys/snrs/
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activity), and Kassim & Frail (1995) confirmed it as an SNR. In their 300 MHz image,
LaRosa et al(2000 identifies another shell with lower surface brightness, on which this
SNR appears to be superposédRosa et al(2000 speculate that the lower surface

brightness shell is the remnant of another supernova in the region.

(iv) G359.1-0.5: This object has a shell type morpholodgeich & Fuersi(1984)
classified it as an SNR on the basis of its nonthermal specmar@.37) and polarised
emission. Neutral hydrogen (HI) absorption-line observations suggest that this object is
located at the Galactic Centre and is possibly associated with the non-thermal filament
known as the SnakdJgchida et al.19923. This shell is also surrounded by a ring of
high velocity molecular gas. The mass of this ring and its energetics imply that the shell
may in fact be a superbubble driven by a cluster of roughly 200 O type $falsda
et al.19929. LaRosa et al(2000 estimates a spectral index of —0.7 for this object, and

is considerably steeper than its high frequency spectrum.

(v) G359.0-0.9: This source appears to be a partial shell with a bright northern
rim. Its distance is not known and consequently its location with respect to the GC is

ambiguousLaRosa et al(2000 estimates its spectral index to b®.5.

(vi) Tornado nebula (G357-70.1): This object has an unusual structure and even its
classification as a supernova remnant has been questiBeeller & Helfand1989. It
shows a similarity to extragalactic head-tail sourd&si{er & Panagial980. The 1720
MHz maser line of OH arises from collisionally excited gas behind a C-type shock and
is an important diagnostic of the interaction process that may occur between molecular
clouds and associated X-ray emitting shell-type supernova remriamibdt al.1994),
and detection of OH maseBfogan et al2000 from the region is suggestive of it being
an SNR. In spite of its steep spectral index=(-0.5), its classification as either shell

type or filled centre type is still uncertailjaver et al1985.
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1.2.1.3 The non-thermal filaments (NTFs) or threads

The long narrow non-thermal filaments (NTFs) observed in high resolution radio-continuum
maps are unique features only seen towards the centralegion of our Galaxy. These
structures are less than 1 pc in width and extend up to 30 pc in length. They may occur in
isolation (in which case they have been called threads) or in bundles, such as those com-
prising the linear portion of the prominent Radio Arc (Morris & Serabyn 1996). With
the exception of the NTF called the Pelicamag et al.19993, which is nearly parallel

to the Galactic plane, all other NTFs are oriented perpendicular to the Galactic plane to
within 20°. Morphologically, the NTFs are strikingly uniform in brightness and curva-
ture and therefore quite different from the meandering, contorted filamentary structures
usually observed in supernova remnants and emission-line nebulae. The morphology of
the NTFs suggests that they reflect the local magnetic field direction and radio polarisa-
tion evidence supports this notion (Morris & Serabyn 1996, and references therein). A
clue to the strength of the magnetic field in the NTFs is provided by the near absence
of deformation or bending along their lengths. Some of the NTFs which have been
sufficiently well studied have been found to be associated with, and are probably inter-
acting with, at least one molecular cloud. However, despite large velocity dispersions
within Galactic centre molecular clouds and the likely presence of velocity differences
between the molecular cloud and the magnetic field, the magnetic filaments do not show
distortions at the interaction sites. By equating the apparent turbulent pressures within
clouds (or the ram pressure associated with presumed cloud motion relative to the field)
to the magnetic pressure, as a minimum condition on the strength of the magnetic field,
Yusef-Zadeh & Morris(19873 have estimated that the magnetic field strength within
the NTFs is~milliGauss. Nine NTFs are seen in Figl, and we briefly describe their

observed properties below.

() Radio arc: Located some 20 north of Sgr A (Fig.1.1), the Galactic Centre



1.2. OVERVIEW 9

Radio arc (GCRA) is one of the most striking radio structure observed in our Galaxy.
It is aligned almost perpendicular to the Galactic plané=8t18, while a series of
curved structures, the Arches, appear to connect the Arc td thedd? The GCRA was
first resolved into a large number of narrow linear feature¥imef-Zadeh et a(1984
who (Yusef-Zadeh et al1986) presented an extensive series of images of this region
at 20 and 6 cm. These filamentary structures show strong polarisation with no line
emission and are therefore nonthermal synchrotron sources. Most of these filaments
have a flat or slightly inverted spectral indéxantharamaiah et a(1991). Several
prominent HII regions cross and appear to interact with the GCRA filaments suggesting
in situ particle acceleration via magnetic reconnection between a large-scale magnetic
field and magnetic fields in a molecular cloud (eSerabyn & Morrig1994) associated
with the HIl region.Lasenby et al(1989 has observed this NTF in HI absorption, and
their observation indicates that it is actually located near the GC and is not a projection
effect by any object located outside the GC.

(i) Sgr C: The Sgr C complex consists of an NTF and a Hll region locatEdsouth
of the NTF (Fig.1.1). This complex was studied in detail hyszt (1985 while LaRosa
et al. (2000 studied the spectral index across the filament. At the far eastern end of
the filament, the thermal emission from the Sgr C HIl region dominates and the spectral
index is flat witha=0.02. Beyond the HIl region, the spectral index remains essentially
constant at approximately0.5.

(i) G0.08+0.15: This NTF is located just north of Sgr A East (Ridl) and is south
of the GCRA. ltis referred to as the northern thread. It runs through the arched filaments
and almost merges with the diffuse GCRA emission at its far northern extension. This
filament appears extremely narrow in high resolution images. has a width which
corresponds to a linear size of 0.15 jhaxig et al.1999h and a linear extent of 17.at
90 cm, corresponding to a length of at least 29.4 pc at the distance of theaR0ga
et al.2000. Its spectral index is —0.6.ARosa et al2000.
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(iv) G359.96+0.096: This filament, known as the southern thread {Fig.connects
to and appears to emanate from the Sgr A complex. In the 20 cm image, this thread
shows considerable substructure consisting of several distinct filaments braided together
and its spectral indea ~ —0.6 (LaRosa et al2000.

(v) G359.79+0.17: This object appears to be an isolated filament{Fijgand has
a curved morphology reminiscent of a partial shell. It has been clearly seen to bifurcate
into, at least, two major strands in the 20 cm imagang et al.19991. Its length
derived from the 90 cm image is approximately 15 paRosa et al2000. Its spectral
indexa =~ —0.6 (Anantharamaiah et al991).

(vi) G359.54+0.18: This source is another example of an apparently isolated filament
(Fig. 1.1). Itis considerably shorter than the others, extending only 1Xpsgf-Zadeh
et al. 19973. Yusef-Zadeh et al(19973 have established that this is indeed a mag-
netic structure with a high degree of polarisation. From the 6 cm image, they have also
shown that the source consists of several sub-filaments that overlap near its midpoint
(17h43m50s, —294). Staguhn et al(1998 have suggested that this filament is inter-
acting with two molecular clouds, one at its extreme eastern end and the other one to the
east of the peak brightness. Its spectral index —0.8 (Anantharamaiah et al991J).

(vii) G359.1-0.2 (Snake): The Snake is an unusual NTF (Eig), first noticed in
the MOST (843 MHz) Galactic Centre survegray et al.19917). It is the only filament
that exhibits abrupt changes in direction/shape. As derived from the 20 and 35 cm
images, the Snake is also the longest NTF, traversing a distance of roughly Géagc (
et al.1995.

(viii) G358.85+0.47 (Pelican): This source is located approximately a degiEs)(
pc in projection) southwest of Sgr A. It is the only filament that has abrupt changes in
direction or kinks. It was first noticed in the high dynamic image at 90 cm made by
LaRosa et al(2000. Follow-up observations of this source hgng et al.(19993 at

shorter wavelengths have confirmed it to be a NTF. This is the only known NTF parallel
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to the Galactic plané

(ix) G359.85+0.39 (Cane): This is a newly discovered system of isolated nonther-
mal filaments locateet0.5” northwest of Sgr A. Unlike other isolated NTFs which show
subfilaments, braiding of subfilaments and flaring at their ends, these filaments are sim-
ple linear structures and resemble the parallel bundled filaments in the GCRA. However,
the most unusual feature of these filaments is that the 20/90 cm spectral index uniformly
decreases as a function of position, in contrast to all other NTFs in the Galactic centre
(LaRosa et al2001). They explained the variation of spectral index by a curved electron

energy spectrum embedded in a diverging magnetic field.

1.2.1.4 Hllregions

Due to their thermal spectrum and the detection of radio recombination lines from them,
three prominent extended objects Sgr D, Sgr B and Sgr E complexXi(Ejgre observed
within the central 2 region of the GC are identified as HII regions. Here, we briefly
discuss some of the observed properties of these Hll regions.

It should be noted here that various GC source complexes like Sgr E, C, and perhaps
A are associated with the molecular analog of the HI ‘rotating nuclear disk’, i.e., they
appear along a locus of rotationally permitted velocities showing a strong velocity gra-
dient (at least at < 0.5°). Sgr B complex (consists of Sgr B1 and B2) have velocities
noticeably below that of the rotation signature (whose gradient abruptly and prematurely
ends at I> 0.5, partly as an artifact of the warped inner-galaxy gas distribution, (see
Burton & Liszt 1992)). Sgr D has a very modest velocity indeed, but nonetheless is not
a local object(iszt 1992).

(i) Sgr D: Located at=1.13, b=-0.17T, its emission is sharply bounded and appears

strikingly similar in size (diametex 7) to that of the adjacent SNR. The radio recom-

2 Recently, Nord et al. (2003) have published a list of 18 new candidate NTFs in the GC region, and Larosa
et al. (2003) confirm 4 more NTFs. Many of these new NTFs and the candidate ones are oriented randomly
with respect to the Galactic plane.
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bination line (RRL) is centred at —19 km’s but the formaldehyde absorption spectrum
against this source extends up to +125 krh@ownes et al1980), thereby suggesting

it to be located in or beyond the GC regidndqzt 1992. Recent 74 MHz observation

of the GC region byBrogan et al(2003, however, indicates that at least the extended
emission associated with this source must be located on the near side of the GC, and is

likely to be located on the near side of the CMZ.

(i) Sgr B: Single-dish radio continuum images at a resolution of a few arcminutes
show that the Sgr B complex consists of two strong peaks surrounded by a large-scale
(15) halo elongated along the Galactic plaf@eging 1976. The two main compo-
nents are Sgr B1 (G0.5-0.0) and Sgr B2 (G0.7-0.0). Sgr B1 and Sgr B2 have similar
flux densities at 20 cm. The emission from Sgr B1 arises from a wealth of extended
bright rim and shell-like structures. One of these features is a bar of ionised gas ap-
proximately 6 pc in length. The presence of these large structures might be the result of
individual compact HIl regions having expanded and coalesced over time. Thus, Sgr B1
may be an evolved star-forming regiddéhringer et al1992. Sgr B2 (G0.7-0.0) is a
well-studied massive star-forming region locatetiOO pc in projection from the Galac-
tic centre. The Sgr B2 molecular cloud is quite exceptional. It has a mass 15
Mg (Lis & Goldsmith1990, making it one of the most massive molecular clouds in the
Galaxy. The density in the core of the cloucki¢0° cm3 (Cummins et al1986. Many
interstellar molecules were detected here for the first time. High resolution radio contin-
uum measurements show that Sgr B2 is composed of several compact and ultracompact
HIl regions Benson & Johnstoh984). Using VLBI techniquesRkReid et al (1988 used
one group of HO masers in Sgr B2 to determine the distance to this star-forming re-
gion, which is estimated to be A1.5 kpc. RRL studies indicate that the ionised gas in
this region has velocities predominantly in the range of 5075 ¥nf{Roelfsema et al.

1987).

(i) Sgr E: Located at ~ 3584° — 359, this complex is believed to be an active star-
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forming HIl region-molecular cloud complex located some 200 pc away from the GC.
Caswell & Hayneg1987 report a recombination line at —209 km!sfrom this region.

Broad CO emission line at comparable velocities have been detécszt 1992).

1.2.2 Interstellar Medium

The emission from our Galaxy’s centre peaks in several wave-bands. Line emission
from the molecular CO increases sharply in the central few hundred pc, indicating large
amount of molecular gas. The central one degree region is also quite bright in radio
and infrared continuum emission. The Galactic Centre is obscured at optical and UV
wavelengths by a line of sight interstellar extinction of nearly 30 visual magnitudes, but
becomes visible again at energies above 1 Rdur(is & Serabynl 996 due to emission
mostly from hot ionised gas in the region. X-ray line emission also peaks at the Galactic
Centre (GC) Koyama et al1989. Recent high resolution observations with the Chan-
dra X-ray observatory has indicated that the earlier detection of diffuse X-ray emission
is composed of many compact sourckii(io et al.2003 superposed on a background
diffuse emission probably caused by large amount of hot gas with temperaturé§’of

K. This compact and luminous nuclear region, hereafter designated the central molecu-
lar zone or CMZ (to distinguish this largely molecular region from the more extensive
‘HI nuclear disk’ in which it is embedded), produces 5-10% of our Galaxy’s infrared
emission and accounts for roughly 10% of our Galaxy’s molecular gas coMentér

1978 Mezger & Paulsl979. We discuss below further details of this region.

1.2.2.1 Kinematics of HI features near the GC

Within a radius of 4 kpc in the Galaxy, there is an abrupt disappearance of the neutral
gas disk, characterised by adherence to the Galactic plane and an almost circular motion
outside the 4 kpc radius. The HI gas in the central region shows systematic velocity

pattern, but with large deviation from pure circular motion. At a distance of about 3
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kpc from the GC is the prominent velocity feature known as the ‘expanding 3-kpc arm’
(Rougoor1964). This feature has a velocity of —=53 km'snearl=0°. It is observed
continuously over —22< | < 10° near the Galactic plane, and is located at the near side
of the GC. No counterpart of this feature is known at the far side of the GC. On scales
of 200 to 1500 pc, the gas distribution is believed to lie in a plane which is inclined
with the Galactic plane. The observed velocities usually have substantial components of
both circular and noncircular motions. The highest velocity feature observed=@Bar

is interpreted as arising from a ‘nuclear disk’ of HI in rapid rotation around the centre
(Rougoor & Oort1960. Within the central 200 pc of the Galaxy, most of the gas exists
in the molecular form, and the fraction of HI in these dense molecular cloud4%

(Liszt et al.1983. The HI associated with the near side of the 180-pc molecular ring
gives rise to the —135 knT$ HI feature neat=0°. HI at high positive velocities~{150

km s1) has also been observed, which could originate either from the far side of the

molecular ring Qort 1977 or from different HI featuresGohen & Daviesl979.

1.2.2.2 The Central Molecular Zone

The structure of the CMZ is best studied by high-resolution observations of the CO
molecule Banial977 Liszt & Burton 1978 Bally et al. 1987, 1988 Oka et al.1998.
Within the ‘4-kpc molecular ring’ of the Galaxy, a region consisting of both molecular
and atomic gas markedly tilted with respect to the Galactic plane is obsévedg &
Serabynl996. Except the central 200 pc of the GC, the emissivity of CO in this region
is low (Scoville et al 1987 reflecting an average molecular surface density of.5dd 2

in the HI nuclear diskBurton & Liszt 1992, which is a mixed molecular/atomic layer
that occupies the region inside of our Galaxy’s ‘4-kpc molecular ring’. At a radius of
about 200 pc, a transition occurs to a largely molecular, high-denzit@*(cm~3), high
volume filling factor £0.1) medium containing 610’ M., of gas Bally et al. 1989.

Such densities are usually found only in molecular cloud cores, with small net filling
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factor, but in the CMZ, stable clouds require such densities to withstand tidal shearing
(Guesten & Downed980. The clouds in the CMZ also show significantly elevated
temperatures (30—-200 K, typically 70 Kd@ettemeister et all993, and high internal
velocity dispersions (15-50 knt¥ comparable to the intercloud velocity dispersion.
The distribution and kinematics of the gas in the CMZ are inconsistent with both axial
symmetry and uniform circular rotatioB&lly et al.1988. The distribution is such that
roughly three quarters of the dense molecular gas is located at positive longitudes, three
guarters is at positive velocities, and large radial and vertical motions are present in a
significant fraction (30%) of the gaBélly et al.1988. On the basis of molecular kine-

matics, it is possible to divide the CMZ gas into two components:

(i) A high-velocity (130-200 km %), quasi-continuous ring structure surrounding
the nucleus and having a radius180 pc) suggesting a location at the outer boundary
of the CMZ. The kinematics of this ring (hereafter referred to as the ‘180-pc molecular
ring’) and its tilt relative to the Galactic plane (see Flg3) are continuous with those
of the exterior HI nuclear disk, indicating that this structure likely marks the location
of an HI/H, transition Binney et al.1991). (ii) Inside of this ‘boundary’ lies the mass-
dominant molecular component. This component consists of a lower velgdf0(km
s~1) population of dense and massive molecular clouds. This cloud population (which
includes the clouds associated with the Sgr A—Sgr E HIl regions) lies close to the true
Galactic plane and is referred to as the Galactic centre ‘disk populafidorric &
Serabyn1996. One massive molecular cloud, having a velocity of 50 km @lso
known as the 50 kms cloud), is located adjacent to the Galactic centre in projection.
It is associated with the bright, central Sgr A compl&kérs et al1983 Pedlar et al.
1989. However, due to our location in the Galactic disk, the true geometric arrangement

of these clouds and structures remains doubtful.
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Figure 1.3: 12CO J=10 emission contours in a position-velocity plane in which position
extends along the line froh b = 2.5, -0.333 to -2.0, 0.1333, from the AT&T Bell Labs
survey Uchida et al.1996. This line, tilted by 6 with respect to the Galactic plane, was
chosen to reflect the tilt of the plane containing the 180-pc molecular ring. Contour units are
1.4,28,4.4,6.2,8.2,104,...K

1.3 Some unsolved problems at the GC

The three dimensional source distribution in the GC region is complex, which makes the
identification of the objects and the physical processes operating in the region is difficult
to understand. Despite high resolution studies of this region at different frequencies,
many difficulties remain in establishing and explaining the properties of the discrete

sources and the ISM, some of which we discuss below.

1.3.1 SgrA*

Sgr A* was discovered balick & Brown (1974, and due to its proximity to the dy-

namical centre of the Galaxy, it has attracted considerable attention from the time of
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its discovery. This object has now been extensively studied from radio to X-ray wave-
lengths (see Melia & Falcke 2001, and the references therein). Though the observa-
tional data strongly associates Sgr A* with the 218° M, black hole at the centre of

the Galaxy Genzel et al1996 Ghez et al.1998 Reid et al.1999, there are several
guestions that remain unanswered. Compared to AGNs, this object is extremely under-
luminous at all wavelengths, radiating «t10~1° times its Eddington luminosity. Its

flux density is known to vary at higher radio frequencies and the flux density variations
appear to have a periodicity of 106 day¥héo et al.2001). Though no linear polari-
sation has been detected at radio frequencies, circular polarisation from this object has
been detected at radio frequenciBs\er et al.1999. Sgr A* has not been detected
below 1 GHz and observations by Davies et al. 1976 at 408 MHz and Pedlar et al. 1989
at 330 MHz provides upper limits on its flux density at those frequencies. It could have
a low frequency turnover below 1 GHz, but the nature of the turnover has never been
clarified in detail Melia & Falcke2001). RecentlyNord et al.(2004) claim to have de-
tected Sgr A* at 330 MHz. However, the average brightness of'thal@ seen towards

Sgr A* at 330 MHz is~ 100 mJy/Beam (with the beamsize used in their map), which

is comparable to the claimed peak intensity of Sgr A* (Fig. 2 in Nord et al. 2004). The
7' halo could be located in front of the Sgr A compl&eglar et al1989, and presence

of any small scale structure in the halo along Sgr A* can mimic its claimed detection.

Therefore, detection of Sgr A* at 330 MHz remains provisional.

1.3.2 Sgr A West

As explained in Sectl.2.1.] the Sgr A West is comprised of three arm like features of
ionised gas embedded in a halo of ionised gas with an extent of Thigre has been
proper motion Yusef-Zadeh et all998 and recombination line study of the ionised gas
(Roberts et al1996, which suggests that the ionised gas is in orbit around the Galactic

centre. The Northern arm of Sgr A West could be a manifestation of the infalling stream
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of dust and gas towards Sgr A¥lprris & Serabyn1996. If this picture is correct, then
Sgr A West and Sgr A* are spatially related. However, their spatial relationship is yet to

be unambiguously established.

1.3.3 Non-thermal filaments

(i) As described in Sectl.2.1.3 the NTFs are unique objects seen only towards the
central T region of the Galactic Centre. With more sensitive observations, fainter NTFs
are discovered, some of which are further away from the Galactic Centre (GC) (e.g.,
Pelican) than expected before. Therefore, due to lack of highly sensitive observation
with high resolution of the present surveys beyond the centraf 2he GC, NTFs in

these regions may have remained undetected. Any detection of NTFs beyond the central
~ 1° will provide evidence against their present models of origin, and maintenance.

(i) Since the NTFs are seen only towards the centralegion of the GC, it is be-
lieved that these NTFs are close to the GC. However, out of nine known NTFs, the line of
sight distances to all but two remains unknown, and these seven NTFs could be located
anywhere along the line of sight.

(i) As discussed in Sectl.2.1.3 the magnetic field strength in the NTFs are be-
lieved to be~ 1 mG. It has been suggested that magnetic field of this strength is preva-
lent all over the central-few hundred pc of the GQusef-Zadeh & Morris(19871).

On the other hand, if there is a local enhancement of magnetic field along the NTFs, a
strong confining mechanism is required to prevent them from expanding at the Alfven
speed and thus disappearing on a time scale dfyg@rs, which is much faster than

the time needed to establish the currents necessary to generate the structure in the first
place Morris & Serabyn1996. Therefore, a large scale mG field appears to be a nec-
essary requirement. Howev@&hore & Larosg1999 argues that the NTFs are difficult

to maintain if they are anchored to any specific place in the region (i.e., static), but are

anchored to molecular clouds moving at high velocities (i.e., they are dynamical struc-
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tures) As such, they are local amplification of an otherwise weak field due to encounters
with the cloud and not directly connected to any static global field, and the classic Mag-
neto Hydro Dynamic (MHD) instabilities do not limit the aspect ratio as they would for

a static equilibrium field$hore & Larosd 999. Therefore, it appears that we do not yet
know whether the mG magnetic field is globally prevalent in the GC or is only locally
present near the NTFs.

(iv) Eight out of nine known NTFs appear to be almost perpendicular to the Galactic
plane. However, the NTF Pelican (G358.85+0.47) lies along the Galactic plane. This
suggests that the field lines might change their orientation from being perpendicular to
the Galactic plane near the GC to being parallel to the plane beyond one degree from the
GC, as seen mostly in the rest of the Galaxy. However, if the NTFs are manifestations
of some peculiar local environments, our understanding of the magnetic field in the GC

region remains incomplete.

1.4 Attempting to resolve these problems and plan of the
thesis

Some of the mysteries in the GC region can be resolved by further observations. In this
section, we briefly discuss these new observations, which have been performed as part

of this thesis and are explained in detail in the subsequent chapters.

1.4.1 High resolution observations of the GC at 620 MHz

As described in Secl..3.], Sgr A* has not been detected below 1 GHz and observations

by Davies et al. 1976 at 408 MHz and Pedlar et al. 1989 at 330 MHz provide upper
limits on its flux density. It could have a low frequency turnover below 1 GHz, but the

nature of the turnover has never been clarified in defiédla & Falcke2001). There-

fore, observations at frequencies between 1 GHz and 408 MHz will provide valuable

information on its low frequency spectrum, which can clarify the physical processes
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involved in causing its low frequency turnover. If the non-detection of Sgr A* at 408
MHz or below is caused by free-free absorption due to Sgr A West HlIl region being in
front of it, the estimated flux density of Sgr A* will change, which can be described by

| = lpexp(—T1), wherel is the estimated flux density at frequengyt is the free-free
optical depth andy, is the actual flux density of the object at frequerngyvhich can be
estimated from its spectral index and the flux density measured at higher frequency. It

is well known that the optical depth due to free-free absorption is given by,
T= / 0.2n2T, %2 1dL

. Where ng is the electron density arid is the electron temperature. The above equation
shows that at high frequencies, when the optical depth is small the spectrum of a Hll
region is almost flat, being proportionalwo®!. However, at low frequencies, when the
optical depth is larget(>> 1), the spectrum is essentially of a black body given by the
Rayleigh-Jeans law, being proportionabfo At intermediate frequencies, the spectrum
turns over from being essentially flat at high frequencies to one which is inverted at
low frequencies. By fitting the equation shown above to the available multi-frequency
data, it is possible to estimate the optical depth of the HIl region at 620 MHz, and
hence determine whether the non-detection of Sgr A* below 1 GHz is due to free-free
absorption by Sgr A West. As in item (ii) of the previous section, this will also provide
the relative line of sight location of Sgr A* with respect to Sgr A West, which will help to
clarify whether the Northern arm of Sgr A West is manifestations of the infalling stream
of dust and gas towards Sgr A*. Therefore, we have carried out 620 MHz observations
of this region with the GMRT. In Chapter 2, we describe these observations, the results

and its consequences.
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Figure 1.4: 4.8 GHz continuum image of the source G357.1®ray(1996

1.4.2 Low frequency observations of suspected SNRs with filamentary
structures near the GC

As described in Sect..3.3item (i), search for NTFs beyond the centralrégion of the
GC are important to verify the hypothesis that they only form witkid° of the GC.
For this purpose, we observed with the GMRT at 330 MHz, 2 filamentary structures
located~ 3° away from the GC, which were suspected to be either (i) NTFs or (ii) part
of suspected SNRs in the region. One of these filamentary structures G357.1-0.2 was
identified byGray (1996. The 5 GHz image of this object is shown in Fig4 (Gray
1996.

The peculiar morphology of G357.1-0.2 makes it difficult to uniquely identify it. It
has a steep spectral index of —0.5 between 5 and 1.4 GHz and a maximum polarisation
fraction of 60%, indicating non-thermal emission. As mentioned before, its morphology

indicates that it could be (i) an NTF as seen near the GC or (ii) an extragalactic source
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or (iii) a Crab like SNR. Since low frequency observation can distinguish SNRs from
other objects, and HI absorption can constrain its distance, this source was selected for
observation with the GMRT at 330 and 1420 MHz. The other filamentary structure
was identified in both continuum and polarised emission from the NVSS map by us
(Fig. 1.5), and is located in the field of the suspected SNR GB.5 (Gray 19943.

This filamentary structure could either be part of this suspected SNR, or a candidate
NTF located 3 away from the GC. To clarify the nature of this object, we observed this

source at 330 MHz with the GMRT.

About a degree away from G357.1-0.2 is located the peculiar object known as the
Tornado nebula (Sedt2.1.2 item (vi)), which also has extensive filamentary structures.
To clarify the nature of this object at low frequency and to constrain its distance, we have

observed this object at 330 MHz and in HI absorption using the GMRT.

In Chapter 3, we describe these observations, the results and its consequences.

1.4.3 Constraints on distances to GC NTFs from HI absorption

Absorption by line of sight HI features, whose velocities and distances are known pro-
vide constraints on the distance to the NTFs. In Se&3item (ii), we mentioned that
except for two NTFs (Radio-arc and the Snake), the line of sight distances to 7 other
NTFs are unknown. Therefore, HIl absorption studies of other NTFs are required to con-
strain their distances. We have conducted HI absorption studies towards three NTFs Sgr
C, G359.79+0.17 and G359.54+0.18 using the GMRT. These NTFs have high surface
brightness and are located in less confused region of the GC, thereby allowing enough
signal to noise ratio to estimate the HI absorption depth. In Chapter 4, we describe these

observations, the results and its consequences.
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Figure 1.5: NVSS map of the field G3.1-0.6. The polarisation vectors are superposed on the
continuum map (in contour).

1.4.4 Magnetic field near the GC: Faraday rotation measure observa-
tions of extragalactic sources

Magnetic fields can be strong enough to have a significant influence on the dynamics
and evolution in the central region of our Galaxy. Magnetic pressure can contribute
significantly to the overall pressure balance of the interstellar medium (ISM) and can
even influence the scale height of the gasck et al.1996. A relatively high system-

atic magnetic field in the GC region is believed to be responsible for the creation and
maintenance of the unique NTFs (Morris et al. 1996, and references therein). There-

fore, measurement of the magnetic field geometry and strength in the central part of the
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Galaxy is important for estimating its effect on the GC ISM and on the discrete objects.
However, other than the central 200 pc region, no systematic study has been made to
estimate the magnetic fields in the inner 5 kpc region of the GalBryilson1996.
As described in Seci..3.3item (iv) of the previous section, these estimates within the
central 200 pc region are mainly based on the observations of these NTFs, and it is not
clear that these estimates represent the field strengths in the GC ISM.

The Faraday rotation measure (RM) is the integrated line of sight magnetic field
weighted by the electron density (RM=0.81neB dl, where n is the electron density,
B is the line of sight component of the magnetic field, and the integration is carried
out along the line of sight). Therefore, if a model of electron density is available, ob-
servations providing Faraday RM towards the extragalactic sources seen through the
Galaxy are well suited to estimate the average magnetic fields prevailing in the ISM. We
have systematically studied 64 suspected extragalactic sources seen through the central
—6° < | <6°, -2 < b <2° region of the Galaxy for polarisation, and estimated the Fara-
day rotation measure (RM) towards the polarised sources. In Chapter 5, we describe
these observations and in Chapter 6, we discuss the results of these observations and its

consequences.

1.4.5 Summary

In Chapter 7, we summarise the outcome of this thesis, and discuss about possible future

scope of work in these areas.



Chapter 2

Observations of the Galactic Centre at
620 MHz with the GMRT

2.1 Introduction

The central region of our Galaxy appears to be comparatively much weaker than a typ-
ical Active Galactic Nuclei (AGN). However, some of the activity seen in the region
could classify it as a mild AGN. The Galactic Centre (GC) being located two orders of
magnitude closer than the nearest galaxy (Andromeda), can be studied at a much greater
spatial details, than is possible for other galaxies. Because of this advantage, we can
identify unique objects like the Radio-arc consisting of linear parallel filaméfotsef-

Zadeh et al1984). The Galactic Centre probably presents the most compelling evidence
of a supermassive black hole at the centre of a galaxy.

The Galactic Centre (GC) region has been observed at radio wavelengths with high
resolution & arc seconds) using the Very Large Array (VLA) at 2 cviugef-Zadeh &
Wardle1993, 6 cm Ekers et al1983, 20 cm Pedlar et al1989 and 90 cm Pedlar
et al. 1989 Anantharamaiah et all991; LaRosa et al2000 and several interesting
sources have been identified in the region. In the map of the centraf itte Galaxy
(Fig. 2.1), the following sources are identified.

(i) At the dynamical centre of the Galaxy is the 2 80° M, black hole candidate3hez

et al. 1998, which coincides with a compact nonthermal radio source known as Sgr A*.

25
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(i) Around Sgr A* is the HIl region Sgr-A WestHkers et al1983, whose morphology
resembles a face-on spiral galaxy. (iii) Near Sgr-A West is Sgr-A East, which is believed
to be a supernova remnant (SNR). (iv) Ahalo, which has been proposed to be a
mixture of thermal and non-thermal emissidtefllar et al1989 can also be identified

in this region.

Since Sgr A* is associated with the nearest supermassive black hole and could be
a prototype for such black holes in extra galactic AGNSs, it has attracted considerable
attention since its discovergélick & Brown 1974). This object has now been studied
from radio frequencies to X-rays (see Melia & Falcke 2001, and the references therein).
Though the observational data strongly associates it with thel®6M, black hole at
the centre of the Galaxy3enzel et al1996 Ghez et al1998 Reid et al1999), there are
several questions that remain unanswered. Compared to AGNSs, this object is extremely
underluminous at all wavelengths, radiating only ftimes its Eddington luminosity.
Its flux density at frequenciegl.4 GHz exhibits variability and at 8.6 and 22 GHz has
a periodicity of 106 daysZhao et al.2001). Though no linear polarisation has been
detected at radio frequencies, circular polarisation from this object has been detected
(Bower et al.1999. Sgr A* has not been detected below 1 GHz and observations at
408 MHz (Davies et al. 1976) and at 330 MHz (Pedlar et al. 1989) provide upper limits
on its flux density. Sgr A* probably has a low frequency turnover below 1 GHz, but
the nature of the turnover has never been examined in défalig & Falcke 2001).
Recently,Nord et al.(2009) claim to have detected Sgr A* at 330 MHz. However, the
average brightness of thé falo seen towards Sgr A* at 330 MHz4s100 mJy/Beam
(with the beamsize used in their map), which is comparable to the claimed peak intensity
of Sgr A* (Fig. 2 in Nord et al. 2004). The halo could be located in front of the Sgr A
complex Pedlar et al1989, and presence of any small scale structure in the halo along
Sgr A* can mimic its claimed detection. Therefore, detection of Sgr A* at 330 MHz

remains provisional.
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In high resolution radio images (Fig.1) Sgr A West comprises of three arm like
features of ionised gas embedded in a halo of ionised gas which has an angular extent
of about 1.5 Proper motion Yusef-Zadeh et all998 and recombination line studies
of the ionised gasRoberts et al1996 suggest that the ionised gas is in orbit around
the Galactic centre. Along the Northern arm, the gas appears to flow away from us. If
this is taken as an indication of gas falling in towards Sgr A*, then this would imply that
the Northern arm is located in front of Sgr A¥Whiteoak et al(1983 have suggested
Sgr A* to be located in front of Sgr A Westjszt et al.(1983 detected 40—60 kni$
HI absorption against Sgr A*, but not against Sgr A Wdstzt et al.(1983 suggests
that it is due to patchiness of the HI screen. Clearly, the relative location of Sgr A* with
respect to Sgr A West is ambiguous.

Sgr A East appears to have a shell like structure at higher radio frequencies. However,
it is not clear whether Sgr A East originates from activity at the Galactic centre, or is
just a chance superposition of a supernova remnant along the line ofidigiger et al.

(1989 has estimated that if Sgr A East is a remnant of a supernova which had exploded
directly into a giant molecular cloud, then an event of at least 40°? ergs of total
energy would be required to produce the observed radio emission.

It is quite evident from the above that the three dimensional source geometry in the
GC region is complex, which makes identification of the objects and the understanding
of the energetics in the GC region difficult. Therefore, it is important to constrain the
line of sight location of the objects.

If there is an opaque screen in front of the source, the distance to which is known,
then the distance to the source can be estimated. Since HI is present all through the
Galaxy, and since its velocity due to Galactic rotation in different directions and dis-
tances can be estimated, absorption by HI have traditionally been used to constrain
source distances. Unfortunately, Galactic rotation cannot be used to constrain the dis-

tances to sources towards the GG:(0°). There are certain high velocity HI features at
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the GC, the distances to which is known from the GC, and absorption by these features
can be used to constrain distance to sour&as/003. However, the probability of
finding such a feature located between two objects is quite small, and consequently use

of HI absorption to find the relative location of objects in the GC is very limited.

Nevertheless, due to free-free absorption at low radio frequencies, regions of ionised
hydrogen (HIl region) tend to get optically thick, and absorption against another contin-
uum object can be used to constrain their relative location. This technique has success-
fully being used to constrain the relative location of Sgr A West with respect to Sgr A
East Pedlar et al1989. However, Sgr A* was not detected at 90 cmPgdlar et al.

(1989, and its relative location with respect to Sgr A West is uncertain.

Based on the observations Bédlar et al(1989, the optical deptht) of the Sgr A
West complex at 620 MHz is expected tob#& and even if Sgr A* is located behind Sgr
A West, it may be possible to detect it. Detection of Sgr A* at 620 MHz will constrain
its location with respect to Sgr A West, and also provide an important constraint on its
low frequency spectrum. Observations at this frequency will also be useful to constrain
the spectral indices between 1.4 GHz and 330 MHz of other interesting objects like Sgr
A East and the "thalo in the region.

We have observed the central half a degree region of the Galaxy using the 620 MHz
band of GMRT. Previous observations between 1.4 GHz and 330 MHz either lacked
gooduv-coverageDavies et al1976), or had low resolutionlownes et al1978§ Little
1974 Mills & Drinkwater 1984). Observations with resolutions better than about quarter
of an arc minute is required to separate Sgr A* from the background emission. The
GMRT in 620 MHz band has an effective resolution of aboytand is well suited for
the purpose. In Sec?. 2, we describe the observations and data analysis. The results of
these observations are presented in Se8tand we discuss about possible implications

of the results in SecR.4. A summary of these are presented in S2d.
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Figure 2.1: 8.4 GHz VLA map of Sgr A WesRpberts & Gosd993. The resolution is
0.62" x 0.51, with beam position angle of 73The rms noise is about 0.13 mJy/beam.



30 CHAPTER 2. OBSERVATIONS OF THE GALACTIC CENTRE AT 620 MHZ

2.2 Observations and data reductions

The observations were carried out with the Giant Metrewave Radio Telescope (GMRT)
at 620 MHz with a nominal bandwidth of 16 MHz on Aug 31 & Sep 21, 2001 and

at 580 MHz in June 2002. The field centre was set at RA (J2000)=17h46m07s, DEC
(J2000)=-285702". All the observations were carried out in the spectral line mode
with 128 frequency channels, which is the default mode of the GMRT correlator. 3C48
and 3C286 were used as primary flux density calibrators. We have follBaac et al.

(1977 for the absolute flux density calibration. The source 1751-253 was used as a
secondary calibrator, and was observed every 25 minutes during the observations. The

source 1714-25 was used for the bandpass calibration, and was observed once in an hour.

Due to the presence of other confusing sources in the field of view (FWHN&t44
620 MHz), 1751-253 is not a good calibrator at 620 MHz. However, the second nearest
calibrator 1714-25 is T0away from the GC, and our observations made till the end of
the year 2000 using phase transfer from 1714-25 yielded maps of the GC field, which
had poor dynamic range, probably due to ionospheric phase variation. We, therefore
used 1714-25 as a secondary calibrator, and imaged the sky intensity distribution in
the field containing 1751-253. The resultant map was further improved by phase only

Self-calibration, and used as a model to calibrate the target field of the GC.

At the time of these observations, automatic measurements of system temperature
(Tsy9 had not been implemented at GMRT, and increasiygfrom the calibrator field
to the target source affects the source visibility amplitudes in the default observing mode
(i.e., when the Automatic Level Control in the system is turned on), and we employed
the following method to correct for th&ys variation. We estimated the ratio of the
total power, on the target source and the calibrator 3C48 at 620 MHz. Since this ratio
was quite similar (within 10%) for almost all the antennas, rather than multiplying the

antenna based gain, we multiplied the final map of the source intensity distribution by
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this number.

While observing at 580 MHz, the Automatic Level Control (ALC) was turned off. In
this case, th@sysvariations do not directly affect the visibility amplitudes (see Appendix-

C), and a correction is not required. The absolute flux density scale using the first method
(i.e., at 620 MHz) is believed to be accurate to about 10%, while, it is expected to be
accurate to better than 5% with ALCs off (i.e., at 580 MHz) (the 620 MHz observations
were performed about an year earlier than the 580 MHz observations, and this technique
was not considered at that time).

The data were processed within Astronomical Image Processing System (AIPS) us-
ing standard programs. Bad data (interference in some frequency channels, spikes and
drop outs due to electronics, etc) were identified and flagged using FLGIT. The data
were also checked for antenna or baseline based problems, which were also flagged. The
spectral visibility data were bandpass calibrated. After calibration and editing, a pseudo-
continuum database of 3 frequency channels (each of width 3.7 MHz) were made from
the central 11 MHz of the observed 16 MHz band. This was adequate to avoid band-
width smearing within the primary beam. Images of the fields were formed by Fourier
inversion and Cleaning (IMAGR). The initial images were improved by self-calibration.
However, subsequent amplitude and phase Self-cals failed to improve the dynamic range
of the maps. Therefore, phase only Self-cals were used to produce the final images. The
GC field shows large scale emission, which cannot be properly mapped due to lack of
uv-spacings less than 80Therefore, we applied a small weight factor (0.05)tedata
with uw-spacings less than 7BQvhile performing phase self-calibration.

To improve the deconvolution of the extended emission, we made the final image
using Multi-resolution CleanWakker & Schwarz1988, which has been explained in
Appendix-A. Since the strong emission is seen mostly near the centragdion of
the GC, and we are interested in sources located only within this region, deconvolution

of the dirty image using a single field was deemed adequate. The GMRT map at 620
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MHz (Fig. 2.2) has a dynamic range of about 150, and is limited by systematics (for
a discussion on possible reasons of dynamic range limitations, the reader is referred to

Appendix-B).

2.3 Results

The GMRT image has been made with data watkspacings greater than 100T here-

fore, objects larger than 3@annot be imaged, and objects larger than aboutvlb
suffer from lack of zero-spacing flux density. The 620 MHz map of the GC field is
shown in Fig2.2. For comparison, we have reanalysed the 1.4 GHz VLA A, B, Cand D
array archival data acquired and presente@églar et al(1989. After self-calibration,

the final map using the data from the A, B, C and D array has been made with Multi-
resolution Clean. A total of 9 fields were Cleaned with the 3-D imaging technique (see,
Synthesis Imaging in Radio Astronomy Il, Lecture 19 by R. A. Perley) as available with
the AIPS task IMAGR. The 1.4 GHz map is shown in F&g3. On the larger scale,

the prominent non-thermal filamentary structure Radio-atséf-Zadeh et al1984)
(shown in the figure) is clearly visible. The Radio-arc appears to be joined with the
Sgr A complex by the Arched filamenYijsef-Zadeh & MorrisLl9879 which is thermal

in nature. Due to the use of 3-D deconvolution and Multi-resolution Clean, the 1.4 GHz
map appears to have a better fidelity than the mapruséf-Zadeh & Morris19871.

As described irYusef-Zadeh & Morrig1987h, several narrow filamentary features can

be seen in the 1.4 GHz map. Most of the filamentary structures like Radio-arc and the
‘threads’ run perpendicular to the Galactic plane. However, one additional ‘thread’ like
feature near RA (J2000)=17h45m22.7s, DEQ&0422" labelled new ‘thread’ (U),
which is parallel to the Galactic plane has been identified. To the best of our knowledge,
this ‘thread’ like feature has not been detected before. Though not visible i2 Rig.

due to poor signal to noise ratio, it is marginally visible in the GMRT 620 MHz map,
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when seen in Grey scale on the Computer monitor. We name this feature as thread
‘U’, and future polarisation observation can confirm whether it falls into the category of

non-thermal filament in the region.

We concentrate on the central’ I®8gion in the rest of this chapter. We show the
central 15region of the Galaxy at 620 MHz, 1.4 GHz, 4.8 GHz and 330 MHz in Eig.
Fig. 2.5, Fig. 2.6 and Fig.2.7 respectively to enable a detailed study. All the images are
convolved to an uniform angular resolution of ¥lx 7."6 with beam position angle of
7.7. Around Sgr A*, the strong emission at 1.4 GHz is the Sgr A West HIl region,
which has three prominent spiral arms which is clearly seen in the 4.8 GHz map of the
same region (Fig2.6). There is almost one to one correspondence between the strong
thermal emission at 4.8 GHX(sef-Zadeh1989, and a drop in the total intensity at
620 MHz, indicating that the thermal emission is getting optically thick near 620 MHz.
There is considerable difference in the structure of Sgr A West between the 4.8 and 1.4
GHz map. At 4.8 GHz, the three armed spiral structure part of Sgr A West appears to be
brighter than the thermal halo. However, at 1.4 GHz, the halo has similar brightness as
the spiral structure, indicating that the emission from the spiral structure has significant
optical depth at 1.4 GHz. At 330 MHz, the entire Sgr A West region appears to have
turned over (Fig2.7) (Pedlar et al1989. The shell-like emission feature known as
Sgr A East is clearly identified in all the maps. This shell of size abbut3 appears
to be sitting on a roughly triangular shaped halo of siz&. Along this shell, from
north to south, as shown in Fig.4, we notice a narrow strip of emission, which is
also seen in the 1.4 GHz and 4.8 GHz map of the same region. There is another weak
emission feature (RA=17h45m44.7s DEC=Q@3) nearly circular in shape in the 620
MHz map (Fig.2.4). Part of this feature is also seen in the 330 MHz VLA map (Eig@),
which Pedlar et al(1989 describes as a linear feature elongated along the north-south
direction. An emission feature30' south of Sgr A* can be seen in the 620 MHz gray

scale map. This feature was identified Pgdlar et al(1989, who suggested that it is
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associated with Sgr A East.
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Figure 2.4: 620 MHz GMRT map of the Figure 2.5: 1.4 GHz map of the central
central 15region of the Galaxy. The res- 15 region of the Galaxy. The resolution
olution is 11.4 x 7.6, with beam posi- is 11.4 x 7.6, with beam position an-
tion angle of 7.7. The rms noise is about gle of 7.7. The rms noise is about 5
6.5 mJy/Beam. mJy/Beam. This map is made from the
archival VLA data ofPedlar et al(1989

From the 1.4 GHz map, we estimate a total flux density o320 Jy for the Sgr A
complex (i.e., including Sgr A West, Sgr A East and thkalo), while the corresponding
flux density at 620 MHz is 36640 Jy, and at 330 MHz is 33(60 Jy. We note that our
estimated total flux density of this region at 1.4 GHz is consistent with the estimated flux
density of 328 Jy byYusef-Zadeh & Morrisl9870. However, it is inconsistent with the
estimated flux density of 48730 Jy byPedlar et al(1989. Since we have reanalysed
the data oPedlar et al(1989 and the estimated flux density matches witlsef-Zadeh
& Morris (1987D, it appears that the estimated total flux density providedPbyglar
et al. (1989 is in error. The temperature of the Galactic backgroun@iQ00 K at 330
MHZz) is similar to or less than the equivalent temperature of the noise (about 1000 K at

330 MHz) in the map and we can neglect the effect of the Galactic background in the
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estimation of the flux density of the sources.
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Figure 2.6: 4.8 GHz VLA map¥Yusef- Figure 2.7: 330 MHz mapRedlar et al.
Zadeh1989 of the central 15region of 1989 of the central 15region of the
the Galaxy. The resolution is 1.4«  Galaxy. The resolution is 11.4x 7.6,
7.6, with beam position angle of 77 with beam position angle of 727 The
The rms noise is about 4 mJy/Beam. rms noise is about 6 mJy/Beam.

2.3.1 Estimating flux density of the individual sources in the Sgr A com-
plex

In Fig. 2.4, there are four sources, Sgr A*, Sgr A West, Sgr A East and’thel@, which
appear to overlap along the line of sight. Because of this overlap, extracting individual
flux densities is non-trivial. In this section, we first try to estimate the flux density of Sgr
A West, Sgr A East and thée Ralo. The flux density of Sgr A* is estimated in the next
section. Since, the flux density of Sgr A* at radio fregencie§isly, and the three other
sources in the Sgr A complex have flux densitie$0 Jy, its effect on the estimated flux
densities on the three sources will be neglected.

The estimated flux density per synthesised beam near the position of Sgr A West at

330 MHz is close to, but not below, the mean level of théalo Pedlar et al1989.
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Therefore, the7alo is likely to be located in front of the Sgr A West. We took crosscuts
at several orientations across thehalo through the location of Sgr A*. From the
crosscuts, we estimate the intensity of thea&lo at the position of Sgr A East to be 0.18
Jy/beam at 620 MHz and 1.4 GHz, and 0.11 Jy/beam at 330 MHz. A typical crosscut
at 1.4 GHz and 620 MHz is shown in Fig.8. The background emission is quite small

at 4.8 GHz, where it gets partially resolved due to lack of zero spacing flux density, and
we estimate about 0.012 Jy/beam as its contribution at this frequency. After subtracting
these intensities of the halo from the corresponding maps, the flux density of Sgr A
East and West were estimated. The combined flux density of Sgr A East and West as
enclosed by Sgr A East shell is63 Jy at 4.8 GHz, 10816 Jy at 1.4 GHz, 11216 Jy

at 620 MHz and 11614 Jy at 330 MHz. By subtracting these flux densities from what

is estimated for the Sgr A complex (i.e, Sgr A West, Sgr A East 4hdld) we measure

the contribution by thethalo at these frequencies. Flux densities of these sources are
listed in Table2.1. We note thaPedlar et al(1989 includes the halo around Sgr A East,
while estimating its flux density. However, we use its prominent shell as the boundary
of Sgr A East.

To estimate the spectral index of Sgr A East, we try to avoid any contamination of
its flux density due to Sgr A West located close to it. Therefore, we exclude a region of
our 620 MHz map, where strong emission from Sgr A West could be seen at 4.8 GHz.
Flux density of Sgr A East estimated in this way ist244 at 4.8 GHz, 586 Jy at 1.48
GHz and 919 Jy at 0.33 GHz. In Tabl2.1, we list the flux density of Sgr A East.

2.3.1.1 Flux density of Sgr A*

While estimating the flux density of Sgr A*, we reduced the confusion due to the ex-
tended emission by imaging with only those visibilities havirgistance>7 kA. The
flux density estimated from the image plane is aboutfD5L Jy. We note that even after

applying a lowermv cutoff, there is significant background confusion within a beam of
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Table 2.1: Flux densities of the sources in the Sgr A complex (Jy)

Frequencyl Sgr A complex 7 halo Sgr A Eastt
(GHz)
4.8 - - 24+1.4
1.48 320+40 212+40 59+6
0.62 360+40 248+40 78+8
0.33 330+50 220+50 91+9

Tt While estimating the flux density of Sgr A East, the region of the map, where
emission from Sgr A West is seen at 4.8 GHz has been excluded.

size 7.5 x 4. This confusion causes an uncertainty of about 0.1 Jy in the estimated flux
density. We also estimated the flux density of this object fronuthasibilities. We first
applied appropriate phase shift such that Sgr A* is at the phase centre. Every one hour of
uv-data were averaged vectorially, which ensures that the sources away from the centre
have little contribution to the visibility amplitude. After rejecting data witlhdistance
shorter than 15Xk, an elliptical Gaussian model was fitted as a model for Sgr A* (using
UVFIT). The flux density estimated in this way is also 0.5 Jy. The major and minor
axis of the Gaussian fit is 3'80.4’" and 1.8+0.6’ respectively with a position angle

of 93+4°, which is consistent with its expected scatter broadened size 6&31L8"
estimated from_o et al. (199§ at this frequency. In order to check the goodness of
the fit, we divided theuv-data by the model. If the model matches with the data, then
the real part of the visibility after division should be close to unity, which is the case as
seen in the plot shown in Fig.9. From the plot, the estimated error on the flux density

is estimated to be about 20%, or 0.1 Jy, which is similar to what was estimated from
the image plane. We also imaged this object from the 580 MHz data. The flux density
estimated at this frequency matches (within the error-bar) to what is estimated at 620

MHz.
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Figure 2.8: Flux density/Beam of one Figure 2.9: The ratio of thav-data to the

of the Cross-cut taken across theh@dlo model of Sgr A*. Sgr A* is modelled

from the 620 MHz and the 1.4 GHz map. as an elliptical Gaussian with major axis
of size 3.84+0.4’, minor axis 1.8+0.6"
with a position angle of 934°.

2.3.2 Spectral index distributions

A spectral index map of the GC region (Fig4) made between 1.4 and 0.62 GHz is
shown in Fig.2.1Q The figure was directly derived from the images shown in Eig.

and Fig.2.5. The spectral index of the central region consisting of Sgr A West shows a
positive spectral index, indicating that the emission from the HIl region has turned over
at 620 MHz. There are three compact HIl regions at the eastern boundary of Sgr A East,
which also have turned over at 620 MHz. The spectral index changes smoothly from
positive near Sgr A West to slightly negative in tHénd@lo. The spectral index of Sgr-A

East is almost flat. Near the edge of thé@lo, the spectral index becomes steeper.



2.3. RESULTS 41

BOTH: SAGA.R SPIX 618.188 MHZ GC.20.49SPIX.COMB.1
-1.0 -0.5 0.0 0.5

I

-28 55 oy 1 S =

56

57 gty

e
58

59

-2900

DECLINATION (J2000)
2

Flux Density (Jy)

Q
]

03

0.1 1

04

05

i ST 5
KRR 16409 16410
Frequency (Hz)

o ]
174600 4555 50

45 40 35 30 25
RIGHT ASCENSION (J2000)
Grey scale flux range= -1.065 1.219 SP INDEX
Cont peak flux = 1.2188E+00 SP INDEX

2,

Levs 2000017 (10..5,6,5, 4,32 Figure 2.11: The spectrum of Sgr A*
from 300 MHz to 20 GHz. Except the 330
Figure 2.10: Spectral index map of the(Pedlar et al1989 and 620 MHz mea-
Sgr A Complex made from the division surements, all the other data points are
of the 1.4 GHz and the 620 MHz map of taken fromMelia & Falcke(20017)
the region.

2.3.3 Emission measure and temperature of the ionised gas in Sgr A
West HIl region

In this section, we estimate the density and temperature of ionised hydrogen in Sgr A
West. Pedlar et al(1989 estimated these parameters by assuming a constant electron
temperature across Sgr A West. However, due to the availability of high resolution data
between 8.5 and 0.3 GHz at 5 different frequencies, we can study the variation with po-
sition within the HIl region the electron temperaturg)(he emission measuré K2dL,
whereL is the path length through the ionised medium) and the background non-thermal
flux density due to Sgr A East. We have convolved the 8.5 GHz, 4.8 GHz, 1.4 GHz, 620
MHz and 330 MHz maps to a common resolution of 11x47.6', with beam position
angle of 7.7from which the 7 halo contribution was removed (see Sectib8.1). T,

and [ nZdL have been estimated for 5 different regions in Sgr A West, which are shown

in Fig.2.12
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The observed flux density towards Sgr A West is the sum of non-thermal emission
from Sgr A East located behind, and its own thermal emission. The observed flux density
from Sgr A East can be expressedSa8§ x exp(—T1), whereSis the flux density of the
background source at 1 GHe,is the free-free optical depth at a frequencywoBHz
anda is the spectral index. The estimated flux density due to free-free emission is [2
kTe x (1—exp(—T)) x V2 x AQ]/c?. Where AQ is the synthesised beam size. From the
radiative transfer equation, we can express the estimated flux density per synthesised

beam as

ly = % x exp(—1) + [2kTe X (1 —exp(—T1)) x V2 x AQ]/c?.

Tis given by

t— [ 02T o 2L

From Table2.1, we estimate the spectral index of Sgr A East toie76 between
4.8 and 1.4 GHz, which is similar to that estimated®yss et al(1983; Ekers et al.
(1983. However, its spectral index between 1.4 and 0.33 GHz0s3 (Sect.2.4.]).
Therefore, by assuming the spectral index of Sgr A East to be the same in different parts
of the object, we used the spectral index of the background non-thermal emission to
be —0.8 between 8.4 and 1.0 GHz, ard®.3 between 1.0 and 0.33 GHz. Finally, the
average intensity per synthesised beam estimated from each of the regioizs1(Bigt
different frequencies are least square fitted with the expressidp goren above.

The 330 MHz emission observed below the eastern and southern arm region (shown
within box E), is significantly higher than obtained from the estimates made at other fre-
guencies. Therefore, we excluded this measurement from the fit for this region. We sug-
gest that the spectral index of the foreground non-thermal halo in this region is steeper
than the mean spectral index of tHen@lo, which could have caused an excess emission
at 330 MHz.

From the model fit for the northern, eastern and southern arm, and the diffuse halo,
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the electron temperature is found to be within 8,000-12,000 K, which is higher than the
reported value of 7000 K by recombination line observatiBolerts & Gossl993.

They assumed the emitting gas to be in local thermodynamic equilibrium (LTE), and
that pressure broadening is negligible. However, the estimateg fobh the continuum
spectrum, anchored at the low frequencies by the GMRT measurements, is free from any

such assumptions and provide a more accurate value.

The emission measure of Sgr A West halo located below the ‘bar’ and the eastern arm
is about a factor of 5 lower than that estimated for the three argbs 0° cm~° pc).
Consequently, its optical depth at 620 MHz is close to 1, whereas the optical depth of
the three arms are about 3—4. The non-thermal emission from Sgr A East in this region

is significantly higher than the estimates made at other parts of the HIl region.

2.4 Discussion

2.4.1 Low frequency spectral index of Sgr A East and the’#halo

Pedlar et al(1989 estimates the spectral index of Sgr A East between 4.8 and 1.4
GHz to be about-1.0. However, their estimate of its flux density at 330 MHz was a
factor of 4 less than what is expected from its high frequency spectral index and the flux
density measurement. To account for this anomaly, they proposed thdthh® 7s a
mixture of thermal and non-thermal gas, and its free-free optical depth at 330 MHz is
~1. It is located in front of Sgr A East and hence partially absorbs the emission from
Sgr A East. If this was the case, then at 620 MHz, the optical depth of’thal@
would be~0.26. However, at this frequency, the emission from Sgr A East would have
been about 2.4 times stronger than at 1.48 GHz, and hence the observed flux density
would have been 1.8 times stronger than what is observed at 1.48 GHz. However, from
Table2.1, the estimated flux density at 620 MHz is only 1.3 times than what is estimated

at 1.48 GHz, which cannot be explained by free-free absorption. The flux density of
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SgrAEastat 1.48, 0.62 and 0.33 GHz is well fitted by a power law with a spectral index
of —0.3+0.1. From Table.1, we estimate its spectral index between 4.8 and 1.4 GHz
to be—0.76+0.1. This indicates that there is a break in the spectral index of Sgr A East

at about 1 GHz, and the change of spectral index about the break frequency is about 0.5.

We note that there are several Galactic supernova remnants (SNRs), for which spec-
tral breaks have been observed. These include old SNRs like Cygnus loop an®é&tB9 (
noyerl974), S147 Kundu et al1980, G33.2-0.6 (Reich1982. For these SNRs, break
in the cosmic ray energy spectrum could play a r@derfoyerl974. Spectral breaks
have also been observed in plerionic type of SNRs like 3C58€n1994), G76.9+1.0
(Landecker et al1997), G357.1-0.2 (Roy & Rao2002, where a sudden cut off in the
energy supply from the pulsar could have caused the observed spectral Greak (
1994). However, Sgr A East is likely to be in the adiabatic expansion phasdlér
et al. 1989, which implies that it is not a very old (aggl0* years) SNR. No pulsar is
known in its vicinity. From the standard synchrotron modi&idashe\i962 and using
a magnetic field of 3.5 mG as measured¥mgef-Zadeh et al1999, we estimate that

a change of spectral index by0.5 could occur at 1 GHz if its age is 10* years.

Based on the discussions above, we believe that the emission from Sgr A East is not
significantly absorbed at 330 MHz by any line of sight thermal gas, and consequently,
there is no need to model thé ffalo as a mixture of thermal and non-thermal gas.
From the flux density of the’ halo (Table2.1) and assuming its flux density at different
frequencies to follow a power law, the estimated spectral index between 1.4 and 0.33
GHz is -0.05:0.2. From the data given iRedlar et al(1989, the spectral index of
the 7 halo at frequencies above 1.4 GHz is estimated to be aboud (Pedlar et al.
(1989 used a model consisting of thermal and synchrotron emission and estimate the
non-thermal emission to have a spectral index-6f7). Therefore, its spectrum also
appears to have a break around 1 GHz. Similarity in spectral properties indicates that

the 7 halo is likely to be related with Sgr A East. If the magnetic field in the halo is also
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similar to what is estimated in Sgr A East, then its age could also turn out to 1i#
years.

The flux density of the Sgr A Complex at 160 MHz as observedik, G. A.
& Slee (1974 could be explained by a foreground screen of ionised hydrogen with
emission measurex310* cm~® pc (T.=6000 K), which causes an optical depth~of
at 160 MHz and about 0.2 at 330 MHz. Such low density HIl regiops«(h0, and size
~100 pc) are believed to be responsible for the Galactic ridge radio recombination lines

(Anantharamaiati985.

2.4.2 Low frequency spectral index of Sgr A*

While the high radio frequency spectrum of Sgr A* is well established, the spectrum
below 1.4 GHz is not well determined. At 1.4 GHz, the flux density of Sgr Ao

et al. 200)) is about 0.5 Jy and its spectral index between 1.4 and 8.5 GHz is +0.17
(Melia & Falcke2001). Davies et al(1976 found the flux density of Sgr A* at 960
MHz to be a factor of 2 less than at 1.6 GHz and suggested that it has a low frequency
turnover around 1 GHz. This appears to be confirmed from their upper limit of 50 mJy at
408 MHz and the 100 mJy upper limit set Bgdlar et al(1989 at 330 MHz. However,

Nord et al.(2004 at 330 MHz estimate a total flux density of 33120 mJy from the
known position and expected size of Sgr A*. The recent flux density estimates of Sgr A*
at 620 and 330 MHz raises questions about earlier measurements. Based on the average
flux density of Sgr A* at 1.4 GHz4hao et al.200]) and its known spectrum between

1.4 and 8.5 GHz, we expect a flux density of 0.47 Jy at 1010 MHz and 0.44 Jy at 620
MHz, which are consistent with our measurements within the error-bars. The observed
spectrum of Sgr A* from 300 MHz to 20 GHz is shown in FiJ11 From the spectrum

it is apparent that a factor of two lower flux density at 960 MBayies et al1976§ can

be explained only by assuming Sgr A* to be variable at this frequeRaicke (1999

finds a modulation index of 6% at 8.3 and 2.5% at 2.3 GHz, which indicates that the
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intrinsic variability of Sgr A* is rather low at low radio frequenciegl€lia & Falcke

2007). Therefore, interstellar scintillation (ISS), the time scale of whickfiew years
towards Sgr A* at 1 GHz, is likely to cause any significant variability. The observations

in the 620 MHz band cover a span of nearly an year and no significant variatiddp)

could be detected. Our measurements rule out any turnover near 1 GHz and indicate that
any turnover has to be at frequencies less than 580 MHz. The upper limits at 408 MHz,
however, pose problems for this picture, as this would suggest the flux density of Sgr A*
at this frequency could have been much less few decades back. We have re-examined
the 408 MHz upper limit byDavies et al(1976 and found that their analysis has not
taken account of scatter broadening of Sgr A* (abdua8408 MHz) and the corrected
upper limit at 408 MHz could be as high as2.5 Jy.

At frequencies of a few GHz to 620 MHz, the observed spectral index of Sgr A* is
nearly flat. For extragalactic flat spectrum sources, it is believed that there are multiple
components in emission and peak radiation from different components occur at different
frequencies to make the overall spectrum appear nearlyJtatgn et al1980. Though
the Advection-dominated accretion flow (ADAF) model of emission from Sgr A* fails
to explain the observed low frequency emission, ADAF along with self-absorbed syn-
chrotron emission either from a relativistic Jétign et al2002), or from a small fraction
of relativistic electrons embedded in the accretion fldwan et al.2003 could explain
the observed spectrum of Sgr A* from X-ray ranges to radio frequencies up to 620 MHz.
If we consider the flux density estimated at the position of Sgr A* at 330 Mitzr(
et al. 2009 as the observed upper limit, its estimated spectral index between 620 and
330 MHz is inverted and is~0.66. This low frequency turnover could be due to an
enhancement in the optical depth of synchrotron emission or internal/external free-free

absorption.
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2.4.3 Location of Sgr A*

At 620 MHz, Sgr A West shows evidence for free free self-absorption. InZFig, we

have shown the model fits for the electron density and temperature in different parts of
the ionised gas. Sgr A* is located slightly above the junction of the bar and the northern
arm. Therefore, this object is seen along the line of sight of the diffuse gas located north
of the bar like feature. From the fit shown in Fiy12 we estimate an optical depth of
this ionised gas in Sgr A West region to be 2(B5. If Sgr A* was located behind Sgr

A West, then its flux density would have been attenuated by a factor of 10. However, the
spectral index of Sgr A* between 620 MHz and 1.4 GHz is roughly the same as between
1.4 GHz and 8.5 GHz showing no effect of free free absorption by Sgr A West. This
indicates that Sgr A* is located in front of Sgr A West. It is possible to invoke alternate
scenarios like sharp enhancement of the 620 MHz flux density of Sgr A* to compensate
for the absorption due to Sgr A West or a hole in Sgr A West along the line of sight to
Sgr A*, but these appear to be unlikely. Sgr A* is located slightly north of the junction
of the Northern arm and the bar like feature of Sgr A West. From the high resolution
3.6 cm map (resolutiore 0.5) of the region (Fig2.1) (Roberts & Gos4993, we notice

the presence of weak emission likely to be emitted from the diffuse ionised gas which
becomes optically thick at 620 MHz. Any hole in this ionised gas has to be smaller than

1” which is unlikely. Thus, Sgr A* is located in front of Sgr A West.

2.5 Summary

Observations of the GC region at 620 and 580 MHz with the GMRT and a comparison
with the existing observations made at other radio frequencies have provided us several
important details about the region:

(i) For the first time, the SNR Sgr A East is shown to display a break in its spectral

characteristics. It has a spectral index of abe(t76 at frequencies above 1.4 GHz.
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However, between 1.4 and 0.33 GHz, its spectral index is ab018, indicating that its
spectral index changes by0.5 at~1 GHz.

(ii) Using the standard synchrotron model and the break in its spectrum, we estimate the
age of Sgr A East to be about“gears.

(iii) Emission from the 7halo also shows similar break in the spectrum, which suggests
that Sgr A East and the Ralo are physically associated.

(iv) Sgr A* has been detected at 580 MHz, which is the lowest frequency unambiguous
detection, and the estimated flux density at this frequency is consistent with what is ex-
pected from its higher radio frequency spectral index and the flux density. This indicates
that there is no low frequency turnover of its emission above 580 MHz.

(v) The optical depth of the Sgr A West HIl region is estimated to be about 2.5 at 620
MHz. Though Sgr A* is located along the same line of sight, the emission from it un-
dergoes no absorption by this HII region, which indicates that Sgr A* is located in front

of Sgr A West.

2.6 Appendices
2.6.1 Appendix-A: Multi-Resolution Clean

‘Clean’ normally uses a point-source component model and finds and subtracts one com-
ponent at a time. In maps consisting of small-diameter objectsféw synthesised
beam) this has been found to work well. But, for extended objects (sifesynthe-

sised beam), the subtraction of a point source at one pixel produces sidelobes of the Dirty
beam on the neighbouring pixels. Spurious peaks created by the sidelobes are picked up
by Clean and the intensity distribution on the Cleaned map appears ‘corrugated’ (i.e,
parallel stripes in the ‘Clean mapY\akker & Schwar2.988. The ‘corrugation’ in the

image occur at spatial frequencies that have not been measured (holes in the u-v plane).

Therefore, the clean map that is produced is consistent with the measured data but is not
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a realistic brightness distribution, and this can become important for observations with
incompleteuv coverage. This effect is described in detail by Schwarz, U. J. 1984, in
Indirect Imaging, ed. J. A. Roberts, p255.

For extended objects with low surface brightness, when the signal becomes compa-
rable to the noise in the map, Clean cannot distinguish between signal and the noise, and
as a result deconvolution of the extended emission from the Dirty map does not proceed
well.

The Multi-Resolution (MR) CleanWakker & Schwarz1988 attempts to avoid the
corrugation and low signal to noise issues by using Clean-components with different
diameters during deconvolutiolMakker & Schwar2988. MR Clean uses a smoothed
image and beam, and a difference image and difference beam, doing a standard point-
model Clean on each but appropriately subtracting the components found in one image
from the other at every iteration. Smoothing the Dirty image corresponds to a taper in the
uv-plane so that only the shorter spacings are used. The smoothing is so chosen that the
holes in the uv coverage (ofter coverage becomes sparse with increasing uv-distance)
lie outside the tapered region and since the smoothed map has no major holesvn the
plane of relevance, the corrugation no longer occWalkker & Schwarz.988.

To examine possible imaging artefacts in our GC map, we used the Clean compo-
nents as in the 1.4 GHz GC map (Fig5) within the 7 of the Centre as a model, which
is shown in Fig.2.13 By taking inverse Fourier Transform of these components, sam-
pling them atuv-points corresponding to the GMRIV coverage and using the standard
Clean, we get the map shown in Fig14 The extended emission of thétvalo while
clearly visible, appears ‘corrugated’ and breaks up into small components.

To reduce the problem of ‘corrugation’ on the image, we used the same model vis-
ibility data and made a map using the MR Clean as implemented in AIPS, which is
shown in Fig.2.15 For this image we used two different resolutions with one being

a point model and the other being a Gaussian with a FWHM 6fr85pectively. The
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Figure 2.13: A model of the GC using the Clean components within abaittie Galaxy.
The restoring beam is 11.4 7.6, with beam position angle of 727
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Figure 2.14: A map deconvolved using Standard Clean. The uv-data was generated using
the Fourier transform of the Clean components of the map shown above. The restoring beam
is 11.4 x 7.6', with beam position angle of 7.7

extended emission of thé [falo in this map appears smooth and quite similar to the one

seen in the input model. If we define the dynamic range as the ratio of the measured
peak flux density, and the rms flux density estimated from the region where no Clean
components in the model were located, then the estimated dynamic range is gbout 10

Therefore, we have used this technique to image the GC using the GMRT data.

2.6.2 Appendix-B: Possible causes of dynamic range limitation of the
GC map at 620 MHz

The theoretical noise expected in our 620 MHz GC map i$0Quly. However, the
actual noise in the map (Fi@..2) is about 6.5 mJy, and is limited by dynamic range.
This is most likely caused by non-ideal behaviour of the hardware in the system. Here

we discuss some of them, which are believed to contribute significantly in reducing the
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Figure 2.15: This map is produced from the same data as used in the previous map, but de-
convolved with MR Clean. The corrugations seen in the previous map have almost vanished

dynamic range of the map.

2.6.2.1 Pointing errors of the antennas

The Fourier Transform relation of the visibility/'(u,v)) and the source intensity distri-

bution

V(u,v) ://A(I,m)l(l,m) expl— 27 (ul +vm)] didm

assumes that the source intensitfl (m)) and the antenna reception patteAtl(m))

does not vary during the observation. However, if due to pointing errors the angular
distances of the sources from the pointing centre of the antennas change during the
observations, the apparent intensities of the sources in the field can vary with time.
Under these conditions, a simple Fourier inversion of\tlie, v) to retrieve the source

intensity distribution is not valid.
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If the source is compact, so that the pointing error is equivalent to a change in the
overall antenna gain, amplitude self-calibration can be expected to correct this problem.
However, for extended emission like in the GC field, amplitude self-calibration will not

work since the correction is different for different parts of the field.

During our observations using GMRT, we have noticed that the pointing error of the
antennas by a few arc-minutes is quite common during observations and the pointing
centre of some of the antennas showed jumps of up&aafter transit. In order to ex-
amine the effect of such pointing error in our map, we considered a simple model where
during the first half (3.5 hours) of observations there is no pointing error associated
with the antennas, but during the second part of the observation, all the antennas have a
pointing error of 6. In order to generate model data for this case, we restored the Clean
components of the model used in Figl3with a high resolution beam (4.& 2.8’ with
position angle of 19). For the first part of the observations, we Fourier transformed the
map, and sampled them a-points corresponding to a model uv-data generated using
all the 30 antennas of the GMRT. However, for the second part of the observations, be-
fore applying inverse Fourier transform, we multiplied the map with the primary beam
pattern of the antennas at 620 MHz with an offset’dirém the phase centre. Finally,
the data sets of the first and second half of the observations were combined and Fourier
transformed. The resultant map is shown in Ad.6 which has been deconvolved us-
ing the MR Clean. The source could not be deconvolved properly from the dirty map
and the map is limited by a dynamic range of about Which highlights the dynamic
range achievable with the kind of pointing error model we have considered. It should
be noted that the model considered is a worst case scenario and in reality this effect will
be less since the pointing errors on different antennas are random and are usually much

less than the’@hat was assumed.
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Figure 2.16: Effect of 6pointing error of the antennas in reducing the dynamic range. The
pointing error was introduced after zenith crossing of the source. See text for details.

2.6.2.2 Calibration errors

The Fourier transform relation between the visibilities and the source intensity distri-
bution is obtained by assuming that the visibilities used for Fourier transform represent
the true visibilities. However, the observed visibilities are obtained by means of am-
plification of the signal received at the antennas, conversion to lower frequency signal,
transmission through cables, and correlated from each antenna pair by a correlator. The
recorded ensemble of numbers, called the observed visibility data in general, differs
from the desired true visibilities.

The calibration procedure tries to estimate the true visibilities from the observed.
In Sect.2.2, we have described how periodic observation of calibrators (having known
structure and flux density) are used to estimate the instrumental gain and hence the true

visibilities. However, if the gains of the antennas change in timescales shorter than the
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interval between the calibration observations, this kind of calibration cannot yield the
true visibilities. Short time scale variations in the effective antennas gain can occur due
to the electronics chain itself and due to phase variations caused by the ionosphere. The
refractive index £) of plasma is related to the electron densitylgy

ATINE?

=1
€ —~T

where,w is the observing circular frequencyTt(?), e is the charge andy is the mass

of an electron. Since change in the electron density implies change in the effective
path length ¢ x geometrical pathlength) through the medium, and the ionospheric patch
through which different antennas receive signals from the source can be different, the
ionosphere can produce phases that vary with both position and time for different an-
tennas. This change of phase during observations can be corrected by self-calibration
(see, Synthesis Imaging in Radio Astronomy Il, Lecture 10 by Cornwell & Fomalont).
The GC map at 620 MHz has been self-calibrated to correct for this change of phase
during the observations. The change in instrumental phase also gets corrected by self-
calibration. It should, however, be noted that the standard self-calibration assumes an
isoplanatic patch which is infinite in size. Consequently, if the ionospheric phase is a
function of the elevation and azimuth angle of the sources, current self-calibration can-
not fully correct for the extra phase introduced by the ionosphere.

The observed visibilities, if normalised by the self correlations to give the cross cor-
relation coefficients, are proportional to the antenna efficiency and inversely proportional
to the equivalent system temperaturg{T(see, Interferometry and Synthesis in Radio
Astronomy by Thompson, Moran & Swenson; Chapter 6.2), which includes the effec-
tive temperature of the antennas,{J due to the radiation received from the sky and
the equivalent temperature of the electronics systesTi.e., Tsys= Telect Tany. While
observing sources near the Galactic plane at metre wavelengths, the radiation received

from the sky contributes significantly tos, 5 Moreover, the calibrators are typically



2.6. APPENDICES 57

selected to be a few degrees away from the Galactic plane. Thereforgydidile ob-
serving the calibrator and the target source is different and unless corrections are made
for it, can cause a systematic underestimation of the true visibilities of the sources close
to the Galactic plane. As described in secp, in one of our observations, we have tried

to correct for this Ty variation by scaling the map ( and all visibilities) by a constant
correction factor. However, variations inyd; and the efficiencies among different an-
tennas can cause thg,Jto be different for different antennas. Given thatk 500

Kelvin, while observing the GC at 620 MHz, andcE ~ 100 Kelvin, gain variations of

~ 10% from the mean value can occur in some of the antennas. Therefore, we have tried
to understand the effect of amplitude errors on our map by simulations.

We have used the model shown in Figl3to generate the uv-data corresponding to
30 antennas of the GMRT. In this model uv-data, we multiply the antenna based gains
of the antennas by random numbers spread uniformly about 1.0 with rms value of 0.1
(the antenna based gains are assumed to be constant with time). The resultant map made
using IMAGR and deconvolved with MR Clean is shown in Eigl7. We notice that
there are systematic pattern generated due to amplitude errors introduced by us, and the
dynamic range of the map is reducec850.

The errors in the amplitude gain can also be corrected with self-calibration of both
phase and amplitude. However, we found that the GC map at 620 MHz did not improve
while keeping the antenna based amplitude and phase as free parameters during self-
calibration. Therefore, we have performed only phase self-calibration to the 620 MHz

GC map.

2.6.3 Appendix-C: Keeping the visibility amplitudes constant when the
system temperature (Tsyg9 changes

To perform GMRT observations such thajydvariations have minimal effect on the

observed visibilities, the following procedures were adopted. This is especially useful
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Figure 2.17: Effect of amplitude gain errors of the antennas on the map. The gain errors are
taken to be random with rms value of 0.1 (10%)

when the antenna temperature during observation is quite kg0 K).

The Automatic Level Control (ALC) is a negative feedback device that keeps the
output power of the antennas at the optimal levels. As a result, any increase in the
input power reduces the gain of the amplifiers. This keeps the total power output of the
system almost constant. However, when any change in §a¢akes place (i.e., while
observing sources in the Galactic plane at low frequencies), as explained in the previous
section, amplitude gain of the amplifiers changes, and this in turn changes the visibility
amplitudes. Therefore, switching off the ALCs avoids the problem. However, when the
ALCs are off, an increase in theyEproduces excessive output power, and the antenna
based electronics can get saturated. So, when the ALCs are off, the system Gains have
to be adjusted in a fashion that the antenna based electronics do not get saturated. This is

usually achieved by changing the amplitude gains of all the antennas using attenuators,
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such that the output power of all the antennas at the beginning of observation are equal
to their default values. Sinc@sysis maximum when the sky temperature is maximum,
this needs to be performed while observing the strongest source (in our observgton, T

was maximum while observing the GC field).

Avoiding variation in visibility amplitudes also requires using the unnormalised cross-
correlation data, where the cross-correlation coefficients between different antenna pairs
are not normalised by the total power of the antennas. It is shown in the next appendix
that within the observing band, if the antenna efficiengyi¢ a function of frequency
channel, then if the cross-correlated data is normalised, variation of the antenna temper-
ature will cause a change of bandshape. Therefore, avoiding division by the total power

serves both the purposes described above.

2.6.4 Appendix-D: Variation of spectral bandshape estimated from nor-
malised cross correlated data due to change in antenna tempera-
ture (Tant)

The shape of the instrumental bandpass (bandpass function) is normally determined by
observing a suitably strong calibrator during observations. It is assumed that the shape
of the instrumental bandpass is independent of the source position in the sky. Here we
show that if normalised cross correlated data are used to estimate the true visibilities,
this assumption is no longer true while observing sources near the Galactic plane at low
radio frequencies.

It is known that the Jsis the sum of Fecand Tan, and Tay is directly proportional
to the antenna efficiency)]. Therefore, ifn is a function of frequency\), then both
Tant and Tsysare functions of,. As normalised visibilities are directly proportionalro

and inversely proportional tosfs it implies that the bandpass function is proportional to

Tant(V)
TelectTant(V) ©

from the Galactic plane, th&(v) may be small and neglected in the denominator.

Since the bandpass calibration is performed with a calibrator typically away
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However, T, (V) is substantial while observing any source in the Galactic plane at low
radio frequencies{1.4 GHz). As the relationship of the bandpass function Viith(v)
is non-linear, it changes the overall shape of the bandpass function.

As an example, we consider the antenna efficiengyd fall from 0.6 at the centre of
the observing band to 0.4 at the edge of the observing band. Assuigg/0 K, and
the sky temperature ¢l at the Galactic plane to be 200 K, the normalised bandpass
function at the centre of the band is proportionaﬁg% = 0.63, and is proportional
to 0.53 at the edge of the band. However, while observing a bandpass calibrator away
from Galactic plane, thef;: is negligible, (Eiecis assumed to be independenvythe
bandpass function is proportionaltoHowever, if this bandshape is used to correct the
visibilities of the spectral line data of the target source, the true visibilities at the edge

of the observing band will be overestimated by about 25 % with respect to the centre of

the band.



Chapter 3

GMRT observations of suspected SNRs
with filamentary structures near the
Galactic Centre

3.1 Introduction

The long narrow non-thermal filaments (NTFs) observed in high resolution radio-continuum
maps are unique features seen towards only the centralegion of our Galaxy. These
structures are less than 1 pc in width, but extend up to 30 pc in length. With the exception
of the NTF called the Pelicahéng et al.19993, which is nearly parallel to the Galactic
plane, all other NTFs are oriented perpendicular to the Galactic plane to withih 20
The morphology of the NTFs suggests that they reflect the local magnetic field direction
and radio polarisation evidence supports this notion (Morris & Serabyn 1996, and refer-
ences therein). By equating the apparent turbulent pressures within clouds (or the ram
pressure associated with presumed cloud motion relative to the field) to the magnetic
pressure, as a minimum condition on the strength of the magneticYieddf-Zadeh &
Morris (19873 have estimated that the magnetic field strength within the NTFs is of the
order of milliGauss.

With more sensitive observations, fainter NTFs are discovered, some of which are

1Recently, Nord et al. (2003) have published a list of 18 new candidate NTFs in the GC region, and Larosa
et al. (2003) confirm 4 more NTFs. Many of these new NTFs and the candidate ones are oriented randomly
with respect to the Galactic plane.

61
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further away from the Galactic Centre (GC) (e.g., Pelican) than expected before. There-
fore, it may be possible to detect NTFs a few degrees away from the GC, which will
provide crucial information on their distribution and the effect of the GC environment
on their origin and maintenance. On the other hand, lack of their detection beyond the
central~ 1° of the GC will strongly argue for the dense molecular cloud and strong
magnetic field in the central 180 pc of the GC to be responsible for the creation and
maintenance of the NTFs.

We shortlisted 2 filamentary structures locate@° away from the GC, which were
suspected to be either (i) NTFs or (ii) part of suspected SNRs in the region. One of these
filamentary structures was noticed by us in the NVSS n@am(on et al1998 in both
continuum and polarised emission (Fig5). This object is located in the field of the
suspected SNR G3.1-0.61@ay 19949 and could either be part of this suspected SNR,
or a candidate NTF located away from the GC.

The other filamentary structure G357.1-0.2 was identifie@itay (1996 (see Fig.l.4).

Its peculiar morphology makes it difficult to draw any unique identification for this ob-
ject. Based on its steep spectral index between 1.4 and 5 GHz, and highly polarised
emissionGray (1996 suspected that it could be (i) an NTF as seen near the GC or (ii)
an extragalactic source or (iii) a Crab like SNR.

Since low frequency observation can distinguish SNRs from other objects, and HI
absorption can constrain its distance, this source was selected for observation with the
GMRT at 330 and 1420 MHz.

Shell type SNRs can be distinguished from other diffuse sources in our galaxy by
their ring like morphology and non-thermal synchrotron emission which is characterised
by a steep power law and polarised emission. The other class of SNRs, known as the ple-
rions, are characterised by their filled centre or blob-like morphology, a comparatively
flat spectrum and at high radio frequencies, can show a much higher linear polarisation

fraction than the shell type SNRs. However, due to changing orientation of the magnetic
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field and large Faraday depolarisations within the sources, polarised emission is not de-
tectable for many SNRs and therefore measurements of their low frequency flux density
and spectral indices are often the only way to detect synchrotron emission. The Giant
Metrewave Radio-Telescope (GMRTWarup et al1991]) with its large collecting area
and high resolution at low radio-frequencies is an ideal instrument for such studies.

Therefore, to clarify the nature of the filamentary structure in the field of the can-
didate SNR G3.20.6 (Field 1) and the filamentary structure G357.1-0.2 (Field II), we
observed these sources at 330 MHz with the GMRT. We also have done HI absorption
study of G357.1-0.2.

The field centre (Field Il) during the observation of G357.1-0.2 was chosen in a way
so that two more suspected SNRs G353, G356.6+0.1 are also located in the field
of view. Inthe—5° <| <5°, —2.5° < b < 2.5° region of the Galaxy, 13 SNRs had been
identified before the MOST Galactic Centre survey (MGCS). The MG&8&y(19949
detected another 17 candidate SNRs in the region. These detections, if confirmed, indi-
cate the number density of SNRs in the GC region to be twice than that in the rest of the
Galaxy Gray 1994 and could link enahnced star formation in the dense environment
of the GC with higher number density of SNRs in the region. In view of the above, we
attempted to verify the nature of some of these objects in the MGCS.

Near the edge of the field of view of G357.1-0.2 is located the peculiar object known
as the Tornado nebula, which also has extensive filamentary structures. This is the sixth
brightest object in the Milne (1979) catalogue. It has a very unusual structure and its
classification as a supernova remnant has been questioned (Becker et al. 1985). Some
authors have noted its similarity with extragalactic head-tail souiteddr & Panagia
1980, or a new class of Galactic head-tail objeBetker & Helfand1985. Another
intriguing suggestion is that G357.7-0.1 is powered by an object ejected from the nearby
SNR (G359.0-0.9) which lies only’Trom the symmetry axis of G357-0.1. This sce-

nario, however, would require such a runaway pulsar or X-ray binary to have a transverse
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velocity >2000 km s, which is considered unlikelyGray 19949. The discovery of
an OH (1720 MHz) maser coincident with G357.7-0.1, however, suggests that it is a
Galactic SNR Yusef-Zadeh et all9963.

In spite of its steep spectral index of abet@.5 above 1 GHz, its classification as a
shell type or a filled centre type is somewhat uncert&inafer et al1989. Interfero-
metric high-resolution observations have been performed at 1.4 and at 5 GHz band using
the VLA (Shaver et al1985 Becker & Helfandl985. However, it has not been studied
below 1.4 GHz. The Tornado nebula as seen in the GC map at 330 MHz (Larosa et al.
2000) is distorted due to its large distance from the GC and the consequent bandwidth
smearing, and due to large uncertainty in primary beam correction, its flux density is not
estimated at 330 MHZ_.@Rosa et al2000.

Therefore, to clarify the nature of this object at low frequency and to constrain its
distance, we have observed this object at 330 MHz (Field Ill) and in HI absorption using
the GMRT. In order to compare its spectrum with an extragalactic source and to put an
upper limit on its distance, we also observed in HI absorption an extragalactic source
(G356.9+0.1 seen close to the line of sight of Tornado nebula.

In Sect3.2, we discuss observational strategy and calibration. The results of our
observations have been described in Segtand in SecB.4, we discuss about the mor-
phology, spectral index, distance and other physical properties of the objects observed
by us. In SecB.4.5 we present a list of compact sources seen within the field-of-view
and also an estimate of their flux densities at various radio frequencies. We draw the

conclusions in Se@&.5.

3.2 Observations and data reduction :

The GMRT consists of thirty antennas, each of diameter 45 metre, distributed over a

region of about 25 kilometres, with fourteen of the antennas placed within a diameter of
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about one kilometre and the remaining arranged in 3 arms each of length 14 km, shaped
as anirregular Y. This arrangement provides the necessagverage for mapping both
compact and extended sources. The ratio of the longest to the shortest baseline is around
500 with the shortest projected baseline being about 50 metres.

The present observations were made when the GMRT was still being commissioned
and often all the 30 antennas were not available. Tadlgive details of our observa-
tions. While observing the filamentary structure near the suspected SNR &8, he
centre of the Field | was set at I=3.2and b=1.0°. The source 183021 was used as
both phase and amplitude calibrator.

While observing the Field 11, the centre of the field was set at I=35®8-0.1°, so
that all the 3 objects, G356-3.3, G356.6+0.1 and G35%D.2 were observed within
the primary beam of the antennas (FWHM%=88330 MHz). We have also carried out
an HIl absorption study towards G35%#Q.2, and G356.9+0.1. While observing this
field, the source 1822096 was observed as the amplitude calibrator and 4299
which was nearby at the same declination as the field being observed, was used as phase
calibrator. The amplitude and phase calibrators were observed every 30 minutes.

To observe the Tornado nebula, the centre of Field Il was set at [=35artl
b=—0.1°, the source 1822096 was used as the amplitude and bandpass calibrator and
1701-299 which was nearby as the field being observed, was used as phase calibrator.

All the observations were carried out in the spectral line mode with 128 frequency
channels, which is the default for the GMRT correlator. For the 330 MHz observations,
a bandwidth of 16 MHz was used while for the 21 cm spectral line observations, which
needed better frequency resolution, the total bandwidth was reduced to 4 and 2 MHz,
giving a frequency resolution of 32 and 16 kHz respectively. For the 330 MHz obser-
vations, 1836-36 was observed initially for 20 minutes as a flux density and bandpass
calibrator. Long term monitoring of this calibrator at 843 MHz using MOST has shown

the modulation index (ratio of the standard deviation to the mean value of the flux den-
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Table 3.1: Details of our observation

Galactic coord. RA Dec Frequency Date Observing Availgble
of the pointing (J2000) (J2000) (MH2z) time antennas
Centre(l, b) (hours)
003.2-1.0 1757 00.1 —264001 330 1999 Jun 25 6 27
356.8-0.1 173811.4 —314226 330 1999 Aug 01 3.5 24
357.2-0.2 173940.6 —312801  1420.6 2000 Feb 26 3.5 15
357.5-0.1 17 4000.7 —311002 330 2000 Apr 28 5.0 25
357.5-0.1 174018.6 —305952  1420.6 2001 May 24 3.5 27
356.9+0.1 1737 44.2 -31 3115 1420.3 2000 Oct 07 0.5 26
356.9+0.1 173800.0 -3126 00 14204 2002 Dec 26 25 25

sity from the different epochs) to be 0.0184ensler & Hunstead000, which is well
within the expected uncertainty &f 15% in determining our absolute flux density scale
(Baars et al1977. From the VLA calibrator manual (Perley 2001) we have taken the
flux density of this calibrator as 28 Jy at 330 MHz and 6.9 Jy at 1420 MHz.

At the time of these observations, automatic measurements of system temperature
(Tsy9 Were not implemented, thgys towards the calibrators and the SNR fields were
estimated using the 408 MHz all sky mapaslam et al1982), and then scaled to 330
MHz assuming a spectral index ef2.6. The measured visibilities were corrected for
this Tsys variations towards various sources (the typical correction factors between the
target source and the secondary calibrator w8% In this chapter, we follow the con-

vention of F¢) O v, i.e., for steep spectral index, the magnitude afill be negative.

3.2.1 Calibration

The data were processed within AIPS using standard programs. Bad data (interference
in some frequency channels, spikes and drop outs due to the electronics, etc) were iden-
tified and flagged using FLGIT. The data were also checked for bad antennas or baseline
based problems which were also flagged. The spectral visibility data were bandpass
calibrated. For the 330 MHz data, a pseudo-continuum database of 4 frequency chan-

nels (each of width 2 MHz) were made from the central 64 frequency channels of the
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observed 16 MHz band. This was adequate to avoid bandwidth smearing within the
primary beam. Images of the fields were formed by Fourier inversion and Cleaning
(IMAGR). The initial images were improved by self-calibration. CLEAN maps of the
compact sources in the Field | and Il made by using only the data wvithistance
greater than 15@ were used to self-calibrate the data using CALIB withverange of

0.8-15 kA.

For a better imaging of the extended structure in the Field GB.Q, we made a
high resolution map with a lower cutoff of thesrange at 400 wavelengths. The Fourier
transform of the CLEAN components of the sources in this map was then subtracted
from the uv data and one more map was made with no lower cutoff inutheange.
This map was then deconvolved using MEM. The CLEAN components which were
subtracted earlier were added back to the resulting image to produce the final image
of the SNR. This technique has typically yielded an RMS noise one and half times
smaller than that obtained using the standard CLEAN. To minimise the effect of non-
coplanar baselines, the high resolution CLEAN images were made for both the fields at
330 MHz using the multi-facet technique available in the newer versions of the AIPS
task ‘IMAGR’. However, to make the images of the Field-1l, the above procedure was
not required and we used standard CLEAN to remove the side-lobes of the synthesised
beam. All the GMRT maps presented in this chapter have been corrected for the primary

beam pattern of the antennas.

We have also performed an HI absorption study with the GMRT towards the candi-
date SNR G357:20.2, Tornado nebula and the compact source G356.9+0.1 P58
was used as the phase calibrator and 3C287 as the bandpass calibrator. Since, the band-
pass pattern of the antennas change appreciably as a function of frequency, we have not
used frequency switching for the bandpass calibration, but have chosen a bandpass cali-
brator (3C287) with a high Galactic latitude, so that the effect of Galactic HI absorption
on its spectra is less than 1Mitkey et al.1978. We observed 183036 as the flux
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density calibrator. The HI absorption profiles towards G35D.2 was obtained using

128 frequency channels over a bandwidth of 4 MHz, whereas the HI profile towards
G356.9+0.1 was obtained over a bandwidth of both 2 and 4 MHz. The resultant velocity
resolution is 6.6 km s towards G357.20.2 and 3.3 km3' and 6.6 km s! towards
G356.9+0.1. To make the channel maps, standard AIPS task (UVLSF) was used to sub-
tract a constant corresponding to the continuum from the visibility data. The GMRT has
an FX correlator, for which ‘Gibbs ringing’ due to any sharp feature in the spectrum dies
away much faster (sifgesponse to a sharp pattern, which has a peak side-lobe of 5%)
as compared to an XF correlator. Therefore, we have not applied any spectral smoothing
to our data. Also, the variation of the line frequency introduced by the Earth’s rotation
during the observing period being much smaller than the frequency channel width, we

have not applied any Doppler corrections.

3.3 Results

3.3.1 Fieldl:

The candidate SNR G3-10.6 identified during the MOST 843 MHz survey is located

in this field. In the MOST (Fig3.1) and NVSS maps (Fig.2), which are at higher fre-
guencies, the source appears as a collection of filamentary structures, but, in the GMRT
maps at 330 MHz (Fig3.3 & Fig. 3.4) extended emission that connects up the filaments
which form part of a shell is clearly seen even in the high resolution maps. The overall
shape of this suspected SNR is best seen in the GMRT low resolution map B4ig.
which shows that the radio shell is visible all around except in the northeast of the ob-
ject. There is general agreement between the structures seen in the MOST and GMRT
maps. However, the 330 MHz map also shows appreciable diffuse emission towards the
west (feature marked C in Fi§.3). The eastern part of the shell as evident in the low

resolution image (Fig3.4), seems to be quite narrow and appears like a filament in our
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Figure 3.1: MOST image of G3:10.6 at the original resolution of 1.6 0.7 along PA 0.1.
The RMS noise is 4.5 mJy/beam.

high resolution image (feature marked A in Fig3). The filamentary structure appears

to be connected (Fig.4) with G3.1-0.6, and most likely to be part of its shell. It is
also seen in the NVSSCpndon et al1998 map (Fig.3.2). However, the NVSS maps

are produced from snapshot observations and due to a comparativelyvpomrerage

in their data, the extended structures were not properly imaged in their map. The GMRT
330 MHz maps indicate an additional small shell like feature at the southern part of the

larger shell that can be clearly seen in g3 (feature marked B).

From the GMRT image, the total flux density of this object at 330 MHz i=B4
Jy, while at 843 MHz, the flux density is reported to be 6.5Qyafy 19949. However,
flux density estimated from both maps can suffer from zero-spacing problems due to the
large size of (28x 49) of G3.1-0.6. The filamentary structure near the eastern side is
sufficiently small (Fig.3.3), and would not to suffer from any significant zero-spacing

problem. The spectral index estimated for the filamentary structur6.82+0.12. This
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Figure 3.3: GMRT high resolution image of G3.0.6 at 330 MHz. The resolution is
37 x25 along PA 42 and the RMS noise in the map is 1.7 mJy/beam.
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Figure 3.4: GMRT low resolution image of G3:-0.6 at 330 MHz. The resolution is 3x4
2.1 along PA—13° and the RMS noise in the map is 12 mJy/beam.

structure shows about 20% polarisation in the NVSS map. The diffuse emission at the
western part of the remnant also has a steep spectral index. We have examined the 8.35
GHz NRAO single dish mag_@ngston et al2000 of this region. We could not identify

it, and place an upper limit of 2 Jy for this object. Hence, the spectral index of the object

is steeper thar0.64. We summarise the observed parameters of-&B€lin Table3.2

It should be noted that the co-ordinate of this object in T&hlas different from Gray

19949. GMRT maps indicate that the centre of this object is located further south of the
co-ordinate given for this object i@ray(19949. From Table3.2, its estimated Galactic
Co-ordinate is, 1=3.7, b=—0.7°. However, as the object has already been designated
as G3.1-0.6, following the IAU convention, we do not intend to rename it and will

continue to use its name as G3.A.6 in the rest of this chapter.
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Table 3.2: Observed parameters of G3016 and G356.80.0

Object RA Dec Size Type &avHz Ss3avHz  Spectral
name (G+b) (J2000) (J2000) o Jy) Jy) index
G3.1-0.6 175540 —-263930 2&49  Shell 6.5 143 < -0.64
G356.8-0.0 173800 —313741 5X%72(?) Shell - 30 <-034
3.3.2 Field ll:

This region has been investigated previouslyGnay (19949 using the MOST at 843
MHz. Three candidate SNRs, G356.8.3, G356.6+0.1 and G357%D.2 were re-
ported and the MOST image of these objects are shown inFig. This field is
much more complex than Field | and further there are a number of complications due
to the proximity of the ‘“Tornado nebula’ which has a large flux density. The GMRT
low resolution map of this field at 330 MHz is shown in Fig§6. The prominent
features of this field are (a) the strong source at the northeastern edge of the map
which is identified with the Tornado Nebula, (b) a strong unresolved source G356.9+0.1
(RA=17h37m44.0s, Dec=31°31'14" (J2000)) which with higher resolution has three
components (Fig3.10 and shows a non-thermal spectrum (Tabl®), indicative of a
background extragalactic source and (c) two extended objects which have considerable
fine structure. The large extended emission is located to the south of the extragalactic
source G356.9+0.1, which appears to be curved has been detected for the first time. The
other extended emission to the east of the extragalactic source coincides with the MOST
candidate SNR G357-40.2, though the extent of its emission at 330 MHz is larger
than that in the MOST maps. This second extended source almost touches the southern
emission and they appear to be part of a single large shell, the northern part of which is
missing.

It should be noted that interferometric observations which lack zero and short-spacings,
can preferentially pick-up small scale structures from extended Galactic emission and

hence can show structures in the map which are not genuine entities. These small scale
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variations in the Galactic background emission generally create structures with both pos-
itive and negative flux densities in the map plane, which finally increases the RMS noise
in the map. However, in Fid3.6, the first contour level is 0.1 Jy/beam, 5 times higher
than the RMS noise and at that level, no extended region of negative flux density can be
seen. Therefore, we believe that the two extended objects seen in our map are genuine

in nature.

In the absence of the northern part of the shell, we can only speculate about its actual
extent to the north. If the conceived shell is formed by the line joining G357.4 with
G356.6+0.1, then, the shell has a size of 685. However, it appears to us that the
northern extent of the shell is upto the object seen at RA=17h38m00s,34¢85,
and consequently the shell has a size d£522 centred at G356:80.0. We designate
this conceived shell by its galactic co-ordinate of G35@8&. The flux density calcu-
lated over the two extended objects at 330 MHz is 30Jy. However, this should be taken
with caution since we are likely to underestimate its flux density due to missing short
spacings.

A composite of the MOST maps within this field is given in Fig5, along with the
NVSS map of this region (Fig3.7). The MOST suffer from zero-spacing problems for
objects larger than half a degree which, coupled with further dynamic range limitations
due to the nearby strong source (Tornado nebula) could have resulted in their inability
to image the large extended structure (G35®®) and to identify smaller scale struc-
tures within the extended emission as separate SNR candidates (equivalent to a ‘high
frequency spatial filtering’). The NVSS map of the field has serious short spacing prob-
lems and it is not surprising that the extended emission is not seen in it. Single dish
maps at high frequencies do not have this problem, but since the extended emission has
low surface brightness, it is often difficult to detect it. The extended emission is not
seen in the 8.35 and 14.35 GHz NRAO single dish maps (Langston et al. 2000), from
which we set an upper limit on the flux density of 9.4 Jy at 14.35 GHz and 10 Jy at
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8.35 GHz. It should be noted that Langston et al. used a median filter of size 67
remove the extended background emission. However, since the area enclosed by the
shell is significantly smaller than the filter diameter, removing the extended background
IS not expected to cause any appreciable underestimation of the flux density. If we com-
bine the 330 MHz results with the upper limits from Langston et al., we find that the
spectral index of the shell like structure is steeper th@mB4. Based on the above, we
suggest that G356-8).0 could be an old SNR shell, which has started breaking up near
G357.1-0.2, possibly due to interaction with the surrounding ISM.

The observed parameters of this shell have been summarised in3TAbge com-
pare the observed properties of these sources at different frequencies in the discussion
below.
(i) G356.3-0.3:
In the MOST image, this SNR candidate appears as a circular object of Sizd Q-
ever, the GMRT map as shown in Fi§.8, there is no discrete source at this position.
In the GMRT low resolution map (Fick.6), this object is located on the extended struc-
ture, which we have interpreted as part of a larger shell. In the NVSS map, a small par-
tial shell structure can be identified (not clear in Fg?) near the eastern boundary of
G356.3-0.3 (RA=17h38m and Dec=32°15)), which also coincides with the southern
edge of G356.80.0 (feature marked ‘A’ in Fig3.6) in the 330 MHz map. We suggest
that the partial shell structure in the NVSS map is due to a lack of slvspacings,
which results in a ‘high frequency spatial filtering’ of the feature ‘A’ shown in Big.
Based on the above, we conclude that G356.3 is likely to be part of the larger shell
(G356.8-0.0) like structure. The total flux density calculated for this object from the
MOST image after background subtraction is 2 Jy. From the same region, the estimated
flux density at 330 MHz (Fig3.6) is ~1.5 Jy, and is 1 +0.02 Jy at 1.4 GHz (Fig3.7).
(i) G356.6+0.1 :

This suspected SNR candidateray 19949 appears as a featureless elliptical emission
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Figure 3.8: GMRT 330 MHz map of the Field Il in contour overlaid on the MOST 843 MHz
Gray scale map of the same region. The MOST Gray scale map has been presented at the
original resolution of 1.3x 0.7 along PA 0.2. The GMRT 330 MHz contour map has a
resolution of 2.8< 1.0 along PA -33 and the RMS noise in the map is 17 mJy/beam. The
GMRT map was made by first subtracting the CLEAN components of the compact sources
from the uv data and a loweunv cutoff of 230\ was applied to the data before Fourier
Transforming and CLEANING.
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with a central compact HIl region in the MOST image. As the extended emission sur-
rounding the Hll region is not visible in the IRAS images, this was classified as an SNR
candidate. The GMRT image also is similar but the extended emission seems associated
with the large shell like structure discussed before. After excluding the HIl region, we
estimate a flux density of 2.2 Jy for this source at 330 MHz. From the MOST image, the
corresponding flux density is 1.7 Jy. In NVSS, the central HIl region is visible, but the
extended emission has stripes due to the lack of shovtgpacing required to image it.

The flux density of the central HIl region as estimated from the NVSS, the MOST and
the GMRT image do agree to withih 20%, the estimated flux density being @2

Jy at 330 MHz. As the extended emission around the HIl region has a non-thermal spec-
trum and appears to be part of the large shell like structure G3B608 we suggest it to

be a smaller-scale structure within G356(@B0 and not a discrete SNR. The central HII

region can well be an unrelated background object.

(i) G357.1-0.2:

In the 843 MHz map, G357-40.2 shows a bi-annular structure of a few arc-minutes
with a halo of emission surrounding it. In the 330 MHz low resolution map shown in
Fig. 3.6, the bi-annular structure is not distinguishable, but there is an extended emission
of size 15 at the same place. To search for this structure, we first subtracted the strong
sources in the region from thes data and resolved out the extended emission by using
a loweruv cutoff of 230A, while re-imaging the region. The resultant contour map is
shown in Fig.3.8, where, the MOST map has been overlaid on it in gray scale. There
is indeed seen some emission at the position of the bi-annular structure of the MOST
image (The nearby negative is the result of missing zero-spacing flux density resulted
from our attempt of resolving out the extended emission of siZ¢. Ffom the GMRT
image, we estimate a flux density of 0.490.15 Jy for this object. From the MOST
image, we estimate a flux density of 1.2 Jy at 843 MHz for this object after background

subtraction.
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As noted by Gray19949, this region of the MOST image is suspected to be affected
by the base-level fluctuations caused by the nearby strong source (Tornado nebula). As
a check, we have estimated the flux density of the surroundihgdl® region from
their 843 MHz map to be about 10 Jy. But, from the GMRT image, the estimated flux
density is only 5.8-1.0 Jy at 330 MHz (Fig3.6). Further, the upper limit of the flux
density measured from the 8.35 GHz NRAO single dish niamg@ston et al2000 is
1.0 Jy for this region. The above measurements clearly indicate that there is a problem
in explaining the flux density as measured at 843 MHz, as, neither an Hll region (any
significant free-free absorption at 330 MHz can be ruled out) nor a mixture of thermal
and non-thermal emission can explain the estimated flux density at 843 MHz. Therefore,
it seems that the flux density measurements of this region from the MOST image is badly
affected by the background uncertainty and hence we have not used the flux density of

1.2 Jy calculated for the bi-annular structure at 843 MHz any further in this chapter.

From our HI data of this source we have made a continuum map using the line free
channels (Fig3.9), which gives us a flux density of 0.60.1 Jy for this object at 1.4
GHz. From the NVSS map at 1.4 GHz, the estimated flux density istD433 Jy. To
resolve this difference, we re-mapped the same region by using the calibrateda
of the NVSS (available in the web). The estimated flux density for this object after
applying the primary beam correction is found to be8.@.1 Jy, in agreement with our

measurement.

This source has also been observeddmgy (1996 using the VLA at 5 GHz (DnC
array) and 1.4 GHz (CnB array). This object shows several filamentary structures. Be-
tween 5 and 1.4 GHz, most parts of the structure show a spectral indeX 5fthough,
there is a variation of spectral index fronD.3 to—0.6. The structures seen at 5 GHz are
highly polarised and display a polarisation fraction of upto 6@x@afy1996. Therefore,
the emission mechanism from the source is synchrotron in origin. We further discuss its

properties in the following sections.
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Figure 3.11: HI absorption spectra towards G3502. The spectra was made by integrat-
ing over a rectangular region of the line maps, where strongest continuum emission from the
source is observed.
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Figure 3.12: HI absorption towards G356.9+0.1
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3.3.3 Hl absorption towards G357.1-0.2 :

In Fig. 3.11is shown the normalised spectrum of the source, where, the y-axis represents
the estimated absorptioe |, where,t is the optical depth). Withinc20 km s of

the LSR velocity, the RMS noise is 0.07 of the absorption profile (&€.), but, for

the frequency channels located outside the above LSR velocity range, the RMS noise
is 0.035. The HI emission from the Galactic plane increases the system temperature
for the frequency channels located withir20 km st of the LSR velocity, causing an
increase in the RMS noise for the frequency channels located in the above range. In our
map of G357.2-0.2, HI emission was also found to increase the confusion limit for the
frequency channels located within the above velocity range. To reduce the effect of Hl
emission from the extended structure along the line-of-sight gas, we applied aiower
cutoff of 500\ before imaging the spectral-lines data. We have also tried to identify

any small scale HI emission associated with this source from our line maps. However,
no evidence was found in this regard. The source G357.2 is seen in absorption near

the LSR velocity—10 and—62 km s . The absorption near the62 km s* arises from

the ‘3 kpc arm’ (for whichv s~ —60 km s!) indicating that this source is located at
least at a distance of more than 6 kpc from us (the GE& B.5 kpc away from us).

The absorption near the10 km s is quite narrow with the velocity width (FWHM)

~ 28 km st (Fig. 3.11). For comparison, we have also observed the compact object
G356.9+0.1 located near the centre of our 330 MHz map, in HI absorption at 1420
MHz. This object appears to have three components in our high resolution 1.4 GHz
continuum map (Fig3.10 and is likely to be an extragalactic source. The absorption
spectrum towards this source is shown in Bid.2(the RMS noise in the spectra is 0.02

for the frequency channels located withit20 > V sgr < 20, and is~0.01 outside this
range.). As expected, this object is seen in absorption against the ‘3 kpc arm’. At LSR

velocity of —33 km s71, one more absorption line can be seen against this source which
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is not observed towards G357%0.2. The HI absorption profile shows a large velocity
width (FWHM ~40km s %) near the LSR velocity of 0 km$ towards this object.

Similar broad absorption features have been observed for the extragalactic sources
seen through the Galactic Centre region, e.g., 288, G0.537+0.2600ickey et al.
1983 and G359.87+0.18L@zio et al.1999, which are believed to be caused by an
anomalous velocity cloud located behind the Galactic Centre. As the absorption FWHM
towards G357.20.2 is significantly lower as compared to G356.9+0.1, we think that
this object is likely to be a galactic source. However, the full width of absorption towards
this object is quite similar to G356.9+0.1, which suggests that G38¥ 2. may be em-
bedded within the positive velocity cloud located behind the Galactic Centre, which
gives rise to much deeper absorption profile towards G356.9+0.1 because of the longer

path length towards this extragalactic source.

3.3.4 Field lll:

This field contains the object known as the Tornado nebula whose peculiar morphology
can be seen in the 330 MHz GMRT map of this object shown inFitf3

It has a bright core like structure (marked ‘A’), and is surrounded by emission, which
is more prominent towards east. Two filament like structures (marked ‘B’ and ‘C’) are
seen east of the core. Two more linear structures (marked ‘D’ and ‘E’) are seen towards
the eastern side of these two filamentary structures. Diffuse emission appears to “break-
out” towards the east (linear exten®'), with a position angle of about 65rom North,
and its direction is the same as the linear structures ‘D’ and ‘E’, suggesting that these
structures act like a wall of a chimney to define the direction of any possible flow of
material from the core to outside region. For comparison, we also show the 1.4 GHz
map of this object (Fig3.14) made with VLA (Shaver et al1985, which is convolved
to the same resolution as in Fig.13 The two maps agree in fine details pretty well.

However, the small diameter source (marked ‘F’ in Fdl4) seen at 1.4 GHz map is
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not seen in the 330 MHz.

The flux density of the Tornado nebula is estimated to be-812 Jy at 330 MHz,
and 33 Jy at 1.4 GHz, implying an average spectral index@63+0.1 between 1.4
and 330 MHz, which is consistent with previous estimates @53+0.02 (Shaver et al.
1985).

The small diameter source near the core of the nebula has a flux density of 0.030 Jy
at 1.4 GHz (Shaver et al. 1985). However, its non-detection at 330 MHz awdugper
limit on its flux density of 0.012 Jy indicates that the emission from this object to turn
over at frequencies below 1.4GHz.

We have tried to identify any spatial variation of spectral index within this nebula
and used two different procedures to identify these variations.
(i) To highlight spectral variation of the small scale filamentary structures with larger
surface brightness, we follow a procedure called Spectral Tomography that has been
applied to analyse the spectra of Tycho’'s SMR(tg-Stone et aR000. Mathematically,

a set of imageM; (a;) is constructed where

V14 o
M;(0t) = M1a—Mopas <—)

where M, 4033 are the images at 1.4 and 0.33 GHz. If a component has spectral index
¢, it will disappear with respect to its surroundings in image M a component has
spectral index greater than, it will be oversubtracted and have negative brightness. If
a component has spectral index less thgrt will be undersubtracted and have positive
brightness. Since this source has an average spectral inded.68 between 1.4 GHz
and 330 MHz, we call features with spectral index steeper a3 as steep and flatter
than—0.5 as flat. Two such figures from the sets of images with spectral index steeper
than—0.73 and flatter thar-0.5 are shown Fig3.15and Fig.3.16respectively.

We notice that the filamentary structure D and part of E has spectral index flatter than

—0.5. The eastern part of B has a flatter spectral index, while the western part of it has
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Figure 3.15: A representative spectral tomography image of the Tornado nebula between 1.4
GHz and 330 MHz. Bright areas have radio spectral indices steeperth&@®B. The contour
map is the 1.4 GHz continuum map shown in Hgl4
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Figure 3.16: Another representative spectral tomography image between 1.4 GHz and 330
MHz. In this image, intensity scale is reversed so that bright areas have spectral indices flatter
than 0.5 and the dark areas steeper indices. The contour map is the 1.4 GHz continuum map
shown in Fig.3.14
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a steeper spectral index.

(i) Interferometer maps made with different uv-coverage often suffer from base-level
difference. This is essentially caused by the extended background emission to be im-
properly represented due to lack of zero spacing flux densities. The uv-coverage of the
VLA 1.4 GHz map (Shaver et al. 1985) is different from that of the GMRT map at 330
MHz. Since part of the diffuse emission has brightness quite comparable to the back-
ground, determination of spectral indices of extended emission of the nebula by direct
division of the maps can cause significant error. To avoid this problem, a standard pro-
cedure is to plot the flux densities of each pixel from one map against the other, and a
straight line fit can then account for the difference in background level (also known as
the T-T plot).

In Fig. 3.17, we show such plots for 4 different parts of the nebula. The estimated
spectral indices of these regions are within 0.1 of the mean spectral index of the neb-
ula (—0.62), thereby indicating the large scale emission to have similar spectral indices
across the nebula. The spectral index of the core ‘A appears to be flatter tlmn (2

significance) the average spectral index of the nebula.

3.3.4.1 Hl absorption spectrum towards Tornado nebula and G356.9+0.1

In Fig. 3.18is shown the normalised HI spectrum weighted by the square of the con-
tinuum to maximise the signal to noise ratio in the spectrum. With2® km s? of

the LSR velocity, the RMS noise in the absorption profile (iee’) is 0.008, but, for

the frequency channels located outside the above LSR velocity range, the RMS noise is
0.005. We note that the systematics in the bandshape can also be of similar magnitude
and features with absorption deptl0.02 occupying a single frequency channel may
not be real features. In order to reduce the confusion due to large scale HI emission
along our line of sight, part of which gets resolved out due to lack of short spacings

of the interferometer, we have rejecteddata withuw-distance less than 500before
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Figure 3.17: Spectral indices of some of the extended emission features in the Tornado
nebula. The plots show the flux densities of each pixel from 330 MHz map (y-axis) map
against the 1.4 GHz map (x-axis) for parts of the nebula as shown by arrows. The spectral
indices have been estimated from the slope of straight line fit to the data points shown in the
plots.
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imaging.

HI absorption spectrum towards the Tornado nebula
1 1 T T T T T T T

09 Nucleardisk |

o7 b

/

3 kpc am |

Normalised HI spectrum

04 b

o ; ; ; ; ; ; ;
-400 -300 -200 -100 0 100 200 300 400
LSR Velocity (km/s)

Figure 3.18: HI absorption spectrum towards the Tornado nebula. The absorption profile
across the object have been averaged after applying a weighting factor proportional to the
square of the continuum intensity, which maximises the signal to noise ratio in the spectrum.
The rms noise in the spectrum with SR velocity| > 20 km s is 0.005.

Several absorption lines are identified in its spectrum (Bi@d. The prominent
absorption near ‘0’ km g is due to the line of sight gas. When ‘I’ is close to zero,
there is velocity crowding near ‘0’ km$ of velocity. The FWHM of this absorption
profile is ~40 km s1. At positive velocities, there are two weak absorption feature,
with one at 50 km st and the other at 94 knT$. At negative velocities, the prominent
absorption feature at60 km s is due to the 3 kpc arm, which has a velocity close
to the velocity observed at this longitude. The absorption feature98tkm st is
guite narrow. The other high negative velocity feature is observed at a velocitQ@d
km st which has a line-width of about 40 kms The HI absorption spectrum towards
the extragalactic source G356.9+0.1 is shown in Big9 Within 420 km s* of the

LSR velocity, the RMS noise in the absorption profile (ig.!) is 0.013, but for the
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Figure 3.19: HI absorption spectrum towards the suspected extragalactic source G356.9+0.1.
The rms noise in the spectrum withSR velocity > 20 km s* is 0.008.

frequency channels located outside the above LSR velocity range, the RMS noise is
0.008. The HI absorption profile is quite similar to what is seen towards the Tornado
nebula, with absorption at negative velocities-663 km s due to the 3 kpc arm,

and wide absorption line near200 km s. The absorption at high negative velocities
appear to continue up t0250 km s, whereas the HI absorption towards the Tornado

nebula is observed up t6223 km s
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3.4 Discussions:

3.4.1 G3.1-0.6 (Field I):

3.4.1.1 Distance:

From the present observations, only Ba® relation can be used to estimate its distance.
We used the modified-D relation §; g, = 2.07x 1071 x D=2¥ W.m2.Hz L.srl)

by Case & Bhattachary@ 998, which is expected to yield distance to individual SNRs
with an error~40%. Using a flux density of 6 Jy for this object at 1 GHz and a diameter
of 39, we estimate a distance of 7.7 kpc for this object, which indicates that it can even
be located near the Galactic Centre region.

It should be noted that the-D relation is essentially derived by assuming the envi-
ronments of the SNRs into which expansion occurs are similar. Itis believed ttiaihe
relation overestimates the diameter of SNRs located at higher Galactic lati@akasd]|
& Lerche1979. This phenomenon is thought to be related with intrinsic decrease of the
surface brightness of the SNRs due to a lowering of magnetic field at higher Galactic lat-
itudes. However, the magnetic field in the GC region is expected to be much higher than
the Galactic disk, which can result in a higher intrinsic surface brightness of the SNRs in
the region. Hence, the use BfD relation to estimate the distance or linear-diameter of
the SNRs located in the GC region can result in underestimating these parameters. For
example, the distance estimated by usingXHe relation Case & Bhattacharyb998
for the SNR Sgr A East (G0.0+0.0) is 3.3 kpc. However, it is thought to be actually
located behind the GC (i.e., at a distance>08.5 kpc) Pedlar et al1989.

3.4.1.2 Morphology:

G3.1-0.6 shows two ring like structure in our high resolution map with the smaller ring
being located towards the south. Possible explanations of the observed morphology are

(a) the SNR itself is the combination of two separate objects, (b) this morphology could
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be a result of the expansion of the supernova blast-wave into a cavity having a bi-annular
structure created by stellar winds of the progenitor system, (c) the ISM in which the SNR
expands has structures which are responsible for such a morphology.

Given the high density of SNRs in the Galactic Centre region, the suggestion that
two SNRs lie close to each other is not unreasonable. There are at present 15 known
SNRs within the central 50 square degree area of the Galactic Centre region and the
probability of the centre of one the SNRs to be within°Gbanother is~7.5%, which
is not negligible. This hypothesis can be discarded if the two shells can be shown to
have different distances, ages or spectral index. The spectral indices estimated from the
330 MHz and the 843 MHz map for the two shells are not very different and we cannot
rule out the two SNR hypothesis, though, we prefer the case of an anisotropic ISM as
described below.

It is now known that the slow wind from the red super-giant star (RSG) possess axial
symmetry Blondin et al.1996. Mancheste(1987 proposed that expansion of an SNR
into such a medium can produce a double ringed morphol@gpensler et al(1999
have shown for the SNR G296-8.3, the asymmetric cavity as created by the RSG
wind of the progenitor star has a typical size~db pc. However, if G3.20.6 is placed
at a distance of 7 kpc, it would have a linear size of 80 pc. Therefore, RSG wind can be
ruled out as one of the possible reason for the double ring structure.

Finally, we consider the case of an anisotropic ISM being responsible for the shape
of the SNR. It has been argued that the SNRs G166.0+04.3 (VRO 42.0Bi0&pn(lt
etal.1987), G350.0-02.0 Gaensler et all998 and G296.8-0.3 (Gaensler et alLl998
represents the case of a supernova shock re-energising a tunnel and then propagating
on to the other side to form a second shell. We find that the morphology of the SNR
G3.1-0.6 can also be explained on the basis of the above model. In order to explain
the model, we depict the main two ring structures in a schematic diagram as shown in

Fig. 3.20
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Figure 3.20: A sketch of the morphology of the SNR G3016

(i) There is a smaller ring of emission (‘ring 1’), which in the absence of the other
structures would appear as a typical SNR (feature B inFg).
(ii) A strip of emission running west from the eastern side of the SNR (feature marked
C and the weak emission towards the eastern edge oBRpwhich, we suggest corre-
sponds to a tunnel of much lower density. On encountering such a region, an expanding
shock will energise it, rapidly propagating both across the tube and up and down its
length. As this process continues, electrons in the walls are shock-accelerated and emit
synchrotron radiationRineault et al1987 giving a linear structure as observed here.
This is quite similar to the case of the SNR G296083.
(i) A comparatively larger ring (‘ring 2’), located north of ring 1 (corresponding to the
large ring structure in Fig3.4). Ring 2 is fainter than ring 1 (as seen in F{y3) and
extends much beyond the boundary of the ring 1 in the north. This ring has a poorly de-
fined outer edge especially towards the north, which suggests that it represents a region
of break-out into an adjacent cavity. This cavity itself could have been created in the past
by some other energetic phenomena. In this case, the shock after being re-energised in

the low density tunnel, will expand rapidly to take the shape of the caBitgun &
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Strom 19869. For the SNRs G166.0+04.3 (VRO 42.05.01) and G35020, all the
above three components are located in the plane of the sky. Whereas for G2%;.8
the explosion site, the low density tunnel and the second shell all lie roughly along
the line of sight. We suggest that SNR G3.6 may be quite similar to the case of
G296.8-0.3 (Gaensler et all998, where all the three components lie along the line of

sight.

3.4.1.3 Spectral index and polarisation:

Non-thermal steep spectral index, polarised emission and shell morphology clearly iden-
tifies G3.1-0.6 to be a shell type SNR. The detection of polarised emission suggests that

the magnetic field in the region is well organised.

3.4.2 G356.8-0.0 (Field II):

There are two extended curved emission seen in the map of this region. Following the
discussion in SecB.4.2, both of these objects appears to be part of a single large shell
named as G356-80.0. Its non-thermal spectral index and a partial shell like morphol-
ogy suggests the large shell like structure to be of an old SNR. However, due to its low
surface brightness, its flux density at higher frequencies are poorly determined. As a
result, its spectral index{ —0.34) is not well constrained.

With the available data, only the-D relation can be used to estimate its distance.
With an assumed spectral index-60.5, the estimated flux density of this object is 20
Jy at 1 GHz. The modified-D relation as developed byase & Bhattachary@l 999,
yields an estimated distance of 4.4 kpc for this SNR candidate. However, due to the
short-spacing problem and the inherent uncertainty instie relation itself, this dis-
tance may be uncertain by as much as a factor of three. The large shell shows kinks at
different places and also seems to have broken up near G36.2,1suggesting it to be

an old SNR. Assuming an expansion velocity of 50 krh and its angular size of 6@t
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Table 3.3: Observed parameters of G357012
Galactic RA Dec Size  SiGHz Ss3ovHz  Spectral  Spectral
Coords(l =b) (J2000) (J2000) I Jy) Jy) Index Index
(5/1.4) (1.4/0.330
357.1-0.2 173938 —-312857 &7 0.6A01 04901 —-0.5 0.24+0.2

a distance of 4.4 kpc, we use tB&evalier(1974 formula t=1.5 x 16 D v~ to estimate

its probable age. The calculated age is218° years, which is an old age for an SNR.

3.4.3 Bi-annular source G357.20.2 (Field I1):

The flux density of this object at 330 MHz along with its flux density measured at 1.4
GHz shows a slightly inverted spectral index of +8.8.2. However, between 5 and 1.4
GHz, it has a spectral index ef —0.5. This indicate a break in its spectral index near 1
GHz with a difference of 0.7 between its high and low frequency spectral index. The pe-
culiar morphology makes it difficult to draw unique identification for this object. Highly
polarised emission at 5 GHz, however, shows the emission to be non-thermal in nature.
As noted by Gray (1996), this object can be identified with (i) an extragalactic source,
(i1) filamentary structure as seen close to the GC or (iii) a Crab like SNR. Compact cores
of extragalactic sources often show a flat spectral index, which turns over at low radio-
frequencies~ 100 MHz due to the synchrotron self-absorption. However, the extended
components have a steep spectral index and shows relatively low level of absorption only
at very low frequencies. As this object is extended, our determination of a turn over of
its spectra below 1 GHz argues against the object being a typical extragalactic source.
Also, its HI absorption spectrum suggests it to be galactic. Filaments near the Galactic
Centre have not been reported to show any spectral break and therefore, it is unlikely
to be a Galactic Centre filament. Within the observational error, this object has a flat
or slightly inverted spectrum at low radio frequencies. A slightly inverted spectrum, if
correct, can be a result of line of sight free-free absorption by diffuse foreground Hll

region. We argue below that optical depthdue to free-free absorption cannot be more
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than 0.2 at 330 MHz towards this object.

(i) Any line of sight structure of size larger than’44@ll get resolved out in our map.
However, we can estimate the free-free absorption coefficient by using the 408 MHz
map ofHaslam et al(1982, which is equivalent ta < 0.17 at 330 MHz.

(i) HIl region of size< 40 and optical depth> 0.001 should be visible in our map
above the noise level. As nothing of that sort is visible, we can rule out any perceptible
line of sight absorption by a moderate size Hll region (theekfended structure around
the bi-annular source shows a non-thermal spectrum and from its emission measure at
8.35 GHz, the estimated optical depth due to free-free absorption at 330 MHz is found
to be negligible).

(iif) The bi-annular structure itself is unlikely to have any associated HIl region. It
was selected as a candidate SNR due to its low IR/Radio luminditafibent et al.
1989.

Hence, the change in spectral index for this object seems to be intrinsic in nature.
Breaks in spectral indices were earlier observed for a few Galactic SNRs like Cygnus
loop and HB9 Denoyerl1974), S147 Kundu et al.1980, G33.2-0.6 (Reich 1982,
3C58 Greenl994 G76.9+1.0Landecker et all997). However, only S147, G33:-2.6
and G76.9+1.0 show break at metre wavelengths. From its irregular morphology and
the spectral break, we suggest that G3502 may be a Crab like SNR. The pulsar
B1739-030 is located 2away, but, there is no indication that it is associated with this
object.

It is also possible that G357-D.2 is associated with the large suspected SNR which
we have named as G356:8.0. G357.1-0.2 shows HI absorption by the 3 kpc arm.
This implies a distance of more than 6 kpc from us for this object. The distance of the
large SNR G356.80.0 could also be similar{ 4.4 kpc fromZ-D relation). However,
the large SNR apparently being a shell type remnant (expected spectral indeX5),

an association with an object of different spectral type seems unlikely. We suggest that
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G357.1-0.2 may be a crab like SNR, where the energy transfer from the pulsar has
stopped in the past, giving rise to a steeper spectral-index at higher radio-frequencies
due to synchrotron aging. The estimated parameters for G3972lare summarised in

Table3.3.

3.4.4 Tornado nebula

Shocks and eddy motions at Rayleigh-Taylor instabilities are thought to provide the
necessary acceleration mechanism and magnetic field enhancement to produce the syn-
chrotron emissionGull 1973. Therefore, the filamentary structures seen in the map of
Tornado nebula is likely to indicate local shock, which causes higher electron density or
magnetic field or both leading to more synchrotron emission from these regions.

If the compression due to the shock is large, the spectral index of the emission will
be comparatively flat. Behind the shock (reverse shock), rarefaction takes place, and
emission from these regions can be ste@pll(1978. Therefore, in filamentary struc-
tures of the Tornado nebula, which may be created due to local shock can show spectral
variation.

An alternate scenario for the spectral variations within SNRs is internal inhomo-
geneities. In the case of a curved electron energy spectrum with varying magnetic field
strengths can lead to correlated variation of spectral index with brightness. A detailed
analysis of SNR HB 9 has shown that this is a reasonable scenario for the outer regions
of that remnantl{eahy et al.1998. If the electron energy spectrum hardens at lower
frequencies, regions in which the magnetic field is higher than the surroundings will
both appear brighter and have a flatter spectrum than the surroundings.

In Tornado nebula, we do not find any global pattern of steeper or flatter spectral
index with filamentary structures. However, we do find that some of the filamentary
structures in the nebula have spectral indices different than the average spectral index

of the nebula, which we discuss here. In Sé&.4 it is shown (Fig.3.16 that the
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filamentary structure D, eastern part of B and E have flatter spectra. From Spectral
tomography maps we have identified that these regions have spectral indices flatter than
—0.5. From Fig.3.17, we identify that the Southern edge of the core (marked A in
Fig. 3.17) also has a flatter spectrum. As discussed above, it is possible that in these
regions the Mach number of the shock is high, which results in flatter spectrum. The
western part of B could be the region of reverse shock, and spectrum is steeper than
—0.73 (Fig.3.195. However, the internal inhomogeneities could also have given rise to
this variation in spectral indices.

The spectral indices of the extended emission as seen in3Hig.is quite close
to the average spectral index of the nebula. Especially, the diffuse tail of the nebula
do not show any significantly steep spectrum, which was likely if it would have been
an extragalactic head-tail source. The typical variation of the spectral index is about
0.1 from the average, which is consistent with what is seen in several SNRs like the
Kepler's SNR DeLaney et al2002), Tycho’s SNR Katz-Stone et al2000, G39.2-0.3
and G41.1-0.3Anderson & Rudnickl993.

3.4.4.1 Distance

As shown in SecB.3.4.1] we detect several HI absorption lines against this nebula,
indicating it to be located beyond or embedded within these HI features. Based on
single dish HI absorption profil&kadhakrishnan et a{1972 showed this nebula to be
located beyond the 3 kpc arnt.ohen(1977) tentatively detected HI absorption due to

the Nuclear disk featuréRougoor & Oort1960 near the GC. Since the absorption by

the Nuclear disk was weak, they could not rule out instrumental artefacts as a cause of
this absorption. However, our observations clearly show the absorption by the Nuclear
disk, which is observed in emission at a velocity of abe@00 km s (Cohen1977).

Since the Nuclear disk is known to be located within a few hundred pc of the GC, it puts

a lower limit on its distance.
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The extragalactic source G356.9+0.1 located about a degree away also shows HI ab-
sorption by the Nuclear disk. However, we notice a marked increase in HI absorption
depth almost by a factor of 2 at a velocity 6230 km s (marked ‘tangent point’)
towards this source, which indicates that the gas rotating around the GC (assumed to
be circularly symmetric in the Nuclear disk) intersects our line of sight tangentially at
this velocity. This leads to velocity crowding and consequent increase in the absorption
depth at this velocity. However, no such increase in the optical depth of the Tornado
nebula near this velocity has been observed, thereby suggesting that the Tornado nebula
is located at a distance less than the ‘tangent point’. We also note that the line width
(about 60 km s?) towards this extragalactic source is significantly higher than what is
observed towards the Tornado nebula (about 40 &l thereby supporting the sugges-
tion regarding its location at a distance less than that of the GC, which strongly argues

against any suggestion of it being located outside the Galaxy.
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3.4.5 Compact sources in the field of view:

Our 330 MHz maps allow us to image compact sources in the field of view. The sources
were searched from our high resolution (beam-sizE5— 20”) maps of the Field | and

Il. A total of 44 sources have been identified from the field G3D, and 23 sources
from the field G356.80.1. Due to twice better sensitivity in the map of the first field,

we could detect almost a factor of two higher number of sources in the field-G32

We have presented the parameters for the sources in Fabfer the field G3.2-1.0

and in Table3.5for the field G356.8-0.1. In Table3.4, (Field centred at [=3.2, b=1.0)
column-1 shows the Galactic Co-ordinate of the object, columns 2 and 3 give the Right
Ascension and Declination (J2000) of the object respectively and columns 4 and 5 give
the peak and total flux density at 330 MHz. Column 6 gives the total flux density of the
object at 1.4 GHz. Column-7 lists the distance of the object from the pointing centre of
the fields and column-8 gives any comments about the source. In the last column (Com-
ments), ‘TX' denotes the flux density of the object as measured by the Texas Survey at
365 MHz. The flux density of these sources at 1.4 and 5 GHz have been quoted from the
VLA Galactic plane surveyRecker et al1994 Helfand et al1992 Zoonematkermani

et al. 1990 along with the NVSS map at 1.4 GHz. NVSS observations being of much
higher sensitivity than the Galactic plane survey, many sources from our map which are
absent in the Galactic plane survey were found to have counterpart in the NVSS map.
Also, to estimate flux density for the extended sources, we have preferred the NVSS
maps to minimise any zero-spacing problem. The sources for which the 1.4 GHz flux
density is quoted from the NVSS, an entry of ‘(NV)’ is given beside the numerical value
of the total flux density. For Table.5 (field centred at 1=356.8, b=0.0), the columns

1 to 6 have the same meaning as above. However, column-7 indicates the source flux
density at 5 GHz and column-8 indicates the distance of the object from the pointing

Centre. Column-9 shows any comments about the objects. In Bahléhe 1.4 GHz
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flux density is estimated for most of the objects from the NVSS map. The sources for
which the 1.4 GHz flux density have been quoted from the Galactic plane survey, the
corresponding NVSS flux density has been given in the last column (Comments) by
‘NV=flux’. The Galactic plane survey being of intrinsically higher resolution, we have
compared the source positions in both of our 330 MHz maps with respect to the above
survey. The typical positional error of the sources were found ted& , part of which

is caused by systematic offset for all the sources.

The flux density quoted for the sources in our list can be affected by two kinds of
errors. The first is due to an error in the absolute flux density scale, where, all the
sources will be affected by this error. We expect, the error in our flux density scale to
be within £15%. The second kind of error in the flux of the objects can be caused by
the primary beam pattern of the antennas. Though, our maps have been corrected by
multiplying the maps by the inverse of the primary beam pattern, any error in pointing
and in determining the primary beam pattern will persist. Only the sources which are
located near the FWHM (8&t 330 MHz) or beyond will get seriously affected by this
type of an error. In our list of sources, the objects which are located close or beyond the
FWHM of the antennas can have an estimated flux density which may be off even by
20—40% of their absolute flux density due to this error. Hence, the flux density for these

sources should be treated with caution.

Most of the sources in our list show a non-thermal steep spectral index and is ex-
pected to be background extragalactic sources. A few sources having non-thermal spec-
tra also have a double-lobed morphology. These sources are almost certainly to be extra-
galactic. Four sources from Field | (G2.668.774, G3.176-0.260, G3.5721.551 and
G3.727-0.240) (Table3.4) and one source from Field Il (G356.968.074) (Table3.5)
appears to be compact and have a spectral index steeperih@n We classify these

sources as pulsar candidates.
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3.5 Summary

Our observations of four suspected supernova remnants close to the Galactic Centre

region have resulted in:

(a) Confirmation that G3:20.6 (Gray 19949 is supernova remnant. This was the
largest suspected SNR (2849) detected during the Molonglo Galactic Centre survey.
We estimate a spectral index g€f —0.64 for this object. In the NVSS map, the narrow
filamentary part at the eastern region of the shell is found to be polarised upto a level
of 20%. This indicate an ordered magnetic field in the region. J4®relation indi-
cates a probable distance of 7.7 kpc from us for this object. The object has a two shell

morphology which we interpret as due to expansion of the SNR into an anisotropic ISM.

(b) The detection of two curved extended structures in the Field Il, which appears
to be part of a large shell like structure (size52 x 72) centred at G356:80.0, and
having a total flux density of 30 Jy at 330 MHz. A comparison of our map with single
dish maps at 8.35 and 14.35 GHz constrains its spectral index to be steepeOtB4n
The shell type morphology and a non-thermal spectral index suggest it to be a supernova
remnant. Observations at even lower frequency is recommended to better constrain its
spectral index. Usin@-D relation, a probable distance of 4.4 kpc has been estimated

for this object. It appears to be a very old supernova remnant.

(c) We find that the three previously suspected supernova remnants, G356.6+0.1,
G356.3-0.3 and G357.20.2 (Gray 19949 are located on an extended object, which
appears to be part of a large shell as described above. We suggest that G356.6+0.1 and
(G356.3-0.3 are actually parts of this large shell which were accidentally identified as
separate objects in the MOST survey.

(d) The peculiar morphology and the spectral index of the object G3%/2Lsug-
gests that it is a separate supernova remnant along the same line of sight of the large

shell (G356.8-0.0). It appears to be a plerionic type of supernova remnant with a spec-
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tral break around 1 GHz and is located at a distance of more than 6 kpc from us.

(e) We have made spectral tomographic maps of the Tornado nebula between 1.4
GHz and 330 MHz. We find that a few of the filamentary structures appear to show
spectral index variations, which could either be explained by difference in the condi-
tions of electron acceleration at the site of shocks, or a curved electron energy spectrum.
Overall variation of the spectral index of the extended features across the nebula is con-
sistent with what is seen in other SNRs.

(f) Using HI absorption towards the Tornado nebula, it can be placed in or beyond the
central few hundred pc of the Galactic Centre. Comparison of its HI spectrum with what
is observed for the suspected extragalactic source G356.9+0.1 indicate that the Tornado
nebula is located at the nearer side of the GC, which for the first time puts an upper limit

on its distance.
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Chapter 4

Constraints on distances to Galactic
Centre non-thermal fillaments from HI
absorption

4.1 Introduction

The long narrow non-thermal filaments (NTFs) observed in high resolution radio-continuum
maps are unique features seen towards only the cenalegion of our Galaxy. These
structures are less than 1 pc in width, but extend up to 30 pc in length. With the excep-
tion of the NTF called the Pelica.éng et al.19993, which is nearly parallel to the
Galactic plane, all other NTFs are oriented perpendicular to the Galactic plane to within
20° (Morris & Serabyn 1996, and references theréirfxcept for NTF G359.79+0.17,
which has a curved morphology reminiscent of a partial shell, all other NTFs have a
linear structure. The spectral indices of these structures range-ftb&ito +0.3 (where

S, O v (Anantharamaiah et all991) and they are found to be highly polarised at
centimetre wavelength#/orris & Serabynl996. Since these NTFs remain straight de-
spite interaction with nearby molecular clouds, it is believed that the molecular clouds
and the NTFs are in pressure equilibrium, which indicates a magnetic field strength of

a few milliGauss inside the NTF¥(sef-Zadeh & Morris19873. Magnetic fields of

1 Recently, Nord et al. (2003) have published a list of 18 new candidate NTFs in the GC region, and Larosa
et al. (2003) confirm 4 more NTFs. Many of these new NTFs and the candidate ones are oriented randomly
with respect to the Galactic plane.

109
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comparable strengths are thought to be present in the central molecular zone (CMZ2) lo-
cated within~ 200 pc of the centre of the Galaxiyl¢rris & Serabyn1996. Before any
attempt is made to relate the magnetic field in the NTFs with the processes occurring in
the Galactic Centre (GC), itis necessary to establish that these NTFs are actually located
in the GC region and are not chance superpositions of foreground or background objects
(Lasenby et al1989. HI absorption towards the GC ‘Radio-aré’gsenby et al1989

and the ‘Snake’(chida et al.1992h have indicated that they are located close to the

GC, but the distances to the remaining NTFs are not constrained.

An intriguing fact that has been noticed for all the well-studied NTFs is the interac-
tion between the NTF and molecular cloudiéofris & Serabyn1996. It appears that
the presence of an HIl region near the place of interaction plays a role in the creation
and maintenance of the NTFSdrabyn & Morris1994 Staguhn et al1998 Uchida &
Guestenl995. CO observations have indicated the presence of high velocity molec-
ular clouds;—65 km s and —130 km s towards Sgr Cl(iszt & Spiker 1999. It
is believed that the HIl region located just south of the NTF (known as the Sgr C HlI
region) is actually embedded in the65 km s cloud (Liszt & Spiker 1995 Kramer
et al.1998. Two dense molecular clouds are reported to be associated with the NTF
G359.54+0.18. One of the clouds having a velocity-df40 km s is located near
the bent portion of the NTF (‘E’ in Figd.8). The other cloud with a velocity 090
km s!is located close to the eastern edge of the NSaguhn et al1999. However,
these reported associations are based on their proximity in the sky plane, and the spatial

association of the corresponding objects has yet to be established.

In this chapter, we present new HI absorption measurements towards three NTFs, Sgr
C, G359.54+0.18 and G359.79+0.17 made with the Giant Metrewave Radio Telescope
(GMRT). These observations not only constrain the distances of these objects, but also
test the association of some of the clouds mentioned above with the corresponding NTFs.

These three NTFs are located to the south and south west of the Sgr A complex, and high
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resolution radio continuum observations have confirmed the characteristic properties
of each of the NTFs: Sgr CL{szt & Spiker 1995, G359.54+0.18 Kally & Yusef-
Zadeh1989 Yusef-Zadeh et all997h and G359.79+0.17 (Lang & Anantharamaiah, in
preparation).

Due to velocity crowding near Galactic longitutke0°, Galactic rotation cannot be
used to constrain the distances to these NTFs. Therefore, in this chapter, detection of
absorption by known HI features has been used to provide constraints on the distances
to the NTFs. Since an interferometer resolves the extended HI emission features, no
information about the emission features are obtained from our observations. However,
absorption by these features against the continuum source can be observed with an in-
terferometer. Therefore, in this section, we briefly summarise the distances and the ve-
locities of the HI features identified from single dish HI emission observations towards
the NTFs under study (e.g. Cohen & Davies 1979), which we will refer to later in this
chapter. Near the Galactic longitude of 359.&vo high velocity HI emission features
known as the ‘Nuclear diskRougoor & Oort1960 and the ‘Molecular ring’ §coville
1972 have been found. The ‘Nuclear disk’ shows high negative velocity ranging from
~ —160to—200 km s, whereas the ‘Molecular ring’ has a velocity=f—135 km s1.
Both these features are believed to be nearer than the GC and located at a distance of
few hundred parsecs from iCphen & Daviesl979. The emission from the ‘3 kpc
arm’ (Rougoorl964) located at a distance ef 5.1 kpc from the Sun is identified at a
velocity near—53 km s'1. At positive velocities, emission near 135 kmt $s seen due
to the HI features ‘XVI' and ‘I' Cohen & Daviesl 979, both of which are thought to
be located behind the GC. While the feature ‘XVI' is likely to be located within a few
hundred parsecs of the GCg¢hen & Daviedl 979, the feature ‘I’ is thought to be 2 kpc
behind the GCCohenl975.

In Sect4.2, we discuss the observations and data reduction. The results from our

observations are presented in S&&and their consequences are discussed in&dct
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Finally, the conclusions are presented in Skbt

4.2 Observations and data reduction

The GMRT Swarup et al199]) consists of thirty antennas, distributed over a region

of about 25 km, with fourteen of the antennas located within a diameter of about one
km and the remaining arranged in 3 arms each of length 14 km, shaped as an irregular
Y. This arrangement provides the necessargoverage for mapping both compact and
extended sources. The ratio of the longest to the shortest baselin®@® with the
shortest projected baseline berygb0 metres. Tablé.1give the details of our observa-
tions. All the observations were carried out in the default spectral line mode with 128
frequency channels. A bandwidth of 4 MHz was used to observe G359.54+0.18 and
G359.79+0.17 which gave a velocity coveragerdfo0 km st with a resolution of 6.7

km s~1. The Sgr C complex was observed with a bandwidth of 2 MiH200 km s?)

and 4 MHz @ 400 km s1). In all the observations, 3C286 was observed as a primary
flux density calibrator, 3C287 as the bandpass calibrator and 1748-253 as the secondary
calibrator. The bandpass pattern of the antennas change appreciably as a function of fre-
guency. Therefore, we have not used frequency switching for the bandpass calibration.
Instead, we have chosen a bandpass calibrator (3C287) with a high Galactic latitude,
so that the effect of Galactic HI absorption on its spectra is less tharDi€kdy et al.

1978. During our observations, the automatic measurements of system temperatures
were not implemented. However, since in this chapter we are not concerned with the
absolute value of the flux density, we have applied an approximate correction by scal-
ing the flux density of all the fields by the ratio of the estimated flux density (157 mJy)
of the small-diameter source G359.87+0.184jo et al.1999 at 1.55 GHz to the flux
density that we have estimated from our map (rati@.5). All the maps presented in

this chapter have been corrected for the primary beam pattern of the antennas.
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Table 4.1: Details of our observation

Source Name RA Dec Frequency Band- Date Observing  Ante-
(J2000) (J2000) (MHz) width time (hour) nnas
(MHz)

0 SgrC 17 44 33.8 —29 2802 1420.4 2 2000 Oct 06 1 27
SgrC 17 44 33.8 —29 2802 1420.4 2 2000 Oct 08 2 27
SgrC 17 44 33.7 —29 2800 1420.6 4 2001 May 24 25 28
G359.79+0.17 17 44 30.9 —28 59 50 1420.6 4 2001 May 24 3.0 26
G359.54+0.18 174348.3-291126 1420.6 4 2001 May 25 3.5 28

The spectral visibility data were processed using standard NRAO AIPS programs.
Bad data due to antenna-based or baseline-based problems were flagged using UVFLG.
The data were then calibrated and images of the fields were formed by Fourier inversion
and CLEANIng (IMAGR). To reduce the effect of comparatively large-scale structures
in HI along the line of sight, we have done a high-pass filtering while making the maps
of the three NTFs. Since the NTFs are oriented almost along the east-west direction (i.e.
alongu), we have filtered out data having< 2000\ andu < 4000A, because of which
any 2-D structure that has a size-scald.5 will not be visible and linear structures of
length< 10 can only be imaged. We have used the AIPS task UVNOU to implement
this data filtering iru andv. The visibility data were then used to generate the continuum
and line images. The continuum map of Sgr C NTF made using the above procedure
is shown in Fig4.1. Since the Sgr C Hll region is extended, we have applied a lower
uv cutoff of 1 kA to the visibility data before making the line and the continuum maps
(Fig.4.2). During observation of G359.79+0.17, the GC was located just outside the half
power width of the GMRT primary beam. Hence, to minimise the sidelobe response of
the GC in the image of the NTF G359.79+0.17, 3-D imaging (available in the recent

versions of IMAGR) was used.

Before making the channel maps, the AIPS task UVLSF was used to subtract a con-
stant term across the frequency channels corresponding to the continuum from the visi-
bility data. The GMRT has an FX correlator, for which ‘Gibbs ringing’ due to any sharp

feature in the spectrum dies away much fasfesiic®) than in a XF correlator. There-
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fore, we have not applied any spectral smoothing to our data. The variation in the line
frequency introduced by the earth’s rotation during the observing period is estimated
to be much smaller than the frequency channel width and so we have not applied any
Doppler corrections to the data. It should be noted here that the RMS noise quoted for
each spectrum is the noise estimated from the corresponding images (i.e., from image
plane) and are applicable for onyelocityl > 20 km s 1. For|velocity] < 20 km s,

due to emission from the HI gas along the line of sight (velocity crowding occurs when
I| =~ 0°), the system temperature increases and the typical RMS noise is 1.6 times higher
than the quoted values. The systematic error in our spectfavieret is the optical

depth) is believed to be less than 0.05.

4.3 Results

In this section, we present the absorption spectra towards the target sources and identify
the velocity of the HI absorption features. In all the spectra, unless otherwise stated, the
X-axis represents the velocity in knt’sand Y-axis represents the transmissiorny)J/I
where | is the observed flux density of the background source at the given frequency
and b is the actual flux density of the source. We also assume the spin temperature of
the atomic hydrogen to be much less than the brightness temperature of the background
source and in that cased#le *. All the velocities quoted in this chapter are expressed
with respect to the Local Standard of Rest and the GC is assumed to be at a distance
of 8.5 kpc. As is well known, the HI column density is related to its optical depth by
the formulaNy=1.8 x 108 x Tg x J tdv, where Ny is the column density of the atomic
hydrogen,Ts is the spin temperature arnfdrdv is the velocity integrated optical depth.

We use this relation to calculate the HI column density from the observed optical depth.
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Figure 4.1: Continuum map of the Sgr C NTF at
1.4 GHz after high pass filtering. The image has
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Sgr C HII region is resolved out. RMS noise in the
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the field of view. The rms noise is 4.0 mJy beam™".
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43.1 SgrC

The absorption spectra towards various parts of the object{Hi& Fig. 4.2) are shown

in Fig. 4.3 and4.4. Fig.4.3 shows the absorption spectrum towards parts ‘A’ and ‘B’ (see
Fig. 4.1) of the NTF. The spectrum towards part ‘A’ shows several absorption features
at negative velocities in addition to the absorption feature at 0 Knflime-width ~ 30

km s71). A strong absorption feature neab4 km s is seen due to HI absorption by
the ‘3 kpc arm’. A broad absorption feature is seen betwe&00 km s and —200

km s, with an almost linear decrease in optical depth frer).5, at—100 km s1, to

~ 0.0, at—200 km s1,

The spectrum taken towards part ‘B’ of the NTF (Hg3) appears markedly differ-
ent. The absorption width of the 0 km'sfeature appears to be narrower 25 km s1)
than that observed towards ‘A’. Absorption due to the ‘3 kpc arm’ is also seen. However,
except for a weak @ absorption feature at137 km s, the wide absorption feature

between—100 and—200 km s is not seen.

The absorption spectrum towards the Sgr C HIl region with a resolution of 3.3km s
is shown in Fig4.4. For comparison, the spectrum of part ‘A" having the same velocity
resolution is also plotted. Both the spectra show similar absorption features with a few
differences, which we note here. Towards the HIl region, the broad absorption feature
seen between 100 and—200 km s shows at least three main components centred at
—118 km s1, —138 km st and—175 km s* with optical depth o&0.5, 0.3 and 0.2
respectively. The absorption depth at these velocities are similar to what is seen towards
part ‘A of the NTF. However, the absorption feature near 0 krhis broader towards the
HIl region (line-width~ 33 km s1). The HIl region shows a feature a61.5 km s,
in addition to the absorption by the ‘3 kpc arm’ observed ned4 km st in both the
spectra. However, Part ‘B’ of the NTF being weaker than part ‘A’ in radio continuum,

absence of the-61.5 km s feature could not be verified against ‘B’.
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4.3.2 HI absorption spectra towards objects located in the field of Sgr
C: source C, D and FIR-4

Fig. 4.5 shows the spectra towards source ‘C’ (‘3’ lunszt & Spiker (1999), source

‘D’ and FIR-4 (Fig.4.2). The spectrum towards the source ‘C’ is similar to what is
seen towards the Sgr C Hll region, but, in place of the wide absorption feature between
—100 and—200 km st (Fig. 4.4), two absorption lines are observed-ét23 km st
and—170 km s!. Since the continuum emission from the HIl region FIR-4 is weak,
its absorption spectrum is noisy. However, we identify HI absorption285 km s

(5 o detection) and at-183 km s (4 o detection) towards FIR-4. CO emission has
been observed towards the source ‘C’ and FIR-4-423 km s and —135 km s!
respectively Qka et al.1998. On the other hand, the spectrum towards the southern Hll
region ‘D’ (Fig. 4.2), (‘1" in Liszt & Spiker(1999) located just outside the half power
width of the GMRT antennas is markedly different. Except the strong absorption near
the 0 km s (line-width ~ 30 km s1), no other absorption feature could be identified

towards this object.

4.3.3 NTF G359.79+0.17 and G359.87+0.18

The continuum image at 20 cm of the field of NTF G359.79+0.17 is shown indFig.
The absorption spectrum integrated over the NTF is plotted in &ig. The strong
absorption near 0 km™$ has a line-width o~ 24 km s 1. No absorption feature at
positive velocities is seen towards this source. However, at negative velocities, an ab-
sorption feature can be seen&26 km s1, and a weaker feature at58 km s, which
coincides with the line of sight velocity of the ‘3 kpc arm’.

Fig.4.7also shows the absorption spectrum towards the extragalactic source G359.87+0.1
Strong absorption near 0 kmr'swith a line-width of~ 40 km s, and absorption at
—53 km s! are observed.Lazio et al.(1999 have observed HI absorption against

(G359.87+0.18, and the aforementioned features match with their spectrum. However,



118CHAPTER 4. HI ABSORPTION TOWARDS THREE NON-THERMAL FILAMENTS

Source ‘C’
af
| Nuclear disk -
Molecular ring 3-kpc arm
T T S T IS Y T NSO S N

L T L

Transmission
0.5

1.50

o | Nucloar disk” FIR-4 ]
uclear dais / ]

(@]

- Molecular ring
S T R N T e = T S T O O I O M R
—400 ~300 -200 -100 0 100 200 300 400

Velocity

Figure 4.5: HI absorption spectrum towards the source ‘C’ (i, ‘D’ (Fig. 4.2) and FIR-
4, located in the field of Sgr C. The bandwidth is 4 MHz. RMS noise in the three spectra are
0.078, 0.05 and 0.2 respectively.

the present observations have a wider velocity coveragelthap et al. (1999 and we

detect an additional absorption feature at +140 ki s

4.3.4 NTF G359.54+0.18

The continuum image of the NTF G359.54+0.18 is shown in &igand the absorption
spectrum integrated over the NTF is plotted in F¢g. The absorption spectrum is
quite similar to the one seen towards G359.79+0.17, with componentg@km st

and —53 km s 1. The strong HI absorption near 0 kmshas a line-width ot 24

km s™1. Staguhn et al(1999 have found a dense molecular cloud-at40 km s?
near the bent portion of the NTF (position of the molecular cloud is denoted by ‘E’ in
Fig. 4.9). HI spectrum taken towards this region of the NTF (denoted by ‘F’ in £ig).
shows absorption (Figt.9) at this velocity (4 detection). Staguhn et al(1998 also
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Figure 4.8: Continuum image of G359.54+0.18 at 1.4 GHz with a resolution of 9.6 x 6.4
arcseé, along PA=79. The rms noise is 1.7 mJy beam

detected another molecular cloud nee0 km s near the eastern edge of the NTF
(not seen in Fig4.8). Since the eastern edge of the NTF G359.54+0.18 is faint in radio-

continuum, no useful HI absorption spectrum could be obtained.

4.4 Discussion

4.4.1 Identification of HI features & constraints on the distances to the
NTFs

Identification of HI absorption feature is performed by comparison with features of
known velocities. Absorption indicates that the continuum source is located on the far
side of the HI cloud and thereby provides a constraint on the distance to the continuum
source. The velocities and the distances of the known HI emission features towards the
three NTFs studied here have been discussed in $&and summarised in Table?,

which will be used to constrain the distances to the NTFs.
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Figure 4.10: CO emission spectra towards the central part (top panel) (marked ‘A thBig.
and the eastern part of the NTF (middle), along with the spectrum taken towards the Sgr C
HIl region (bottom) (Data courtespka et al.(1999).
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Table 4.2: Velocities and distances of the HI emission features

Name of the HI | Velocity | Distance References for
feature kms? kpc Distances

‘0 km feature’ | —30 to 30| Unknown

‘3 kpc arm’ —53 5.1 Cohen & Davieg1976*

‘Molecular ring’ | ~ — 135 <8.5 Cohen & Davieg1979
‘Nuclear disk’ ~ — 170 <85 ”

XVI' +135 > 8.5 ”

T +135 10.5 Cohen & Davieg1976
* Distance of ‘3 kpc arm’ corrected for a Galactic Centre
distance of 8.5 kpc rather than 10 kpc.
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4411 SgrC

Due to absorption by the line of sight HI gas and velocity crowding heaf°®, strong
absorption is observed near 0 km'dn all spectra towards the Sgr C NTF and the

HII region discussed in Sect.3.1 Absorption by the ‘3 kpc arm’ is observed a64

km s~! towards the Sgr C NTF and the HIl region (Fig3 and4.4). However, the broad
absorption feature (Fig.3) identified towards the central part of the Sgr C NTF (marked

‘A in Fig. 4.1) between-100 and—200 km s is peculiar. Three distinct absorption
features are detected in the same velocity range in the higher resolution spectrum of the
HIl region in Fig.4.4. This suggests absorption by clouds whose velocities differ by an

amount less than the individual line-width.

Absorption near—138 km s is likely to be caused by the HI associated with
the ‘Molecular ring’, which has a line-width of 40 km s in emission Cohen &
Davies1979. Detection of absorption beyond160 km s indicates absorption by
the ‘Nuclear disk’ Rougoor & Oort1960. However, we were unable to identify the
—100 km s* absorption with any known HI emission feature. We believe that this fea-
ture was missed due to beam dilution in the low resolution (single dish) HI surveys.
We examined the existing C@ka et al.1998 and CS Tsuboi et al.1999 emission
line maps of this region (spatial resolutien1’) made using the 45 m telescope of the
Nobeyama Radio Observatory. Since these spectra have a much higher angular resolu-
tion than the single dish HI surveys, we attempted an identification of @ km s
feature with a CO or CS feature. The CO spectra towards parts ‘A’ and ‘B’ of the NTF
and the HIl region is shown in Figt.10 Strong CO emission is indeed observed near
—100 km s? (line-width ~ 20 km s ). The antenna temperature from part ‘A’ of the
NTF is a factor of 2 higher than part ‘B’. The CS spectrum also shows a similar ratio.
(CS emission traces dense molecular clouds with dersitg* cm~2, which are typi-

cally found in the CMZ). Fig4.11shows a contour image of this cloud in CS emission
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(data courtesy'suboi et al(1999) within a velocity range of-110 and—90 km s,
Note that the molecular cloud covers almost the whole NTF, although 10® km st

absorption is only observed towards part ‘A.

The —100 km s molecular cloud has been catalogued®iva et al.(2001) and by
Miyazaki & Tsuboi(2000 (cloud 17 at 1=359.48 b=—0.042). Using the estimated
parameters of the cloud (radias 5 pc, mass 7.210* M), the mean density of this
cloud is 3100 H cm~3. Assuming the ratio of atomic to molecular hydrogen is 0.01
(Liszt et al.1983 Lasenby et al1989, the HI column density is 9:310°° cm~2. We find
that an assumed spin temperature of 100 K, and a line width of 20 krexplains the
observed HI optical depth & 0.5. Hence, we believe that we are observing absorption

by HI associated with the- 100 km s* molecular cloud.

Our high resolution spectrum of the Sgr C HIl region shows the presence of two
spectral features in the range 060 to —65 km s!(Fig. 4.4). Liszt & Spiker (1995
have identified a molecular cloud towards Sgr C with a velocity~of-65 km s?,
which they call M359.5-0.15. The—-54 km s'! feature is identified with the 3 kpc arm,
whereas the-61.5 km s feature in our Hl data is believed to arise from M359(15.
The presence of absorption by the molecular cloud M350.%5 indicates that the Sgr
C HIl region is either embedded in or located at the far side of the cloud. This result
supports the suggestion biszt & Spiker(1995 that the Sgr C HIl region (Figl.2) is
located in a cavity of M359.50.15. We note that CO emission nea5 km s has
been detected towards both part ‘A’ of the NTF and the HIl region (£it0). The lack
of HI absorption towards part ‘A’ of the NTF indicates that it is located in the front of the
—65 km st cloud. Therefore, we believe that the Sgr C Hil region is relatively farther
away than the Sgr C NTF, which provides evidence against any interaction between the
two (see the schematic in Fig.13. Having identified the absorption features in the Hl
spectrum, here we estimate the distance of the Sgr C complex. Since absorption by the

‘Molecular ring’ and the ‘Nuclear disk’ have been detected towards the Sgr C NTF (part
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‘A in Fig. 4.10 and the HII region, we can conclude that these objects seen in radio
continuum are located at a minimum distance of these HI features. As the ‘Molecular
ring’ and the ‘Nuclear disk’ are located within 200 pc of the GC, this provides a lower
limit of ~8.3 kpc to these objects. We note that despite the emission feature seen in the
CO map at~140 km s (Fig. 4.10), no corresponding HI absorption could be detected
towards the Sgr C region. The CO emission from the molecular clond 40 km st

is likely to be associated with the HI features ‘XVI' and ‘I’ and both these features are
located at the far side of the GC. Absence of any absorption by the HI associated with
these structures indicate that the Sgr C NTF and the HIl region are located within a
few hundred parsecs at the far side of the GC, which provides an upper limit to their
distances.

There appears to be weak absorptiom (detection) towards part ‘B’ of the NTF at
—137 km s which appears to have been caused by the ‘Molecular ring’. Since we
expect a much stronger absorption if this part of the NTF is located at the far side of the
‘Molecular ring’, we suggest that the part ‘B’ of the NTF is embedded in the ‘Molecular
ring’. Also, since the ‘Nuclear disk’ is expected to be located farther away from the GC
than the ‘Molecular ring’; lack of absorption by this feature may indicate that there is a

hole in the ‘Nuclear disk’ towards part ‘B’ of the NTF.

4.4.1.2 Objects located in the field of Sgr C: source C, D and FIR-4

The HI spectrum (Sectt.3.2 towards source ‘C’ (Fig4.1) shows absorption at53

km s, —123 km s? and—170 km s (Fig. 4.5), which indicates HI absorption by
the ‘3 kpc arm’, ‘Molecular ring’ (‘Molecular ring’ is expected to have a velocity of
~ —135 km s, which differs in this case by less than the line-width) and the ‘Nuclear
disk’ respectively. HI spectrum of FIR-4 also indicates absorption by the ‘Molecular
ring’ at —135 km st and the ‘Nuclear disk’ atc —183 km s (Fig. 4.5). Since the

‘Molecular ring’ and the ‘Nuclear disk’ are thought to be located within a few hundred



126CHAPTER 4. HI ABSORPTION TOWARDS THREE NON-THERMAL FILAMENTS

parsecs of the GC, HI absorption by these two features provides a lower liriBd

kpc to the distances of the source ‘C’ and FIR-4. On the other hand, the spectrum taken
towards the southern Hil region ‘D’ (Figt.2), shows no absorption neas3 km st

(Fig. 4.5). Liszt & Spiker (1995 have suggested that source ‘D’ is a local object due

to the absence of non-zero velocity features in the HI spectrum. The absence of any

non-zero velocity features in our spectrum also makes us draw a similar conclusion.

4.41.3 NTF G359.79+0.17 & G359.87+0.18

HI absorption near +140 knT$is observed (Fig4.7) towards the extragalactic source
(G359.87+0.18. The Hl emission feature ‘I’ seen in Bbhen & Davied 979 is located

~ 2 kpc behind the GC and has a line of sight velocity of +135 kinad this longitude.

The HI feature ‘XVI' located a few hundred parsecs behind the GC also has a similar
velocity at this longitude. The absorption seen in Fig. near +140 km st matches
closely with the velocity of these two features, which indicates that the absorption is
caused by either one or a combination of both these features.

No Hl absorption at high positive velocity is detected towards the NTF G359.79+0.17.
However, CO emission has been detected near +140 kmowards both G359.79+0.17
and the extragalactic source G359.87+0.18 (Ei@2, which indicates that there is no
hole in feature ‘I' (or perhaps in feature ‘XVI') along these directions. Consequently,
the upper limit to the distance of the NTF4s510.5 kpc. The presence of absorption in
the spectrum of the NTF up to a negative velocity-&8 km s suggests absorption by
the ‘3 kpc arm’ and consequently, the lower limit to its distance 8.1 kpc of the Sun.

Lazio et al.(1999 suggested presence of-20 km s cloud at the far side of the
GC. Presence of a narrow absorption featu®6 km s in our data towards the NTF
G359.79+0.17 may indicate that it is embedded in this cloud. This cloud could have
caused the somewhat wider absorption profile in the spectrum towards the extragalactic

source G359.87+0.18 which is observed through a substantially longer line of sight path.
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Figure 4.12: CO emission spectrum towards the NTF G359.54+0.18 (top), G359.79+0.17
(middle) and the extragalactic source G359.87+0.18 (bottom). Data coudies\et al.
(1998

4.41.4 NTF G359.54+0.18

The spectrum of G359.54+0.18 (Fid.9 is quite similar to that towards the NTF
(G359.79+0.17. The presence of absorption by the ‘3 kpc arm’ near a velocitpdf

km s! clearly indicates that G359.54+0.18 is located beyond 5.1 kpc from the Sun. As
G359.79+0.17 and G359.87+0.18, CO emission has also been detected towards this NTF
at 140 km s* (Fig. 4.12), but, absence of HI absorption at this high positive velocity
indicates that it is located withiy 10.5 kpc from the Sun. As described in Ségct.1.3

this NTF also seems to be embedded in t#0 km s cloud. We could detect weak

HI absorption at & level at—140 km s* (Fig. 4.9) toward part-F of the NTF shown in

Fig. 4.8. A dense molecular cloud having the same velocity is also found to be present
near this location§taguhn et all998. Since dense molecular cloud are typically found
only in the CMZ, our observations suggest that the NTF G359.54+0.18 is also embedded

in or located at the far side of the CMZ.
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4.4.2 HI column densities

We have estimated column densities for the HI feature ‘I’ (+155 to +125 ki)) the

local foreground HI component (+35 te35 km s1), the ‘3 kpc arm’ (77 to —40

km s71), and the combined ‘Molecular ring’ and ‘Nuclear Disk90 to —200 km s1)
components towards the NTFs Sgr C, G359.79+0.17 and G359.54+0.18 and the extra-
galactic source G359.87+0.18. These column densities, expressed as a multiple of the
spin temperaturely, are presented in Tabke 3. The velocity limits for the various Hl
features were determined by visual inspection of the absorption spectra towards these
sources. Since we could not separate the absorption by the‘Molecular ring’ and the
‘Nuclear disk’, we have quoted their total column densities. Due to the velocity crowd-
ing towards the GC, the optical depth of the local line of sight HI gas is large (i.e.,
exp(—1) =~ 0). Therefore, any small error in estimating the optical depth would result

in a comparatively larger error in the estimated column densities. Hence, the estimated
total column densities of the foreground HI gas should be taken with caution. The col-
umn density of the line of sight HI gas-85 km s < velocity < 35 km s 1) shown in
Table4.3falls by a factor of 2 towards the NTFs G359.79+0.17 and G359.54+0.18 for
|b| ~ 0.2°, which suggests that the scale height of the HI gas at the distance of the GC
is ~ 27 pc.

The HI column density estimated from the optical depth towards the ‘Snake’ (G362)L
NTF (Uchida et al 19920 is 1.1 T x 10?° due to the local foreground HI component,
2.3Ts x 10'% due to the ‘3 kpc arm’, and 2B x 10*° due to the ‘Molecular ring’. These
numbers are comparable (within a factor of two) with our estimated column density to-
wards G359.54+0.18 and G359.79+0.17 given in Tabk We note that the column
density as quoted in Table 1 &fchida et al.(1992h towards all of their sources are

incorrect and 100 times higher than what is found from their quoted optical depth.
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Figure 4.13: Schematic diagram of the Sgr C complex with HI absorbing clouds (not to
scale) as seen from bottom of the Galaxy

4.4.3 Interaction of the molecular cloud with the Sgr C NTF

As shown in Sect4.3.1, no HI absorption by the-100 km s cloud could be iden-
tified towards part ‘B’ of the Sgr C NTF (Figt.3). However, HI absorption by the
—100 km s* cloud could be identified towards part ‘A of the Sgr C NTF. From the ra-
tio of CO brightness and temperature towards part ‘A and ‘B’ of the NTF (Seétl1.)),

we expect HI optical depth o£0.2 towards ‘B’ in the velocity range 6£95 and—125

km s71, which is 5 times higher than the effective noise in the spectrum. Therefore, if
the abundance of atomic hydrogen and the spin temperdiraré the same in differ-

ent parts of the cloud, HI absorption towards part ‘A’ and the lack of it towards part ‘B’
of the NTF can only be explained if ‘A’ is located at the far side and ‘B’ is located at
the near side of the cloud and the NTF is at least partly embedded within the cloud. In
Fig. 4.13 we show a schematic of the Sgr C complex in the GC region, including the
relative location of the absorbing clouds about the Sgr C complex.

Here, we consider three possible scenarios that could have led the Sgr C NTF to be
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partly embedded within the 100 km s cloud.

(i) We first consider the case of the NTF tunnelling through the already existi

km s! cloud after being created. To penetrate the cloud, the high energy electrons in
the NTF have to first ionise the neutral gas. With an estimated width '0f138 pc),
length 255 (10 pc) and equipartition magnetic field of 10G (Anantharamaiah et al.
1997 in the NTF, the estimated total energy of the relativistic electronss< 10*

erg. However, the energy required to ionise even a HI cloud (mean density 318D cm

of length equal to that of the size of the cloud (10 pc) and cross-sectional area equal to
that of the NTF is~3 x 10% erg. Therefore, the energy of the relativistic electrons is
less than 1% of the energy required to penetrate the molecular cloud. Hence, unless a
tunnel in the cloud already exists, the electrons will not have sufficient energy to support
this scenario.

(i) Next, we consider the case, where the NTF does not penetrate the cloud, but the
synchrotron electrons are generated from the ionised surfaces on either side &0the

km s~ cloud and follow the local magnetic field lines. In the case of the ‘Radio-arc’,
which is comprised of several narrow filaments, the individual filaments appear to either
end or begin from the HII region G0.18.04 (sickle like feature), located near the
midpoint of the NTF. Based on the observations of the ‘Radio-&etabyn & Morris
(19949 have proposed that association of the NTF, molecular cloud and HIl region are
necessary to explain the generation of high energy electrons forming the NTFs. In Fig.
2c of Liszt & Spiker (1995, we observe two filamentary structures towards the western
side of the part ‘A of Sgr C NTF, which merge into a single brighter filament near
‘A. Our observations indicate that the100 km s cloud is associated with the NTF
near ‘A’ (RA (J2000)=17h44m33s, DEG29°2555)). In this scenario, if the surface

of this cloud is ionised, then association of the molecular cloud and HIl region with
the NTF satisfies the criterion &erabyn & Morris(19949) to generate it. Here, if the

electrons flowing towards part ‘A’ is at the far side and part ‘B’ lies at the near side of the
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cloud, then the absence 6fLl00 km s HI absorption against part ‘B’ can be explained.
However, no such ionised surface of the cloud (as Hll region) like GO01&4 has been
detected near part ‘A" of the NTF from the Nobeyama millimetre array observation of
this region {['suboi et al1997) at 22 GHz. Thus, the above scenario also fails to explain
the observations.

(i) Finally, we consider an alternative source of the synchrotron electrons in the Sgr C
NTF and the case of collision of the100 km s cloud with this already existing NTF.
Liszt & Spiker (1999 proposed that the HIl region FIR Ofenwald & Fazidl984) is
associated with the Sgr C NTF, with the HIl region acting as the source of relativistic
electrons. Fig. 7 irLiszt & Spiker (1995 shows a molecular cloud around this Hll
region. We note that FIR-4, with its wedge-like morphology, is similar to the HIl region
G0.18-0.04, discussed earlier. The longer side of FIR-4 lies almost perpendicular to
the direction of the NTF, thereby suggesting interaction between the NTF and the Hill
region in a way similar to the Radio-arc. The CS dakaupoi et al.1999 shows a
compact dense molecular cloud with a velocity-615 km s, which coincides with

the position of FIR-4. However, in the absence of any recombination line detection
from this HII region, actual association of FIR-4 and th&5 km s* cloud cannot be
verified. In Sect4.4.1.72 it is shown that the lower limit to its distance 4s 8.5 kpc,
which is consistent with its proposed association with the NTF. Therefore, if we assume
that the FIR-4 acts as the source of relativistic electrons to the Sgr C NTF, collision of
the—100 km s* cloud with the central part of the NTF, which causes the NTF to appear
partly embedded in the cloud, can also explain the observations. After the collision of
the cloud with the NTF, if the magnetic pressure in the NTF would have been less than
that of the cloud, the fields could be pinched or disrupted and the flow of high energy
electrons towards part ‘B’ significantly reduced. On the other hand, if the magnetic
pressure in the NTF is much larger than the pressure due to the dosdf{Zadeh &

Morris 19873, then the NTF will remain stable and the cloud may wrap around the NTF.
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Here, the flow of electrons from the FIR-4 to part ‘B’ of the NTF will not be significantly
disrupted.

If flow of electrons has stopped in part ‘B’ (first possibility), then this part of the NTF
is likely to show a steeper spectral index. However, the estimated spectral index between
1.6 GHz and 330 MHz is quite flat, whidtaRosa et al(2000 has suggested to be due
to the presence of thermal emission from the nearby HIl region. In this regard, we note
that if the—100 km s* cloud is moving with a velocity similar to its line of sight veloc-
ity in the sky plane, then the collision took place aroundl®* years ago. However, to
our knowledge, part ‘B’ of the NTF has been imaged with high resolution and sensitivity
only up to a few GHz and at this frequency range, the half-life of synchrotron electrons
responsible for the emission in an equipartition field of 0.1 rh@Rosa et al2000 is
~ 10 years. Therefore, unless the magnetic field is much higher than the equipartition
value, no significant steepening of the spectral index may be detectable in the presently
available data. Hence, to distinguish between the two cases, future polarimetric obser-
vations, which traces the direction of the local magnetic field lines, and can show that
whether the magnetic field lines in part ‘B’ are pinched, will be useful. We prefer the
third model, taking into consideration the available information. Since the NTF does
not show any change of shape or direction near the place of interaction withl(@
km s~ cloud, the magnetic pressure in the NTF is likely to be more than the pressure of

the cloud.

4.5 Summary

HI absorption studies of three NTFs known as the Sgr C, G359.54+0.18 and G359.79+0.17
using the GMRT have yielded the following results:
(a) For the first time, the Sgr C NTF and the HIl region are shown to be located

within a few hundred parsecs of the GC.
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(b) Our study indicates that the Sgr C Hll region is either embedded in or located
behind the—65 km s molecular cloud, whereas the Sgr C NTF is located at the near
side of the cloud, which argues against any possible interaction between the two objects.

(c) A molecular cloud with a velocity of 100 km s appears to be associated with
the central part of the Sgr C NTF, and on the basis of the presently existing data, it
appears that the magnetic pressure in the NTF is higher than the pressure due to the
—100 km s cloud.

(d) HI absorption by the ‘3 kpc arm’ is detected against all the three NTFs, which
indicates that the NTF G359.54+0.18 and G359.79+0.17 are located at a minimum dis-
tance of 5.1 kpc from the Sun.

(e) Weak HI absorption (¢ level) at—140 km s suggests that the NTF G359.54+0.18
is located at a minimum distance sf8.5 kpc from us.

() The maximum distance of the NTF G359.54+0.18 and G359.79+0.17 is estimated
to be 10.5 kpc from the Sun.

The present study extends the number of NTFs that have been found to be located
near the GC region to five. With most of the known NTFs now being shown to be near
the GC, there remains little doubt that phenomena related to the central region of the

Galaxy are responsible for the creation and maintenance of the NTFs.



Chapter 5

Extragalactic sources behind the central
region of the Galaxy

5.1 Introduction

Studies of the propagation effects of the interstellar medium on radio sources provide
a wealth of information on the physical conditions in the medium. Extragalactic radio
sources are particularly valuable as probes of the Galactic ISM. Unlike pulsars, the line
of sight towards these sources could pass through distant parts of the Galaxy, thereby
allowing to observe the integrated effect of the medium along laxg® (kpc) line of

sight distance. These sources being located randomly in the sky, also sample the ISM
in all directions. Unfortunately, such propagation studies near the cerfifat | <6°,

—5°< b <5° region of the Galaxy are hampered by the absence of a well defined sample
of extragalactic radio sources in the region. The high obscuration at optical wavelengths
and the confusion due to the high concentration of stars at infrared wavelengths have
prevented identification of such sources in this region. High angular resolution studies
at centimetre wavelengths can identify compact radio soueskéer et al(1994) at

5 GHz andZoonematkermani et a{1990 at 1.4 GHz), but in the presence of a large
number of Galactic sources near the GC, identification of extragalactic sources is non-
trivial. Therefore, only about half a dozen extragalactic sources in this region have been

identified Bower et al.2007).
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We have initiated a project to probe the magnetic field and the electron density in
the Galactic Centre region by studying the Faraday rotation measure (RM) of a sample
of extragalactic sources whose lines of sight pass through this region. To carry out
these observations, a reasonably large sample of polarised extragalactic radio sources
were required. From the existing literature, we formed a sample of 64 small diameter
(< 10") sources, which we have studied with high angular resolution at 4.8 (C band)
and 8.5 GHz (X band) with the ATCA and the VLA. All the sources in our sample were
studied for linear polarisation taking special care to avoid bandwidth depolarisation up
to a RM of 15,000 rad m?. Though NVSS Condon et al1998 had the capability
to detect polarised emission from sources, in the likelihood of high BMB%0 rad
m~2) introduced by the Galactic Centre (GC) ISM, its observing bandwidth of 50 MHz
would have caused the extragalactic sources to be bandwidth depolarised. Therefore, our
observations for the first time provide reliable estimation of polarisation properties of
the sources in the region. These observations have almost an order of magnitude higher
sensitivity (in Stokes I) and a resolution up to 3 times higher than the previous VLA
Galactic plane survey (GPS), and this high sensitivity coupled with higher resolution
has helped to separate the Galactic sources from the sample.

In this chapter, we present the basic data on the morphology, polarisation fraction
and the spectral indices of the these sources and based on these properties, we try to
separate the Galactic sources from the sample. Out of 64 sources, 60 are identified as
possible extragalactic sources and in the next chapter, present their Rotation Measures

and draw inferences for the magnetic field in the GC region.

5.1.1 Sample selection

We surveyed the literature and formed a sample of possible extragalactic radio sources
in the central-6°< | <6°, —2°< b <2° of the Galaxy. The sources were selected on

the basis of their small scale structure 10') and non-thermal spectra € —0.4, S{)
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0 v%). For the sources to have detectable linear polarisation and so be useful for the
Rotation Measure study, we assumed that the polarisation fraction of the unresolved
sources to be greater than 2.5%a(kia & Salterl988, and sources with estimated flux
density greater than 10 mJy at 5 GHz were selected. The source catalogues used for
this selection were VLA maps of the GC region at 327 MHaRosa et al2000, the

VLA survey of the Galactic plane (GPS) at 1.4 GHzopnematkermani et al990),
(Helfand et al. 1992 and at 5 GHz Becker et al1994). Sources observed lyazio &
Cordeg(19984 and the 365 MHz Texas survelguglas et al1996 were also used for

this purpose. The sources, for which no flux density estimates were available at 5 GHz,
the flux density at 5 GHz were estimated from the extrapolation of their 1.4 GHz flux
density using their spectral indices estimated between 327 MHz and 1.4 GHz. A total of

64 sources were found that satisfied the above criteria.

5.2 Observations and data reduction

A pilot project was initially carried out using the ATCA, where twelve sources were ob-
served with two IF frequencies set at 4.8 and 5.9 GHz. The ATCA consists of six 22-m
radio antennas. Five of the six antennas lie along a three kilometre railway track, which
is oriented east-west. The sixth antenna lies on a 75-m rail-track three kilometres further
west, thus allowing a maximum ATCA baseline of six kilometres. The 6-km configu-
ration of the ATCA was used for the pilot project and subsequent observations. Further
observations were made with the ATCA and 24 more sources were observed in the C
and X band with IF frequencies at 4.8, 5.3, 5.9 and 8.5 GHz. The bandwidth of all the
ATCA observations was 128 MHz. The pseudo continuum mode provides 16 frequency
channels across the band and this mode was used for all our observations. Details of the
observations are summarised in Tablé Each target source was typically observed for

a total of 40-50 minutes in each IF pair. Since the ATCA is nearly an east-west array,
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multiple-snapshot mode was used to get a satisfacteoverage and each source was
observedv 10 times equally spaced in hour-angle. The sources 1741-312 and 1748-253
were used as secondary calibrators and 1938-612 was used as primary flux density cali-
brator. 1938-612 (polarisation fractiah 0.2%) was also used for determining antenna
based polarisation leakage. The data from the ATCA was based on linearly polarised
signals and the calibration and editing of the ATCA data was performed using the Mul-
tichannel Image Reconstruction Image Analysis and Display (MIRIAD) package. After
calibration, the data were converted to Stokes I, Q, U, V and taken into Astronomical

Image Processing System (AIPS) for imaging, self-calibration and further analysis.

We used the VLA in its BnA configuration to observe the comparatively weak sources
in the sample. For this purpose, the default continuum mode which provides a single
frequency channel of bandwidth 50 MHz in each IF band was used. The selected IF
frequencies were 4.635, 4.885, 8.335 and 8.685 GHz. The secondary calibrators used
for the observation were the same as in the ATCA observations. Polarisation calibration
was performed using the unpolarised source 3C84. 3C286 was used as the primary flux
density calibrator and to estimate the instrumental phase difference between the two cir-
cularly polarised (RR and LL) signals. Each source was observed for typically 5 minutes
at 2 different hour angles. The details of these observations are ingdbkll the data

were calibrated and processed using the AIPS package.

5.3 Results

From the ATCA data, 24 sources were found to have at least one polarised component.
Maps of these sources are shown in FEd. The resolution of each of the ATCA maps
are~6 x 2', and the typical RMS noise is 0.23 mJy/beam in Stokes | and about 0.15
mJy/beam in Stokes Q and U. From these maps, 7 of the 24 sources are found to have

single unresolved component and the rest are either partially resolved, or have more than
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Table 5.1: Details of our observation

Date Telescope Array Observing Time Band Number of sources
Observed
(Hour)
06 Feb 2000  ATCA 6A 10 C 12
30 Sept 2000 ATCA 6B 12 C 12
0| 02 Oct 2000 ATCA 6B 12 C 12
06 Oct 2000 ATCA 6B 12 C&X 12
06 Oct 2000 ATCA 6B 12 C&X 12
11 Feb 2001 VLA BnA 06 C 28
13 Feb 2001 VLA BnA 06 X 32
12 Apr 2002  ATCA 6B 11 C 08

one component.

From VLA observations, 21 sources were found to have at least one polarised com-
ponent. Maps of these sources along with 2 polarised phase calibrators are shown in
Fig. 5.2. The VLA maps have an angular resolutier2’ x 1.5, and RMS noise of
typically 75 pJy/beam. In these maps, four sources appear to have a single unresolved
component.

Maps of the unpolarised sources from the ATCA and VLA observations are shown

in Fig. 5.3and Fig.5.4respectively.

The observed properties of the 45 polarised sources and 2 secondary calibrators are
presented in Table.2, which is arranged as follows. Column 1: the source name using
the Galactic co-ordinates (& b). If the source has been observed with the ATCA, then
we put ‘AT’ as superscript in the source name. Sources are arranged with increasing
I, with the sources observed with the ATCA being arranged first. Column 2: the com-
ponent designation (‘N’ denotes Northern, ‘S’ denotes Southern, ‘E’ denotes Eastern
and ‘W’ denotes Western, ‘EX’ denotes highly extended and ‘R’ denotes ring type com-
ponent respectively). Columns 3 and 4: Right ascension (RA) and Declination (DEC)
of the radio intensity peaks of the components in J2000 co-ordinates. Column 5: the

deconvolved size of the components with their major and minor axes in arcsec and the
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position angle (PA) in degrees (arranged as major axisinor axis, PA). A few sources

have multiple components, which are not well resolved in the 4.8 GHz map. These
components are much better resolved in the 8.5 GHz map due to higher resolution. For
these sources, we have estimated the size parameters of the components from the 8.5
GHz map, and we put a **' beside the estimated parameters. Columns 6 and 7: the
corresponding peak and total flux density of the components at 4.8 GHz in units of mJy
beant! and mJy respectively. Column 8: total flux density of the component at 4.8
GHz, as estimated by the VLA GPS. Column-9: percentage polarisation of the com-
ponents. Column 10: estimated spectral index of the components between 8.5 and 4.8
GHz from our observations. A few of the sources are extended over several synthesised
beam-widths and for these sources, comparing the integrated flux density of the compo-
nents are difficult. Therefore, after convolving the 8.5 GHz maps of these sources to the
resolution of the corresponding 4.8 GHz maps, we made spectral index maps of these
sources. We quote the spectral indices of each of the components from these maps at
the position of the peak flux density of the components. For all these sources, we put
an ‘s’ beside the estimated spectral indices. Column 11: spectral index between 4.8 and
1.4 GHz. Column 12: spectral index between 1.4 and 0.3 GHz. In TaBleve present

the properties of the sources which are found to be unpolarised. This Table is similar
to Table5.2, except that in the absence of polarisation, we have removed the column
representing percentage polarisation (column 9 in Talde For the four HIl regions

detected, we write in column 12 of this Table, ‘HIl reg.’ in place of spectral indices.

To compute the spectral indices of the sources in Taliethe 1.4 GHz flux density
of the sources have been taken from the VLA GPS and the NRAO VLA Sky Survey
(NVSS) (Condon et al1998. If the estimated flux density of a component in the GPS
differs from that in the NVSS by more than 20%, we have put a T mark beside the
computed spectral indices. We have visually examined the NVSS maps of these sources,

and if we find that the source is not in a confused region of the map, we have used the
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flux density from NVSS to compute the spectral index and in that case, we put ‘(N)’
beside the estimated spectral index. For a few of the source, the 1.4 GHz flux density
could not be estimated, but its flux density is known at other two frequencies (4.8 and
0.3 GHz). In these cases, we put a **"in column 11, and put the estimated spectral index
between 4.8 and 0.3 GHz in column 12 with ‘(0.3/4.8)’ shown in the next row. The P
band flux density of the sources have been taken from the Texas survey at 365 MHz
(Douglas et al1996. However, the Texas survey is known to have large uncertainty in
the estimated flux density. This is especially true near the complex GC region, where
lack of gooduv-coverage drastically increases the problems of imaging. Therefore, if
the sources are detected in the GC map at 330 MidRsa et al2000, we have used

their flux density to compute the spectral index (column 12 in Tabkand column

11 in Table5.3) and put ‘GC’ in parenthesis beside the estimated spectral index. For 5
sources, the flux density at 330 MHz have been taken fRay & Rao (2002, and we

put ‘(GM)’ beside the spectral index in column 12. We have also taken the flux density
of 3 sources at 330 MHz from Bhatnagar (private communication) and put ‘(GM1)’
in column 12. Many of the sources resolved at 1.4 GHz and above appear unresolved
in the low frequency Texas survey. For these source, we only compare the integrated
flux density of the sources between 1.4 and 0.3 GHz, and put (i)’ beside the estimated

spectral index in column 12.

5.3.1 Reliability of the estimated spectral indices

It is well known that if the angular size of an object is greater thAfR2 x ‘d’) (where,
angular size is in radian, is the observed wavelength, and ‘d’ is the length of the short-
est baseline), then its flux density will be underestimated by an interferometer. This
problem is more severe in the GC region, where emission at various size scales may
coexist. Since, our observations are performed at comparatively high radio frequencies,

the contribution of the extended synchrotron background of the Galaxy is negligible.
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Most of these sources have small angular size, and therefore, the problem of missing
flux density should be minimal. However, the problem of missing flux density increases
with observed frequency, and it can affect the estimated flux density of the extended
sources at 8.5 GHz. We could detect extended emissibdi in the 4.8 GHz maps

of G353.410-0.360, G355.424-0.809, G355.739+0.131, G356.905+0.082, G358.149-
1.675, G358.643-0.034, G359.2-0.8 (Mouse), G359.717-0.036, G0.313+1.645 and
G5.791+0.794. Since, the configuration of the interferometric array was the same dur-
ing our observations at 4.8 and 8.5 GHz, the 8.5 GHz maps of the above 10 sources can
suffer from the missing flux density problem. Therefore, to check for any missing flux
density at 8.5 GHz, we sampled the Fourier Transform of the CLEAN components of
the 4.8 GHz maps of the sources at thepoints of the 8.5 GHz data and made maps
(equivalent of mapping the sources at 4.8 GHz usingutheoverage of our 8.5 GHz
observations). A comparison of these maps with the corresponding 4.8 GHz map shows
that except for G353.410-0.360, G355.739+0.131, G356.905+0.082, G358.643-0.034,
(358.149-1.675, G359.2-0.8 (Mouse) and G359.717-0.036, the missing flux density for
all the other sources are less than 10% of the total flux. Among the above 7 sources, 4
have been identified as HIl regions. The spectral index between 8.5 and 4.8 GHz (Ta-
ble 5.3) of the 2 remaining extragalactic sources, G356.905+0.082 and G358.149-1.675
have been estimated only for the compact components (hot spots and the central compo-
nent). Similar technique has also been followed for estimating the spectral index of the

Galactic non-thermal source G359.2-0.8 (Mouse).

Due to extended emission and enhanced source confusion near the GC, maps made
with radio interferometers suffer quite often from systematic errors. These fields are
normally identified and mentioned in published catalogued. However, in the absence
of the availability of the maps of the Galactic plane survey and the Texas survey, we
consider the effect of the systematic errors in these maps quite uncertain. To check the

reliability of the source flux densities in these surveys, we compared the 1.4 GHz flux



5.3. RESULTS 143

densities of our sample sources as estimated by the VLA Galactic plane survey and the
NVSS. More than 20% flux density variation was found for about 20% of the sources
in our sample. 20% difference in flux density contributes an error of about 0.13 in the
estimated spectral indices (assuming the actual spectral index-18.7) between 4.8

and 1.4 GHz of the sources. We also compared the flux density of the sources, which
were detected both in the Texas survey and in the 330 MHz VLA GC rhaRdsa

et al.2000. Twelve sources were found to have counterparts in both the surveys. The
flux densities estimated for six of these sources from the Texas survey differ almost by
a factor of two than what is estimated from the GC map at 330 MHz. The accuracy
of the flux densities estimated from the GC map is expected to be much better than the
Texas survey, and therefore, if the P band flux density of a source is estimated from
the Texas survey, an errev0.5 can occur in its estimated spectral index between the

L band (1.4 GHz) and the P band (0.3 GHz). We note that other than the missing flux
density problem, there are several other factors which could lead to erroneous measure-
ment of the spectral index. In the GC region, insufficiamcoverage can contribute
systematic error in the estimated flux densities. Also, since these observations are made
at different epochs, source variability could be an additional factor contributing error in
the estimated spectral indices. It should, however be noted that at higher radio frequen-
cies (typically above 1.4 GHz), source variability is mostly intrinsic. The central region
(core) of active galaxies typically has a flat spectral index, which shows large variability
in time scale of days to years. However, most of the sources in our sample have a steep
spectral indexq < 0.5) and lack of core dominated objects in our sample indicates little
intrinsic variability (< 10%) of the sources. On the other hand, at low radio frequencies,
source variability is mostly interstellar in origin, and the typical timescale could be of
years. However, interstellar scintillation is most prominent for objects with prominent
compact (milli arc-seconds) cores, lack of which in our sample indicates that the low

frequency variability of these objects will be quite smail10%).
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5.4 Discussion

5.4.1 Galactic sources

Extended unpolarised structures, typical of HIl regions, are seen in the VLA images of
the sources G353.410-0.360, G355.739+0.131, G358.643-0.034 and G359.717-0.036.
The field of G353.410-0.360 has a small diameter source and extended emission is seen
around this object. The small diameter source has a flat spectrum between 8.5 and 4.8
GHz. The small diameter object is well resolved in our BnA array map and so it is
unlikely to be the flat spectrum core of a background extragalactic source. Therefore,
we believe that it is a Galactic HIl region.

The 8.5 GHz BnA array map of G359.717-0.036 (Figy) clearly show a partial shell
like structure. Extended emission can also be seen around this object. Since shell like
structures are seen both for HIl regions and SNRs, we have tried to estimate its spectral
index accurately. We made a map of this object at 8.4 GHz using the archival VLA data
taken near this source using the CD array (Project Code AY68 and the observations were
made by Farhad Yusef Zadeh). We also imaged it at 1.4 GHz using the archival Galactic
Centre data acquired and presentedPleyllar et al(1989 using the B, C and D array
of the VLA during 1981-1984. The low resolution 8.4 and 1.4 GHz map of this source
show that the spectrum of this component is flat, indicating it to be an HIl region.

The image of G358.643-0.034 at 8.5 GHz suffers from serious zero spacing prob-
lem and consequently, the estimated steep spectral index between 8.5 and 4.8 GHz (Ta-
ble 5.3) is in error. However, its spectrum between 4.8 and 1.4 GHz is inverted, and
it has not been detected in the 330 MHz GC map. Therefore, extended structure and
inverted spectrum at low radio frequencies indicate that it is an Hll region.

G355.739+0.131 has a flat spectrum between 8.5 and 1.4 GHz and is well resolved.
This source is also not detected at 0.3 GHz, which suggests that its spectrum has turned

over due to large free free absorption depth at low radio frequencies, indicating it to be
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Figure 5.1: 4.8 GHz ATCA continuum maps of the polarised sources with the polarisation
vectors superposed on them. Typical rms noise in Stokes | is about O.”23 n)Jy/beam and about
0.15 mJy/beam in Stokes Q and U. Typical beamsize of these mapHare?2 .
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Figure 5.1: Continued
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Figure 5.2: 4.8 GHz VLA continuum maps of the polarised sources with the polarisation
vectors superposed on them. Typical rms noise in Stokes | is abquly@i@eam and about
75 uly/beam in Stokes Q and U. Typical beamsize of these maps2ire 1.5'.
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Figure 5.3: 4.8 GHz continuum maps of the unpolarised sources observed with the ATCA.

Grey scale flux range= -0.93 43.20 MilliJY/BEAM
Cont peak flux = 4.3203E-02 JY/BEAM

Levs = 1.000E-03 * (-2, -1, 1, 2, 4, 6, 8, 10, 12,

16, 20, 24, 28, 32, 40, 48, 64, 80, 96, 128)

Grey scale flux range= -4.46 27.72 MilliJY/BEAM
Cont peak flux = 2.7716E-02 JY/BEAM

Levs = 1.000E-03 * (-2, -1, 1, 2, 4, 6, 8, 10, 12,

16, 20, 24, 32, 40, 48, 64, 80, 128)

Typical rms noise in Stokes | is about 0.23 mJy/beam, and bearmsize 2"
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Figure 5.4: 4.8 GHz continuum map of the unpolarised sources observed with the VLA.

Grey scale flux range= -1.817 7.507 MilliJY/BEAM
Cont peak flux = 7.5069E-03 JY/BEAM

Levs = 1.000E-03 * (-2, -1, 1, 2, 4, 6, 8, 12, 16,

20, 24, 32, 40, 48, 64, 96, 128, 160, 192)

Grey scale flux range= -0.51 37.90 MilliJY/BEAM
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Levs = 3.000E-04 * (-2, -1, 1, 2, 4, 6, 8, 12, 16,

20, 24, 32, 40, 48, 64, 96, 128, 160, 192)

Typical rms noise is about 9@y/beam, and beamsizes” x 1.5'.
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Figure 5.5: 8.5 GHz continuum map of the partial shell like object G359.717-0.036
an Hil region.

5.4.2 Are the rest of the sources extragalactic ?

Excluding the sources described above, the rest of the sources observed are either po-
larised or the deconvolved diameter of the sources imply a brightness temperature greater
than 16 Kelvin at 4.8 GHz. Except a few small diameter sources, all the other sources
have steep spectral indices indicating the emission from these sources to be non-thermal.
However, these small diameter sources have flat spectra even at 0.3 GHz. A thermal
source with brightness temperature of Kelvin at 4.8 GHz will show self absorption

at 0.3 GHz (otherwise, the required brightness temperature exceekslti®). There-

fore, source with flat spectrum at 0.3 GHz indicates that the emission from these small
diameter sources are also non-thermal. Among these non-thermal source, the object

(G359.2-0.8 (Mouse) (Tablg.2) (Yusef-Zadeh & Ballyl987 Uchida et al.19923 is
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known to be a Galactic non-thermal source located within 5 kpc from the Sun. In order
to classify the rest of the sources as extragalactic, we need to eliminate the possibility of

them being Galactic non-thermal objects.

5.4.2.1 Non thermal emission from Galactic sources

There are several types of Galactic sources, which are known to emit non-thermal emis-
sion.
(i) Supernova Remnants (SNRs): These are the remnants of supernova explosion. The
electrons in these objects are accelerated to high energies near the expanding shock front.
The SNRs are normally spherical in shape, and when projected on the sky appears like
a ring for the shell type SNRs, while it appears to be filled with emission in the case
of filled centre SNRs. None of the non-thermal objects in Tabkhave such a mor-
phology, indicating that there is no resolved supernova remnant among these sources.
However, if an SNR is young, it can appear like an unresolved source. Assuming an
initial expansion velocity of 3000 knT$, an SNR at a distance of 10 kpc will expand
to an angular size of 6n about 100 years after the explosion. An object of angular size
of 6 will be well resolved in our maps and should have a ring (for shell type SNR) or
filled centre morphology (in case of plerion), the absence of which rules out any SNR
older than 100 years in our sample. However, since the expected number of supernova
explosion in our Galaxy is believed to be abut 1 in 50 years, the probability of finding
one SNR of age less than 100 years in the centrat 42of the Galaxy is less than 0.1,
which suggests that there is no young SNR in our sample.

(i) Radio Pulsar: Pulsars typically have a very steep spectrum, with spectral indices
in centimetre wavelengths varying betweef.5 and—4. They appear unresolved and
due to their steep spectrum, very few such pulsars should be detectable at 5 GHz. Since,
none of the unresolved sources in our sample have a very steep spectrum, we rule out

any pulsar in the list of sources.
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(i) Radio Stars: Normal stars are relatively weak radio emitters. However, some
of the stars do emit non-thermal emission. It is showBa&tker et al(1994) that the
highest anticipated radio flux density4s1 mJy at 5 GHz. Since the observed sources
have a much higher flux densities, these objects can be ruled out from the list of sources.

(iv) Transient sources: These are highly variable and transient radio sources which
include radio counterparts of X-ray sources. The sources in our sample are not only
detected in the X and C band from our observations, but also detected in the L band ob-
servations during the GPS and the NVSS. These sources are also detected in the P band,
and either in the Texas survey or in the 330 MHz GC observations. These observations
were separated by days to years and the estimated spectral indices determined between
any two bands are quite close to their mean value (differs by less than 0.6). Therefore,
the flux densities of these sources have not changed by more than a factor of two about
what is expected from their mean spectral indices and the flux densities measured at any
particular frequency. This rules out any transient sources from our catalogue.

(iv) Galactic Microquasar: These are stellar-mass black holes in our Galaxy that
mimic, on a smaller scale, many of the phenomena seen in quasatdi(abel & Ro-
driguez(1999, and the references therein). For a black hole accreting at the Eddington
limit, the characteristic black body temperature at the last stable orbit in the surrounding
accretion disk is approximately given by 2 x 1M~V (Rees 1984). Therefore,
compared to the AGNs, the emission from microquasars are shifted towards higher fre-
guencies, and are usually identified for the first time in X-risijrébel & Rodriguez
1999.

Though, many of the already known 10 microquasars are highly variable, two of
these sources, 1E1740.7-294%iabel & Rodriguez1999 and GRS 1758-258\arti
et al.2002 appears to be persistent sources of both X-rays and relativistic jets. At the
radio wavelengths, these two sources appear morphologically similar to typical radio

galaxies, which have a central compact component and two extended lobes. There-
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fore, based on just morphology, microquasars cannot be separated from the distant radio
galaxies. However, as mentioned above, microquasars are believed to have X-ray coun-
terparts. Therefore, we have searched the ROSAT PSPC all sky sioggs(et al.

1999 catalogue and the catalogue of soft X-ray sour¢es( 1.5, |b| < 2.0°) in the

GC region §idoli et al.2007). Twenty of our sources are also located within the bound-
ary of the ASCA survey of the GC regiofl|(< 2.5, |b| < 2.5°) (Sakano et al2002).
However, none of the radio sources were found to have any counterpart in the catalogues
mentioned above. Therefore, it appears that none of the sources we have observed (Ta-
ble5.2 & Table 5.3) can be a microquasar.

Therefore, we believe almost all the sources listed in Taliteexcept the Galactic

source Mouse are extragalactic.

5.4.3 Comparison with statistical properties of extragalactic sources

The expected number of extragalactic sources (N) within 1 square arc minute of the sky
at 5 GHz with a flux density limit of S mJyLédden et al1980 is N(>S)=0.032 x

S~113, Therefore, the expected number of extragalactic sources seen through the central
| xb=12x 3.6° region of the Galaxy above a flux density limit of 20 mJy at 5 GHz
are 168. However, only 60 possible extragalactic sources are identified by us, which
indicates that about two third of the extragalactic sources are yet to be identified in the
region. The median angular size of these 60 sources isahfl the median flux density

of these sources at 1.4 GHz is 160 mJy. However, in the absence of complete sample,

we do not carry out any further statistical comparison with extragalactic sources.

5.5 Summary

We have observed sixty five sources through the centBak | <6°, —2°< b <2° of the
Galaxy using the C and X band of the ATCA and the VLA. These observations, for the

first time provide information on the polarisation fractions of the background sources
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seen through the region. We provide 4.8 GHz maps of all the observed sources, and
estimate the angular sizes, spectral indices and polarisation fractions of these sources.
From our data, spectral indices of these sources could only be estimated between 8.5
and 4.8 GHz. Therefore, we have used existing catalogues made from the GPS, NVSS
and Texas surveys, and computed spectral indices of these sources between 4.8 and 1.4,
and between 1.4 and 0.3 GHz. Based on the morphology, spectral characteristics and
polarisation properties, we identify 4 Galactic HIl regions in the sample. The remaining
61 sources show non-thermal emission. Except the source G359.2-0.8 (Mouse), which is
a known Galactic non-thermal source, we compare the properties of the remaining non-
thermal sources with the known types of Galactic non-thermal sources like SNRs, radio
pulsars, radio stars, transient sources and Galactic microquasar. None of the sources
appear to share any characteristic properties of these Galactic non-thermal sources. This
lead us to believe that all or most of these non-thermal sources are located outside the

Galaxy.
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Chapter 6

Magnetic field near the Galactic Centre
from Rotation Measure observations of
Extragalactic sources

6.1 Introduction:

Magnetic fields can be strong enough to have a significant influence on the dynamics
and evolution of the central region of our Galaxy. Magnetic pressure can contribute sig-
nificantly to the overall pressure balance of the interstellar medium (ISM) and can even
influence the scale height of the gas. It can affect the formation and motion of clouds and
perhaps mediate in the star formation proc&eck et al.1999. A relatively high sys-
tematic magnetic field in the Galactic Centre (GC) region is believed to be responsible
for the creation and maintenance of the unique non-thermal filaments (NTFs) (Morris
et al. 1996, and references therein). Therefore, it is important to measure the magnetic
field geometry and strength in the central part of the Galaxy.

However, other than the central 200 pc region, no systematic study has been made
to estimate the magnetic fields in the inner 5 kpc region of the Galaayiflson1996).
The estimates within the central 200 pc region are mainly based on the observations of
the non-thermal filamentsr(sef-Zadeh & Morrisl987¢ Anantharamaiah et al991,
Gray et al.1995 Yusef-Zadeh et al19973, and it is not clear that these estimates
represent the field strengths in the GC ISM. The estimated RM towards these NTFs

175
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are~1000 rad m? (Yusef-Zadeh & Morris1987¢ Anantharamaiah et al991, Gray

et al. 1995 Yusef-Zadeh et all997a Lang et al.1999h. Since the magnetic pressure

in these NTFs overcome the turbulent ISM pressure (otherwise, the NTFs would have
bent due to interaction with molecular cloudd)sef-Zadeh & Morrig(19873 derived

a magnetic field strength of about 1 milliGauss in these NTFs. Earlier estimates of the
direction of the magnetic field within the NTFs have shown the field lines to be oriented
along the length of the NTFs. Since, all the NTFs found within a degree from the GC
are oriented almost perpendicular to the Galactic plane, it suggests that the field lines in
the surrounding ISM are perpendicular to the Galactic plane (Morris et al. 1996 and the
references therein). However, the NTF Pelican (G358.85+0.47) located about a degree
from the GC is found to be almost parallel to the Galactic plane. This suggests that the
field lines change their orientation from being perpendicular to the plane near the GC,
to parallel to the plane beyond one degree from the GC, as seen mostly in the rest of
the Galaxy. However, we reiterate that if the NTFs are manifestations of a peculiar local
environments$hore & Larosd 999, inferences drawn from these observations can be
misleading.

Zeeman splitting of spectral lines can yield directly the magnetic field. However,
this is sensitive to small scale fields, and hence high magnetic field strengths anywhere
along the line of sight can produce Zeeman splitting of spectral lines. Therefore, past
estimates of milliGauss magnetic field based on Zeeman splitBiogvwarz & Lasenby
199Q Killeen et al.1992 Yusef-Zadeh et all996h 1999 of the HI or OH lines towards
the GC could have resulted from local enhancement of feelgl hear the cores of high
density molecular clouds). To estimate any systematic magnetic field in the region, it
IS necessary to use an observational technique which is sensitive to the large scale field.
Galactic objects, being manifestations of favourable local environments, should not be

used for this purpose.

The Faraday rotation measure (RM) is the integrated line of sight magnetic field
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weighted by the electron density
RM—081x [ neBdL. (6.1)

where, RM is the rotation measure expressed in rad, me is the electron density
expressed in cn, By is the line of sight component of the magnetic fieldu@, and

the integration is carried out along the line of sight, with distance expressed in parsec.
If a model of electron density is available, observations providing Faraday RM towards
the extragalactic sources seen through the Galaxy are well suited to estimate the average
magnetic fields prevailing in the ISM. Earlier studies of the large scale Galactic magnetic
field was performed bgimard-Normandin & Kronber@L980); Frick et al.(2007) using

RM towards the extragalactic sources. Similar studies have also been performed by
estimating RM towards pulsar®énd & Kulkarni1989 Rand & Lyne1994 Han &
Qia01994. These studies have established that there is one field reversal within and one
outside the solar circle. Two more reversals have been suggestadrbgt al.(1999.

These reversals could be explained by invoking either the bisymmetric spiral model
(Simard-Normandin & Kronberd98Q Han et al.1999, or by invoking a ring model,

where the direction of the field lines reverses in each rirgnd & Kulkarni1989.
However, no systematic observations of Faraday rotation measures towards extragalactic
sources seen through the GC region have been carried out in the past.

We have systematically studied 64 suspected extragalactic sources seen through the
central -8 < | <6°, -2 < b <2° region of the Galaxy. We found that 60 sources are
likely to be extragalactic and 45 sources have polarised components (totally 63 polarised
components). We could estimate the RM towards 44 sources. To avoid any significant
bandwidth depolarisation up to a RM of k20* rad n72, our observations were carried
out at higher radio frequencies using the 4.8 (C band) and 8.5 GHz (X band) band of
the ATCA and the VLA. The angular scale over which the magnetoionic medium is

coherent near the NTFs has been estimated to1@ (Gray et al. 1995, Yusef-Zadeh
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et al. 1997). Therefore, to avoid any beam depolarisation introduced by the ISM of the
Galaxy, these observations have been made with the longer baseline configurations of
these telescopes, so that the synthesised beam sizes are considerably smaller than the
coherence scale length of the Faraday screen near the GC.

In Chapter5, we have described the sample sources and the observations. In this
chapter, we provide the results and interpretation of the RM observations. The sections
in this chapter are arranged as follows. In SécP, we provide details of the RM
estimation from the data. The results of the the data analysis are presented it Sect.
and the interpretation of the results are described in $ett.Finally, the conclusions

are presented in Se@.5.

6.2 Data analysis

Following the editing and calibration discussed in Chap. 5, we converted the data ac-
quired by the ATCA into Stokes I, Q, U, V, and further analysis were carried out using
AIPS. The Polarisation angle) being given byp=0.5 tan*(U /Q) (where, signs of Q
and U are considered separately to unambiguously determine the vglyevefdivided
the Stokes U image by the Q image and estimated the polarisation angle and its error
(AIPS task COMB). Finally, the polarisation angle images at 4 frequencies bands was
fit to the equationgp = RM.A? + @y + ntA? using the AIPS task RM. In this equatiam,
IS an integer] is the wavelength, angy denotes the intrinsic polarisation angle (when
the observing frequency tends to infinity). The fitted values were rejected, if the RMS
residuals exceed three times the expected RMS noise.

Since we had 16 frequency channels per 128 MHz band of the ATCA data, we tried
to estimate the RM in two ways by using the AIPS task RM. (i) Since AIPS task RM
cannot fit more than four frequency channels to estimate RM, in order to maximise

signal to noise ratio as well as to check for high RM in the data, we divided the 4.8 and
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5.9 GHz band into 3 equal parts. Polarisation angle were estimated from first and third
part of each of these bands, and these were used as input to the AIPS task RM. (ii) If
the RM estimated by the previous method is not very high (£e2000 rad m?, and

was the case for all except one source), data from each of the 4.8, 5.3, 5.9 and 8.5 GHz
band were averaged and polarisation angle estimated from each of these bands. These
polarisation angle images and their error maps were used as the input to the AIPS task

RM.

Five sources, namely G359.604+0.306, G359.710-0.904, G359.844-1.843, G359.911-
1.813, and G2.143+1.772 had no detectable polarisation at 8.5 GHz. In order to get a
reliable estimate of the RM towards these sources, they were reobserved at 5.0 and 5.6
GHz with the ATCA. The polarised emission from G1.035+1.559 was quite strong, and
there was high signal to noise ratio across the multichannel ATCA data to rulgtout n

ambiguity. Therefore, it was only observed using the 4.8 and 5.9 GHz band of the ATCA.

We acquired VLA data with single frequency channel per band with a bandwidth of
50 MHz centred at 4.635, 4.885, 8.335 and 8.685 GHz. Polarisation angle estimated
from these bands were used as input to the AIPS task RM, which yielded the RM of the

sources.

The source G356.905+0.082 (see the previous chapter) has a compact core, which is
weakly polarised, and an extended highly polarised halo. Due to zero spacing problem,
the image of the halo could have problems at 8.5 GHz. Since the polarised intensity
per beam of the core is similar to the contribution by the halo, which has small scale
structures in polarised image and is not properly sampled at 8.5 GHz, we could not
reliably estimate the RM from the core or the halo. Therefore, we have not provided its

RM in Table6.1
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6.3 Results:

The estimated RM towards 44 sources (65 components) and 2 secondary calibrators are
given in Table6.1, which is arranged as follows:
Column 1: the source name in Galactic co-ordinatds6). Column 2 & 3: RA (J2000)
and DEC (J2000) of the source components. The co-ordinates of these components are
based on the peak in the polarised emission and if they do not coincide with the peak in
total intensity, the co-ordinate values will be different from what is given in the previous
chapter. Following the convenion given in the previous chapter, if two objects are found
within 2’ region of the sky, and if these objects are slightly extended towards each other,
they are assumed to be part of a single source. Column 4 & 5: the estimated RM and the
error in these estimates. Column 6: depolarisation ratio of the components between 8.5
and 4.8 GHz, which is the ratio of the polarisation fraction estimated at 8.5 GHz to that
at 4.8 GHz.

The source G359:20.8 (Mouse) is a known Galactic non-thermal source. Since this
source is known to be within 5 kpc from the Suwichida et al19929, the RM towards
this object is expected to be quite small. To check if observations can confirm its low
RM, we observed this source. From Tablé, its RM is indeed measured to be very
small (-5 +18 rad nT2). However, since our samples are selected to estimate the RM
contribution of the GC region, and this source only samples the local ISM, its RM is not

used in any further analysis.
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Table 6.1: Estimated RM towards the background sources

Source Name RA DEC RM Erroron Depolarisation
(J2000) (J2000) (rad ™) RM ratio
354.740+0.138" 17 3156.96 —331833.72 1193 32 1.4
173157.00 —-331842.12 858 45 1.3
356.000+0.028" 17 3540.37 —321859.03 332 25 0.9
17 3540.05 —-321855.83 436 29 1.1
17 3539.74 —321854.23 713 30 0.9
356.161+1.63% 172943.86 —311804.77 677 27 1.0
172943.64 —-311804.77 685 23 0.7
17294271 —-311802.37 623 34 1.1
356.567+0.868" 17 3345.73 —-312250.38 962 25 0.9
356.719-1.226f 174227.90 -322214.04 511 37 0.9
17422752 —-322209.64 —459 41 0.8
358.002-0.636" 174317.87 —305818.73 1050 27 0.7
358.917+0.072" 17 4243.99 2949 16.03 4768 88 3.0
359.388+0.468f 17 4221.47 -291259.73 568 29 2.7
359.844-1.848" 175230.88 —3001 06.59 —58 47 -
359.911-1.818" 175232.97 2956 44.28 162 47 -
359.993+1.594" 17 3926.94 2806 12.65 23 65 1.4
0.313+1.645" 17400.21 —-274810.37 —121 22 0.9
0.537+0.263" 17455250 —282026.64* —1169 56 1.4
1.028-1.11607 17522281 —-283741.31 —65 23 1.5
17522251 —-2837 32.51 221 43 1.4
1.035+1.559" 1742190 —27139.94 —-136 9 -
1.505-1.2347 175355.37 —281553.77 388 12 1.0
175359.21 —-281721.35 689 24 0.7
2.143+1.772" 174351.24 —-261059.24 158 50 -

4.005+1.408T 174931.68 —244657.70 458 28 1.2
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Source Name RA DEC RM Error on Depolarisation
(J2000) (J2000) (rad ™) RM ratio
4.188-1.680" 18014434 —-261043.63 —625 15 1.0
4.256-0.726" 1758 12.97 —253844.29 1785 22 1.5
5.260-0.7547 18 0031.38 —244721.73 1142 12 1.4
5.358+0.899" 175427.81 —-235236.17 851 29 1.2
5.511-1.5157 18359.28 —245643.63 321 20 1.3
18359.25 —245648.03 393 32 0.8
6.183-1.480" 18518.04 —242045.50 —889 24 1.1
353.462-0.691" 173155.40 —344959.9 1011 30 2.0
354.815+0.775 17 29 36.653—-325351.88 —102 16 1.2
355.424-0.809 17 37 32.514—-33 14 36.88 611 17 1.1
17 37 31.413 —33 1509.56 574 23 1.1
357.865-0.996 17 44 23.580-31 16 35.970 1881 2.8 1.3
(1741-312)
358.149-1.675 1747 50.144-312303.86 —17.4 13 1.1
17 47 45.300 —312336.21 276 18 1.0
1747 45.411 —-31 23 38.40 343 24 0.7
358.156+0.028 1741 02.909—-30 29 22.11 533 6 1.1
17 41 02.668 —30 29 36.53 467 28 9
358.930-1.197 174746.474-302817.39 —905 26 1.0
359.392+1.272 17 3913.384—-28 46 54.08 —318 27 0.8
173912505 —-284701.35 271 30 0.9
359.2-0.8 17471578 —295801.0 —-05 18 1.0
(Mouse)
359.604+0.306 17 43 29.266-29 06 46.736 —504 40 -
359.710-0.904 17 48 29.373—29 39 08.83 1423 93 -
17 48 27.686 —293909.76 1470 52 —
359.871+0.179 17 44 37.069—-28 57 09.27 770 14 1.1
0.404+1.061 174227934 -280208.49 —176 16 1.2
1.826+1.070 1745 47.185—-26 49 21.48 806 9.5 0.9
174547.702 —26 49 06.24 638 40 1.6
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Source Name RA DEC RM Error on Depolarisation
(J2000) (J2000) (rad nt) RM ratio
2.922+1.028 1748 29.121 -2554 17.97 1563 15 1.0
17 48 29.150 —2554 15.97 1510 21 1.5
3.347-0.327 17 54 38.331 —-26 13 50.76 -71 21 1.3
3.745+0.635 175151.26 —25240.05 1291 2 1.4
(1748-253)
3.748-1.221 17 58 58.649 —26 20 01.31 1247 18 1.3
3.928+0.253 1753 43.371-25 26 10.26 1457 7 0.7
4.752+0.255 1755 33.409 -24 43 29.77 193 18 1.1
17 55 33.424 —244331.16 112 24 1.4
5.791+0.794 17 55 48.323 -23 33 22.71 1203 13 1.1
17 55 48.526 —23 33 21.09 1294 17 0.9
1755 48.802 —23 33 18.67 1144 24 0.7
5.852+1.041 17 55 00.749 —23 22 31.56 579 26 1.0
1755 00.800 —232252.16 626 33 1.2
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6.3.1 Contribution of the intrinsic Faraday rotation to our observa-
tions:

When the polarised emission from the source reaches the observer, rotation of the po-
larisation angle could occur within the source or the Inter Galactic Medium (IGM) or
the ISM of the Galaxy. Compared to the ISM of our Galaxy, the electron density of the
IGM is very small, and consequently the Faraday rotation introduced by it is negligible.
However, if the synchrotron electrons are mixed with thermal electrons at the source
or if the ISM of another galaxy or cluster galaxies lies along the line of sight, there
can be Faraday rotation outside our Galaxy. From our data, the RM towards the source
G358.917+0.072 is found to be the highest with an estimated value of 4768 ad m
The plot of the polarisation angle for this source as a function of frequency is shown in
Fig. 6.1 The fit to the polarisation angle deviates from the measurement significantly
more than the expected noise in the data, and the data can be fitted with comparable
(but higher) residuals with one more extmarotation of the polarisation angle within

the 128 MHz observing bandwidth. Consequently, we have estimated the minimum
RM, which is quoted above. As discussed®grdner & Whiteoa1966; Kronberg

et al. (1972; Vallee (1980, the polarisation angle could deviate from tkielaw due

to the following three mechanisms. (i) If the synchrotron optical depth becomes sig-
nificant at some frequency, the polarisation direction makes a transition from parallel
to perpendicular to the projected magnetic field. (ii) If there are multiple unresolved
emission components with differing spectral indices and polarisation characteristics, it
can cause complex wavelength dependent variations in polarisation angle. (iii) If there
are significant gradients in Faraday rotation across or through the emission region of the
source, then also the polarisation angle can have a complex dependence on the observ-
ing wavelength. G358.917+0.072 is unresolved in the ATCA map. It could either be
a compact steep spectrum (CSS) soufe®ea 1999, where the parent galaxy could

introduce RM, or the source is seen through any cluster or intracluster medium like the
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Figure 6.1: Polarisation angle \&? plot for the source G358.917+0.072

one suggested for Cygnus-Riieher et al1987).

The source G358.917+0.072 shows a high depolarisation fraction (3.0 between 4.8
and 8.5 GHz). The distance of the intervening Faraday screen responsible for the depo-
larisation is likely to be several orders of magnitude more than the GC ISM. As a result,
emission from different parts of the source is viewed within one synthesised beam, the
linear scale of which is much larger than what is sampled in our ISM. It is likely that
in such length scales{l kpc), the magnetic field of the intervening Faraday screen is
uncorrelated. As a result, there is differential Faraday rotation within the beam, which
gives rise to source depolarisation. Since, differential Faraday rotation increases at lower

frequency Kronberg et al1972), the depolarisation fraction for this source is high.

Following the arguments given above, if the polarisation angle of a source deviates
from the best fit RM by more than four times of the noise, there could be RM introduced
outside the Galaxy and the RM of that source was not estimated. Similarly, we have
also estimated the depolarisation fraction between 8.5 and 4.8 GHz for all the compo-

nents which have detectable polarised emission at 8.5 GHz (Gab)le If any of the
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component is found to have a depolarisation fraction of more than 1.5, we suspect that
there is significant RM introduced outside the Galaxy and those components have not
been used any further for estimating RM introduced by the ISM of the Galaxy. Other
than G358.917+0.072, two more sources G359.388+0.46 and 353.462-0.691 and one
more component of the source G1.826+1.070 were rejected following the criteria given
above. We note that the intrinsic RM of most of the extragalactic sources are quite small
~ 10 rad n? (Simard-Normandin & Kronberd980 and the RMs estimated from our
sample is quite high~¢ 1000 rad m?), and consequently should have little effect on the

results of these observations.

6.3.2 Anomalous RM contribution by Galactic sources

As in Sect.6.1, strong ordered magnetic fields within Galactic sources can bias the
estimated magnetic field in the ISM. Therefore, while selecting the sources, we had
inspected the NVSS map at 1.4 GHzonhdon et al1998 and the GC map at 330 MHz
(LaRosa et al2000 for the presence of extended Galactic continuum source along the
line of sight (os) of the target sources. Except the source G0.537+0.263 (its RM is
included in the plot shown in Fidh.2), which is seen close to the HIl region Sgr-B1,
none of the other polarised sources are seen close to any prominent continuum source in

these maps.

6.3.3 Features in the Faraday screen near the GC:

In Fig. 6.2, the RM of all the 41 extragalactic sources which conform to the criteria

described before are plotted. In the plot, the positive RMs have been indicated by ‘X’
and the negative RMs by ‘O’, and the size of the symbols increases linearly with the
|IRM|. Clearly, the region is dominated by positive RM, as observed towards most
of the sources in both positive and negative Galactic longitude. The observed RMs

towards sources withb| < 1.5° are quite high~1000 rad m2. Such high RMs have
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><e 2000 rad m2

X =500 rad m~2

Figure 6.2: Estimated Faraday RM towards the polarised sources in Galactic co-ordinate.
The positive values are indicated by ‘cross (X) and negative values by ‘circle (O)'. The size
of the symbols increase linearly witRM|.

been observed before in the survey of low latitude extragalactic sources (4593,

Ib| < 5°) (Clegg et al1992, and is partly due to the passage of the line of sight through
large path length of the ISM. The observed RMs in our data do not appear to decrease
with distance from the GC. The median RM is estimated to bet&57rad n2, which
indicates that there is an ordered large scale magnetic field in the region which points
towards us. After subtracting this large scale RM, we checked for the presence of any
correlation among the estimated RM towards the sources.

The normalised autocorrelation function is given biyssen & Thielheinl974)

~ <RM.RM(8) >pg
B <RM? >

f(6)

)

where the numerator is the mean of the products of all pairs of RMs with their median
removed in intervals ofAB, 6 being the angular separation between the sources in the
sky. The autocorrelation function is computed within°0t®0.1°, 0.2° to 0.3, 0.3 to
1.0°,1.0t0 3.0 and 3.0 to 10, and is plotted in Fig6.3. As can be seen from the plot,

the RMs of sources located beyorfdfiom each other are almost uncorrelated. We note
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Figure 6.3: Normalised RM autocorrelation function as a function of angular separation

that there is a random component of the magnetic field, the presence of which can be
ascertained due to the reversal of sign of the RM towards some of the sources. The rms

value of the random component of the estimated RM is 666 rad m

6.4 Discussion
6.4.1 Geometry of the large scale magnetic field

Depending on the physical processes, the large scale magnetic field could either be per-
pendicular (poloidal) or parallel to the Galactic plane. The large scale magnetic field
in the GC region is believed to be poloidal (Morris & Serabyn 1996 and the references
therein). If this geometry is correct, then even due to small perturbations like turbulence,
there will be a line of sight component of the magnetic field, which will be random, and
we should have detected almost an equal number of sources having positive and negative

RM. However, from our data, we found the RMs to be mostly positive, which indicates
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that the large scale magnetic field is not perpendicular to the plane.

We now compare the results with three different models of the magnetic fields, and
see if the results match with the predictions of these models.

(i) Uchida et al(1989 have proposed a model of the magnetic field, which predicts a
toroidal component (along the Galactic plane) of the field near the GC. This magnetohy-
drodynamic model was made to explain the origin of the Galactic Centre L6béasy &
Handal984), which are a limb-brightened radio structure with a size of several hundred
parsecs extending from the plane of the Galaxy up toward positive Galactic latitudes
(Sofue & Handal984). This model predicts separate poloidal-dominant and toroidal-
dominant regions within the central few hundred parsec of thel@®@ida et al(1985
performed non-steady axisymmetric magnetohydrodynamic simulations in which the
field is assumed to be axial at high Galactic latitudes. However, due to the differen-
tial rotation of the dense gas near the Galactic plane, the field acquires a component
along the Galactic planeNovak et al. (2003 have made a new submillimeter polari-
metric map of the Galactic Centre using the Submillimeter Polarimeter for Antarctic
Remote Observations (SPARO). The submillimetre thermal emission can act as a tracer
of the dust emission and polarimetric observations detect the orientation of these dust
grains, thereby providing the direction of the magnetic fields. In their map, the observed
magnetic field are tightly aligned with the Galactic plane and they claim that such align-
ments provide strong evidence of the existence of this large scale magnetic field along
the Galactic plane. From our RM data, large scale magnetic field is observed along the
Galactic plane (along the line of sight) and is consistent with one of the predictions of
the model.

This model further predicts that the line of sight field in the first (+,+) and third
guadrant (-,-) of the Galaxy is towards the observer (positive RM), whereas the field
is away from the observer in the second (-,+) and fourth quadrant (+,-) of the Galaxy.

Since the RM of five non-thermal filaments (NTFs) have been estimated in the past, the
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Table 6.2: RM towards the GC NTFs

Name of Estimated RM Reference Sign of the | Galactic | Predicted
the NTF RM near peak| quadrant| sign of
of continuum RM
(rad nT?)
Northern filament| 100 to 2000 Lang et al.(1999h positive First positive
(G0.08+0.15)
Snake 2000 to 5500 Gray et al.(1995 positive Third positive
(G359.1-0.2)
359.54+0.18 —370t0—4200 | Yusef-Zadeh et a[19973 negative Second | negative
Pelican 500 to—1000 Lang et al.(19993 negative Second | negative
(G358.85+0.47)
Radio-arc —2000 to—5500 Yusef-Zadeh & negative Fourth | negative
(G0.16-0.14) Morris (1987a)

direction of the magnetic field in these NTFs can be compared with the prediction of
Uchida et al.(19895. Following Novak et al.(2003, the RM towards these NTFs are
given in Table6.2. From the Table, it is clear that the signs of RM towards all these
NTFs are consistent with the predictions of magnetohydrodynamic modétiofda

et al. (1985. However, from our observations, the estimated RM towards the sources
seen through all the four quadrants of the Galaxy are positive, which indicate that their
model is not globally valid in the central 1 kpc region. However, we only have a few
sources within 1 of the GC (I corresponds to 150 pc at the distance of the GC) and
due to statistical uncertainty involving small number of measurements, we cannot rule

out their model near the GC.

(i) We consider one more model of the magnetic field, whitdnd & Kulkarni
(1989 had proposed to explain the large scale geometry of the magnetic fields in our
Galaxy. In this model, the magnetic field lines are oriented along circular rings in the
Galactic plane. As discussed iRand & Kulkarni (1989, such a geometry arises in
galactic dynamo models of the field, in which a symmetric azimuthal mode is dominant
(e.g.,Krause(1987). Reversals of the field as a function of galactocentric radius are also
predicted by this model. Theories involving a primordial origin of the field also claim

to be able to produce ring fields, but only in the inner regions of galagieti¢ et al.
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1986. For simplicity, we consider a single ring model of the magnetic field in the GC,
along which the regular field lines are oriented. In this model, the sign of the line of sight
magnetic field changes with the change of sign of the Galactic longitude. However, we
find that the median RM estimated towards the sources with positive Galactic longitude
is 579131 rad n1?, whereas the median RM towards the sources with negative Galactic
longitude is 453110 rad nT2. Since, the sign of the median RM does not flip with the

sign of the Galactic longitude, a single ring model fails to explain the observations.

(i) We now consider the GC magnetic field to be part of the large scale magnetic
field configuration in our Galaxy. To explain the estimated RM towards the extragalactic
sources and the pulsaiSimard-Normandin & Kronber§1980 andHan et al.(1999
have earlier proposed a bisymmetric spiral model of the magnetic field. In this model,
the line of sight component of the fields near the GC can have the same sign on both
positive and negative Galactic longitude (see BEig). We note that if the magnetic field
in our Galaxy is a result of the compression of the primordial magnetic field during the
formation of the Galaxy, the net magnetic field of the Galaxy will be non-zero. Indeed,
our observations show a net positive magnetic field at the GC region. Therefore, a

primordial origin of the magnetic field in our Galaxy is consistent with our observations.

6.4.2 Estimation of the magnetic field from the RM:

In order to estimate thes component of the magnetic field from the RM, a model of
the electron density distribution is required. Therefore, we first discuss the available
models of the electron density distribution near the GC, and then estimate the regular

component of the magnetic field from our data.
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Figure 6.4: A schematic diagram of
the bisymmetric spiral structure of
the magnetic field in the Galaxy. Figure 6.5: Structure function of the RM

6.4.2.1 Electron density distribution in the GC region

A radio signal at frequency propagates through the ISM with group velooity: c[1—
(v5/v?)]?2, wherec is the speed of light in vacuunv, = e[ne/(Tm)]%* is the plasma
frequency ana andm are the charge and mass of the electron. This causes frequency
dependant delay in pulse arrival time, and is related to the dispersion me#suuié.(
where,ne is the electron density and ‘L is thes distance) of the medium. By using
pulsars, the dispersion measure can easily be estimated, and if the distance to the pulsar
is known, the average electron density alongltieecan be measured.

The ionised plasma in the ISM causes refraction of the radio waves and in presence
of turbulence in the medium, the plasma density fluctuates, causing scattering of the
electromagnetic waves. The scattering of the waves causes angular broadening of the
sources emitting the electromagnetic radiation @eéett(1990 for a review). Using
scatter broadening, it is possible to estimate the electron density fluctuation in the ISM,
which under certain assumptions is related to the electron density in the ISM.

Using these two method$aylor & Cordeg1993 have made a model of the electron

density in the Galaxy. However, their model does not include the electron density in the
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GC region. Therefore, we consider alternate models of the electron density distribution
in the GC regionvan Langevelde et a(1992 showed that there is a region of enhanced
scattering towards the central region of the Galaxy. Using constraints based on free-free
absorption, they suggested the scattering region to be located at a distance of more than
850 pc from the GC. However, using a likelihood analysiazio & Cordes(1998h

showed that there is a ‘hyperstrong’ scattering scregr-(0 cnm3) with an angular

extent of about half a degree along dos towards the GC. They estimate a distance of
133"29% pc for the screen from the GC. However, the extragalactic source G359.87+0.18
(Lazio et al.1999 is seen through the ‘hyperstrong scattering’ region, but has a scatter-
ing size of an order of magnitude less than the prediction of the ‘hyperstrong scattering’
model. Therefore, it appears that either their model underestimates the distance to the
screen from the GC, or the source is seen through holes in the scattering $e&zen (

et al.1999. Bower et al.(2001) have carried out VLBA observations of 3 extragalactic
sources and report an intermediate scattering region coveribfgin longitude and<

5° in latitude. The estimated scattering size of the 3 extragalactic sources are almost
2 orders of magnitude less than what is predicted by the ‘*hyperstrong’ scattering and
about 1.5-6 times more than the prediction by Thglor & Cordes(1993 model. The
scattering size of these extragalactic sources are comparable to the scattering size of the
maser sources near the G Langevelde et al992), which suggests that either these
sources are viewed through holes in the scattering screen, or the screen is located sev-
eral kpc away from the GCordes & Lazio(2002 have recently modified the electron
density model offaylor & Cordes(1993, and have included a GC component (based

on Lazio & Cordes(19980). However, the inner Galaxy component in their model
peaks along the ‘4 kpc molecular ring’. Since, the ‘4-kpc ring’ is visible|fox 30°,

Cordes & Lazio(2002 model does not explain the enhanced scattering observed by
Bower et al(2001) only in the central few degrees of the GC. We believe that other than

the GC scattering screen of size Q.there is a region of enhanced scattering covering
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> 5° in Galactic longitude aneék 5° in Galactic latitude. However, since the scattering
size of a source is a function of the electron density and the clumpiness of the medium,
in the absence of further constraints, estimating the electron density of this component
is difficult. Since the scattering angle measuredBoyver et al.(200]) is 1.5—6 times
higher than the prediction frofaylor & Cordes(1993 or Cordes & Lazio(2002), we

have taken an electron density 0.4 ciywhich is twice of theTaylor & Cordes(1993

model for the inner Galaxy. The corresponding dispersion measure due to the inner 2
kpc of the Galaxy is 800 pc crd. From theCordes & Lazio(2002 model, we estimate

a dispersion measure of about 800 pcéralong thelos from the rest of the Galaxy.
Therefore, about half of the total dispersion measure alongptheriginates from the
inner few kpc of the Galaxy. It should be noted that at present the dispersion measure of

the inner Galaxy component is uncertain by factor of a few.

6.4.2.2 Thelosaverage magnetic field:

The Faraday rotation measure is defined in Equaiiamas
RM= 0.81/neBdL

Where RM is expressed in rad™) ne in cm—3 andB;, is the component of the regu-
lar field along thdosin microGauss. Measurement of RMs together with an estimate of
dispersion measur@®M) = [ n.dL allows an estimate d&, of the magnetic field. The
large scale average magnetic fields estimated by this method will have contribution (i)
from the GC region (size 2 kpc), and (ii) from the rest of the Galaxy alondgafeWe
first consider the RM contributed by the magnetic field outside the central 2 kpc region

of the Galaxy.

If the large scale magnetic field along the Galactic plane follows a ring like configu-

ration concentric with the GAQRand & Kulkarni1989, then thdos component of this
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field for ||| < 6° is estimated to be& 0.2uG. Therefore, even if we neglect field reversals
along thdos, the contribution of the large scale field of the Galaxy to the estimated RM
is < 30% (DM 800 pc cm?®). We reach similar conclusion, even if the magnetic field
geometry is a bi-symmetric spirabimard-Normandin & Kronberd980. Therefore,

we do not consider the effect of the large scale Galactic magnetic field to the estimated
RM any further.

With the estimated median RM of 467 rad fn and a DM of 800 pc cm, we
estimate 0.7uG to be the average line of sight magnetic field in the central 2 kpc. We
note that if there are ‘n’ field reversals in the GC region, then the estimated field is
underestimated by at least a factor of n+1. Therefore, the field strength estimated above

should be regarded as a lower limit.

6.4.3 Small scale variations in the RM:

The variations in RM over an angular scaleX#f are described by the RM structure
functionD(AB) =< [RM(8) — RM(8+ AB)]? >. The structure function is estimated by
computing angular separatid® and by computing the expectation value of the squared
differences of the RM among all pairs of sources within that angular separation. We have
binned the data with6 0.0° to 0.1°, 0.1° t0 0.3°, 0.3't0 1.0°, 1.0’to 3.0 and 3.0 to 10,

and the structure function is computed within that interval. The RM structure function is
shown in Fig.6.5. The errorbars in the plot have been estimated by a statistical method
known as ‘Bootstrap’EEfron 1976. The structure function due to a perfectly uniform
field will have a measurable geometrical component due simply to the change in the
line of sight component of the field with changeliandb. An observer embedded in

an extended homogeneous medium with uniform magnetic field approaching from an
arbitrary angledy sees a rotation measure Rddg0 — 6y) (Clegg et al.1992, where

RMg is the RM towards€9,. However, it can be shown that the contribution of this

geometric component is much less than what is observed ir6FgTherefore, we do
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not consider this effect any further. Itis clear from Fighthat as the angular separation
tends to zero, the structure function also goes to zero; indicating that the difference in
RM originates in our Galaxy, and intrinsic contribution to the RM is negligible. The
Galactic ISM is likely to introduce the observed RM. The structure function increases
with angular separation from the origin, and at separations®? (100 pc) saturates

at a value equal to twice the RM variance. If we define the outer scale as the length
scale at which the structure function attains half of its maximum vaRiekétt 1989,

then we estimate an outer scale length~#0 pc corresponding to an angular scale

of 0.3 at an assumed distance of 8.5 kpc. We note that this estimated value of the
outer scale is much larger than the estimated outer scaleldf (0.4 pc) towards the

GC NTF G359.54+0.18Yusef-Zadeh et all9973 and the Snake (G359-D.2) (Gray

et al. 1995. This indicates the properties of the Faraday screen near the NTF is very

different from the screen that what we have sampled.

6.4.3.1 Comparison with theoretical structure function

The small scale variations in a magnetoionic medium are likely to be related to the
electron density fluctuations in the ISM, which have been studied through scattering and
scintillation observations (Rickett 1990). The power spectrum of the electron density

irregularities can be expressed by

P(q) =C20 %, 0o < g < ¢ (6.2)

Whereq is the spatial wavenumber, andis the spectral indexRickett 1977). C2 is
the normalisation constant of the electron density power spectrum. The quangities
andq; represent wavenumbers corresponding to ‘outer scale’ and ‘inner scale’ of the
turbulence respectively.

If this formula remains valid over the range of scale sizes from those responsible for

scattering £ 10® cm) to those responsible for Faraday rotatienl(0*° cm) as has been
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suggested byArmstrong et al.(1981J), then the statistical contribution to the rotation

measure structure functio8ifnonetti & Corded 98§ is given by
Drm(£8) = (2.89x 10°)(CAL) < B, >2 (LAB)*/3 (6.3)

Here, AG is the angular separation in degrees between the lines of sight probed,
< B > is the systematic component of the line of sight magnetic field strength in mi-
croGauss, and L is path length through the turbulent medium in kpc. This expression
assumes a Kolmogorov spectrum of density irregularitiesdi-e,11/3). In this equa-
tion, the quantityC2L can be estimated from scattering. The scattering size of an object

at 1 GHz is given by 06
Omas = 2.24 ( / c2d L) (6.4)

(Spangler et al198§. FromBower et al.(2001), we roughly estimate a scatter broad-
ened size of about 300 milli-arcsec at 1 GHz, which yi€fls = 3.5 m~2%3 kpc. Since,

<Bj >2 has already been estimated in the previous section, if ‘L’ is kn@ug, can be
estimated. However, the thickness of the scattering sctgesnd poorly estimated quan-
tity, and if we takeL = 2 kpc, then for an angular separation of Q.Rgy = 1.1 x 10°
racPm~4. The measured structure function at this angular separation is about@®.7
race m~* (Fig. 6.5). This indicates that variation in the electron density can only par-
tially account for the RM fluctuation, and magnetic field variation must also contribute
to the RM fluctuation. Assuming the fluctuations in electron density and magnetic field
to be zero mean isotropic Gaussian random processes having Kolmogorov spectrum and
the same outer scalk), Minter & Spangler(1996 have derived the following formula

as the structure function of the RM

Drm = [251226(n{Ca+ < By >2 C7) +23.043(CZCA(l0)7%)] x (L)*(26)*°  (6.5)

Wheren, is expressed in units of 0.1 crfy C2in 10~ m2%3, CZ in units of 10 ¥ m~2/3 pG?,
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lois in pc, L is in kpc and\6 is in degreeC3 is the normalisation constant of the mag-
netic field power spectrum, which also have properties similar to that given in Equa-
tion 6.2. From the measured value By = 3.7x10° rad m~* (Fig. 6.5), atA8=0.2,

and from Equatior6.5, we computeC3 = 2.1x 1012 m~2/3 uG2?, which yields the fluc-

tuating component of the magnetic field-a uG at the outer scale length.

6.4.4 Size of the clumps in the scattering medium

Here we consider a specific distribution of scattering material within the screen. Let the
electrons be distributed within the scattering screen (thickbggsin clumps of size
Zpe.

It is well known that for a given column density of electrons, the scattering diameter
of a source depends on the clumpiness of the ionised medium, and by integrating Equa-
tion6.2, itis possible to estimate the RMS value of the electron density fluctuation. Since
almost all the electrons are distributed in clumps, we assume the RMS electron density
in the clumps equals the actual electron density (i.e., the product of the mean electron
density within the screen with the ratio of the thickness of the screen to the clump size)
in the clumps, and as shown below, it is possible to estimate the size of the clumps.

As in Spangler(1991), he has derived the following relationship between the ob-

served angular diameter due to scatteriég and the characteristics of the turbulence,

8.0 107(ne)+2238
1= |8.4

mas (6.6)

where,0; is defined at a fiducial frequency of 1 GHx, is the RMS electron density
fluctuation in cn® in the turbulent mediuniy, is the path length through the turbulent
medium in parsecs, arlg is the size of the ‘outer scale’ in cm. If the probability of
encountering the clump within the screen is denoted bthen in the above equation,
Zyc can be expressed dsx Ly.. As explained above, all the electrons resides within

clumps, and we can writ&n. =~ ne/f, whereng is the los averaged electron density
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within the central 2 kpc. With the above approximations, we get

| 1.486x 108

f=—a—e
1.67 ,, 0.67
61°" x1g

X N2 x L pes

which allows us to estimaté.

In Sect.6.4.3.1 we have used a typical value 6f ~300 mas at 1 GHz. Using
ne=0.4 cn3, we getf=0.017,Z,:=35 and within the cloudne ~20 cn13. This shows
that there will be typically~1 cell (f ~0.02) along théos, which produces the observed
RM. One observable consequence of it is that the optical depth of these cloudt are
74 MHz. Based on VLA 74 MHz observations of the G&antharamaiah et 2002
found that central few kpc of the Galaxy is nearly optically thick at 74 MHz, which

provides observational evidence to the above estimated parameters of the clouds.

6.4.5 Which component of the ISM produces the RM ?

In this section, we first discuss the possible components of the ISM that contribute to the
observed RM and examine if these considerations are valid near the GC. We finally try to
distinguish the component of the ISM, whose properties best match with the scattering
screen.

It is widely believed that there are four phases of the ISM, referred to as (i) Hot
lonised Medium (HIM), (ii) Warm lonised Medium (WIM), (iii) Warm Neutral Medium
(WNM) and (iv) the Cold Neutral Medium (CNM). Since, the Faraday rotation is pro-
duced by ionised gas in the presence of magnetic field, the warm ionised component of
the ISM is likely to be responsible for it. However, it is not clear if the WIM consists
mainly of the Reynolds WIM (RWIM) Reynolds199]) found in HIl regions, or there
exists another form of the WIM known as the McKee-Ostriker WIM (MOWIMoKee
& Ostriker 1977, which mostly exists in the MO warm neutral medium (MOWNM).
Heiles(2001) has suggested that the pulsar dispersion measure is mainly caused by the

MOWIM, whereas, scattering is mainly caused by the RWIM. We note that if MOWIM
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causes most of the dispersion measure (as it is linearly dependent on the electron den-
sity), Faraday rotation will also be caused by it.

However,Cordes et al(1985 have suggested a two-component model for the elec-
tron density fluctuations consisting of:

(a) A clumped, highly scattering component with a scale height D0 pc and
filling factor ~10~% — 10~2, indicative of association with extreme Population | material
(HII regions, stellar wind bubbles, supernova remnants, etc.), which is responsible for
enhanced scattering in the inner part of the Galaxy.

(b) A nearly uniform, moderately-scattering component with a scale heig@0 pc
and a large filling factor$0.5).

Anantharamaiah & Narayafi988 has proposed that the high scattering observed
towards the inner GalaxyR@ao & Ananthakrishnai984 Dennison et al1984) is as-
sociated with component (a). They argued that this enhanced scattering is caused by
the ionised outer envelopes of the HII regions. The number of HII regions in the inner
Galaxy are known to be large and their typical sizes are in the range of 1-10 pc with
electron densities 0£10? cm™3. The envelopes of these HIl regions could have sizes of
several tens of parsecs and typical densitiés-10 cn3.

In the previous section, we have shown that the clumps in the scattering screen have
ne ~ 20 cnt 2 and size~30 pc. It is quite remarkable that the properties of these clumps
matches with the parameters of the outer envelopes of the HIl regions discussed above
and it is likely that a significant fraction of the estimated RM is produced by the outer

envelopes of HIl regions.

6.4.6 Implications for the GC magnetic field

The Faraday RM is #os integration of the product of the line of sight magnetic field
and the electron density. Therefore, if the electron density is small where magnetic

field is large, it will result in underestimation of the average magnetic field (where the
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average electron density is known). We have shown before that a major fraction of the
electrons in the inner Galaxy could be in the form of clumpy diffuse outer envelope of the
HII regions. Though these HIl regions could be anywhere alondasethe scattering
diameter of the extragalactic sources increases in the central few degrees of the Galaxy,
which indicate the distribution of the HII regions peaks within the central 1-2 kpc of the
Galaxy and the estimated magnetic field mostly indicates the field strengths near the Hill
regions.

It has long been suspected that there is a all pervasive milliGauss strength magnetic
field within ~1° of the GC. We note that though a good fraction gfisin the HiIl
regions, MOWIM is believed to be all pervasive (see part (b) of S&ét5. Using
the Faraday RM produced by this medium, we can constrain the GC magnetic field.
The WIM component having a large scale heigh©(5 kpc) can be identified with the
MOWIM, which has electron density0.03 cnt3. Near the GC, we can assume that
the MOWIM has densities similar to the rest of the Galaxy. There are about 9 sources
in our sample seen through the 1.& the GC, and we do not find their RM to be
significantly higher than other sources in the sample. With the electron densities of the
MOWIM given above and by taking ks path through the GC medium of about 300
pc, we provide an upper limit of 60G as thdos component of the GC magnetic field.
This field strength is much lower than the hypothesised milliGauss magnetic field, which
suggests that the strong magnetic fields near the NTFs is only a local enhancement of

the field strength.

6.5 Summary

In order to study the properties of the Faraday screen near the GC, we have observed 64
background extragalactic sources through the<6 <6°, —2° < b <2° region of the

Galaxy using the C and X band of the ATCA and VLA. We detect polarised emission



202 CHAPTER 6. MAGNETIC FIELD NEAR THE GALACTIC CENTRE

from 45 sources (65 components) and could unambiguously estimate the RM introduced
by the Galaxy towards 61 source components. Based on these observations, we conclude
the following:

(i) There is a large scale magnetic field (strength7uG) in the central -6< | <6°,

-2 < b <2° region of the Galaxy, aligned along the plane of the Galaxy.

(i) This large scale magnetic field points towards us in both the positive and nega-
tive longitude of the Galaxy. If the primordial magnetic field is concentrated while the
Galaxy is formed, it will result in having a total non-zero magnetic field around the cen-
tre. Therefore, our result is consistent with a primordial origin of magnetic field in the
Galaxy.

(iif) The outer scale of the Faraday screen sampled by these observations is about 30
pc, which is much larger than the scale size-df0’ observed near the NTFs in the GC.
This indicates that the properties of this Faraday screen of the GC ISM away from the
NTFs could be very different from what is found close to the NTFs.

(iv) Though some of the estimated parameters are uncertain by a factor of few, the
RM structure function could not be explained with electron density fluctuations alone.
A magnetic field fluctuation of 2uG along with the electron density fluctuation could
explain the observed RM structure function.

(v) We estimate the probability of encountering the scattering material in the central
2 kpc of the Galaxy to be-0.02, which indicates that the plasma is arranged in the
form of dense clumps, whose sizes ar85 pc and electron density20 cnt3. These
ionised clouds are likely to be the ionised outer envelope of the HIl regions. The esti-
mated physical parameters of the clouds match quite well with what was predicted by
Anantharamaialil989; Anantharamaiah & Narayai988 to explain the detection of
the Galactic ridge radio recombination line in the inner Galaxy.

(vi) Assuming that the MOWIM has similar properties in the GC as in the rest of the

Galaxy, these observations constrain the maximum line of sight magnetic fieldi® 60
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in the GC region, which suggests that the milliGauss magnetic field estimated near the

NTFs are localised and does not pervade the central 150 pc of the GC.
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Chapter 7

Conclusions and future work

In this thesis, we have investigated some of the properties of some of the discrete sources
and the Interstellar medium near the Galactic Centre using observations at several radio
frequency bands. In this chapter, we briefly describe the outcome of these studies and
possible studies in the future in order to better understand the physical processes in the

region.

7.1 Results

7.1.1 Observations of the Galactic Centre at 620 MHz

In order to estimate the low frequency spectral indices of the sources in the region and to
constrain their relative location, the GC region was observed with the GMRT at 620 and
580 MHz. These observations have provided us several important pieces of information,
which we describe below.

(i) For the first time, Sgr A East is shown to display a break in its spectral character-
istics. It has a spectral index of abou0.76 at frequencies above 1.4 GHz. However,
between 1.4 and 0.33 GHz, its spectral index is abduB, indicating that its spectral
index changes by0.5 at~1 GHz. Using the standard synchrotron model for spectral
break, we estimate the age of Sgr A East to be abatiyéars.

(ii) Emission from the 7halo also shows a similar break in the spectrum, which

205
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suggests that the Sgr A East and thealo are physically associated.

(iif) Sgr A* has been detected at 580 MHz, which is the lowest unambiguous fre-
guency at which it has been detected and the estimated flux density at this frequency is
consistent with what is expected from its higher radio frequency spectral index and the
flux density. This indicates that there is no low frequency turnover of its emission above
580 MHz.

(iv) The optical depth of the Sgr A West HIl region is estimated to be about 2.6 at
620 MHz. Though Sgr A* is located along the same line of sight, its emission shows no
absorption by this HIl region, which indicates that Sgr A* is located in front of Sgr A
West.

7.1.2 GMRT observations of suspected SNRs with filamentary struc-
tures near the Galactic Centre

In order to investigate any possible non-thermal filament beyond the cehtegitin of

the GC, we have carried out low frequency observations of two filamentary structures,
which could be either part of SNR or possible NTF in the region. One of these filamen-
tary structure is G357.1-0.2 and the other one was close to the suspected SNR G3.1-0.6.
We also observed the peculiar source, the Tornado nebula, for which no previous high
resolution studies below 1.4 GHz was made. This has led to the following conclusions.

(i) Confirmation that G3.20.6 is supernova remnant. This was the largest suspected
SNR (28 x 49) detected during the Molonglo Galactic Centre survey.

(i) The detection of two curved extended structures in the field of one of these fila-
mentary structure. These extended objects appear to be part of a large shell like structure
(sizex~ 52 x 72) centred at G356:80.0. Its spectral index is estimated to be steeper
than—0.34.

(i) We find that the three previously suspected supernova remnants, G356.6+0.1,

G356.3-0.3 and G357.20.2 are located on an extended object, which appears to be
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part of the large shell described above. We suggest that G356.6+0.1 and &356.3
are actually parts of this large shell which were accidentally identified as separate objects
in the MOST survey.

(iv) The peculiar morphology and the spectral index of the object G35Y.2A sug-
gests that it is a a plerionic type of supernova remnant with a spectral break around 1
GHz and is located at a distance of more than 6 kpc from us.

(v) We have made spectral tomographic maps of the Tornado nebula between 1.4
GHz and 330 MHz. We find that a few of the filamentary structures appears to show
spectral index variation, which could either be explained by difference in the conditions
of electron acceleration at the site of shocks, or a curved electron energy spectrum.
The overall variation of the spectral index of the extended features across the nebula is
consistent with what is seen in other SNRs.

(vi) Using HI absorption towards the Tornado nebula, it can be placed in or beyond
the central few hundred pc of the Galactic Centre. Comparison of its HI spectrum with
what is observed for the suspected extragalactic source G356.9+0.1 indicate that the
Tornado nebula is located at the nearer side of the GC, which for the first time puts an

upper limit on its distance.

7.1.3 Constraints on distances to Galactic Centre non-thermal filaments
from HI absorption

Out of nine known NTFs in the GC region, the line of sight distance of only two of them
were previously estimated. We have carried out HI absorption line study of three other
NTFs named as Sgr C, G359.79+0.17 and G359.54+0.18, which has led to the following
results.

() For the first time, the Sgr C NTF and the HIl region are shown to be located within
a few hundred parsecs of the GC.

(i) Our study indicates that the Sgr C HIl region is either embedded in or located



208 CHAPTER 7. CONCLUSIONS AND FUTURE WORK

behind the—65 km s molecular cloud, whereas the Sgr C NTF is located at the near
side of the cloud, which argues against any possible interaction between the two objects.

(iii) A molecular cloud with a velocity of-100 km s appears to be associated
with the central part of the Sgr C NTF and on the basis of the presently existing data,
it appears that the magnetic pressure in the NTF is higher than the pressure due to the
—100 km s cloud.

(iv) HI absorption by the ‘3 kpc arm’ is detected against all the three NTFs, which
indicates that the NTF G359.54+0.18 and G359.79+0.17 are located at a minimum dis-
tance of 5.1 kpc from the Sun.

(v) Weak HI absorption (& level) at—140 km s * suggests that the NTF G359.54+0.18
is located at a minimum distance sf8.5 kpc from us.

(vi) The maximum distance of the NTF G359.54+0.18 and G359.79+0.17 is esti-
mated to be 10.5 kpc from the Sun.

The present study extends the number of NTFs that have been found to be located
near the GC region to five. With most of the known NTFs now being shown to be near
the GC, there remains little doubt that phenomena related to the central region of the

Galaxy are responsible for the creation and maintenance of the NTFs.

7.1.4 Magnetic field near the Galactic Centre: Rotation Measure ob-
servations of Extragalactic sources

In order to study the properties of the Faraday screen near the GC, we have observed
64 candidate extragalactic sources through tle<b<6°, —2° < b <2° region of the
Galaxy using the C and X band of the ATCA and VLA. These observations for the first
time provide information on the polarisation fractions of the background sources seen
through the region. We provide 4.8 GHz maps of all the observed sources and estimate
the angular sizes, spectral indices and polarisation fractions of these sources.

Based on the morphology, spectral characteristics and polarisation properties, we
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identify 4 Galactic Hll regions in the sample. The remaining 61 sources show non-
thermal emission. Except the source G359.2-0.8 (Mouse), which is a known Galactic
non-thermal source, we compare the properties of the remaining non-thermal sources
with the known types of Galactic non-thermal sources like SNRs, radio pulsars, radio
stars, transient sources and Galactic microquasar. None of the sources appear to share
the characteristic properties of these Galactic non-thermal sources. We find that their
number density, angular size vs. flux density and non-thermal spectral indices are con-
sistent with what is known for the extragalactic sources.

We detect polarised emission from 45 sources (65 components) and could unambigu-
ously estimate the RM introduced by the Galaxy towards 61 source components. Based
on these observations, we conclude the following:

() There is a large scale magnetic field (strength7 uG) in the central -6< 1 <6°,

— 2 < b <2° region of the Galaxy, aligned along the plane of the Galaxy.

(i) This large scale magnetic field points towards us in both the positive and negative
longitude of the Galaxy. If a primordial magnetic field is concentrated and amplified
while the Galaxy is formed, it will result in having a total non-zero magnetic field around
the centre. Our result is consistent with such a magnetic field in the Galaxy Centre
region.

(i) The outer scale of the Faraday screen sampled by these observations have a value
of 30 pc, which is much larger than the scale size-@0’ observed near the NTFs in the
GC. This indicates that the properties of this Faraday screen of the GC ISM away from
the NTFs could be very different from what is found close to the NTFs.

(iv) Though some of the estimated parameters are uncertain by a factor of few, the
RM structure function could not be explained with electron density fluctuations alone.
A magnetic field fluctuation of 2uG along with the electron density fluctuation could
explain the observed RM structure function.

(v) We estimate the probability of encountering the scattering material in the central
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2 kpc of the Galaxy to be-0.02, which indicates that the plasma is arranged in the form
of dense clumps, whose sizes ar@5 pc and electron density20 cnt 3. These ionised
clouds are likely to be the ionised outer envelope of the HIl regions. The estimated
physical parameters of the clouds match quite well with what was predicted by Anan-
tharamaiah (1988) to explain the detection of the Galactic ridge radio recombination line
in the inner Galaxy.

(vi) Assuming that the MOWIM has similar properties in the GC as in the rest of
the Galaxy, these observations constrain the maximum line of sight magnetic field to
60 pG in the GC region, which suggests that the milliGauss magnetic field estimated
near the NTFs are localised and does not pervade the central 150 pc of the GC. The
low value of the magnetic field estimated from our data challenges the paradigm of
milliGauss magnetic fields based on the rigidity argument of the NY&sdf-Zadeh &
Morris 19873 and supports the cometary plasma tail modebbbre & Larosg1999
for the origin of the isolated nonthermal filaments at the Galactic center. The cometary
model indicates the NTFs to be dynamic configurations, and not static structures. As
such, they are local amplifications of an otherwise weak field and not directly connected

to any static global field.

7.2 Future Prospects

7.2.1 Low frequency spectral index of Sgr A*

Our observations at 620 and 580 MHz with the GMRT and its earlier VLA observation
at 330 MHz indicate that Sgr A* has a low frequency turnover between 580 and 330
MHz. This can be caused by different physical processes. Since the line of sight HiIl
region Sgr A West appears to be located behind it, we believe that the low frequency
turnover of Sgr A* is intrinsic. This intrinsic turnover can be caused by thermal free-

free absorption, synchrotron self absorption or Razin effect. Since the expected spectral
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indices due to these three physical processes are quite different, future high resolution
(~arc-sec) observations between 580 and 330 MHz will be crucial to identify the cause

of the turnover of its observed flux density.

7.2.2 Low radio frequency observations of the Galactic Centre region

The detection of spectral break of Sgr A East highlights the importance of multifre-
guency observations to distinguish between competing physical processes. The low fre-
guency observations (below 1 GHz) in many cases provide important information about
the source property (e.g., intrinsic turnover). However, at these frequencies, the free-free
optical depth of the line of sight plasma towards the GC becomes significant, and un-
less its effect is modelled properly, estimation of source properties like the flux density
will be incorrect due to absorption by this line of sight gas. At present, observations at
frequencies above 330 MHz is available. However, even at a frequency of 330 MHz,
the free-free optical depth of the gasyd towards the GC. Therefore, observations at
frequencies below 330 MHz (e.g., 230 and 150 MHz band of the GMRT) will be crucial

to model the absorption due to line of sight plasma.

7.2.3 Magnetic field in the Galactic Centre region

Our observations of the Faraday RM towards 45 polarised extragalactic sources seen
through — 8 <1 <6°, — 2 < b <2° region of the Galaxy have indicated that the line of
sight magnetic field strength is onty uG. These observations also indicate the upper
limit of the line of sight magnetic field strength in the central 150 pc of the Gafe6¢

MG. This raises questions on the mG field estimated from observations of the NTFs in
the region. Itis possible that the magnetic field strength near the NTFs are very different
than the dense ISM in the region. However, in order to estimate this upper limit, we
had to assume that the MOWIM in the region has similar properties as in the rest of the

Galaxy. In the following paragraphs, we suggest two different methods to compare the
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magnetic field in the central region with the inner few kpc of the Galaxy.

(i) If several polarised extragalactic sources are identified such that part of them are
seen along the NTFs and part of them are randomly distributed towards the direction
of the GC, then any systematic difference of RM between these two groups of samples
will indicate change in the property of the magnetic field or the electron density near
the NTFs. If the scattering measure towards these sources is also estimated, then it will
be possible to constrain any possible variation of the line of sight magnetic field near
the NTFs. However, the probability of finding such sources with flux densities strong
enough to have detectable polarised emission is pretty low with the present telescopes.
Future observations with long enough integration time will be useful in this regard.

(i) The RM introduced to polarised signal from extragalactic sources seen near the
GC are likely to be caused by magnetic field sampled at places, where any intervening
HII regions (due to high electron density in the HIl regions) are located. If we assume
the HIl regions to be randomly located along our line of sight in the inner 4 kpc of the
Galaxy, then the probability of finding one such object in the central 150 pc is about
0.04. Therefore, if we can identify and observe more than 25 polarised extragalactic
sources through the centrdl @f the GC, and if the line of sight magnetic field in the
region is much higher than the general ISM of the Galaxy, then it is likely that we
will identify very high RM towards one or two background sources. Therefore, future
RM observations of the extragalactic sources in the region with high sensitivity will be

important for tightly constraining the GC magnetic field.

7.2.4 Magnetic field in the inner Galaxy

As in Sect.6.1, the magnetic field in the inner few kpc of the Galaxy is not measured
systematically. We have carried out observations which covers only about a third of the
central few kpc region of the Galaxy. Therefore, future observations of Faraday RM

towards the extragalactic sources seen through the @6t of the Galaxy will be
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important to constrain the magnetic field in the region.
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