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Abstract

The central regions of many galaxies emit extremely large amounts of energy (> 1045

ergs sec−1). 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 resolution (>

103 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∼104 molecules cm−3, velocity dispersions∼10 km s−1, temperatures∼70

K and and apparent magnetic fields∼1 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 a 2.6×106 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
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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 filamentary 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 G358.1−0.0 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 centrall ×b

= 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, HII 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 2.6×106 M�

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 HII region known as the Sgr-

A West, east of which is seen the SNR Sgr-A East. Around this region, a 7′ halo 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 HII 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 HII region have optical depth∼ 1. Therefore,

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



xxvi ABSTRACT

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 (G3.1−0.6), 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 (G358.1−0.0),

with size of≈ 52′× 72′. This is possibly the remains of an old supernova in the re-

gion. Three suspected SNRs, G356.3−0.3, G356.6+0.1 and G357.1−0.2 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 G357.1−0.2, which

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 like a tail≈7′ towards

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 central∼ 2◦ region of our Galaxy. From high-

resolution, radio-continuum maps, NTFs appear to be less than∼1 parsec 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 HII region located close to the

NTF. In this chapter, it is shown that the Sgr C NTF and the HII region are located within

a few hundred parsecs from the GC. A molecular cloud with a velocity of−100 km s−1

appears to be interacting with the central part of the Sgr C NTF. This study indicates

that the Sgr C HII 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−1, which is the velocity of a known dense molecular cloud

seen towards the filament. This cloud is believed to be located within∼ 200 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 region (−6◦≤ l ≤

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
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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 within 1.5◦ from the

Galactic plane are quite high with RM∼ 1000 rad m−2. RM estimated towards most

of the sources are positive (median value of 467±87 rad m−2) 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 acrossl=0◦. Our observations,

that the RMs do not vary significantly acrossl=0◦, 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 ‘l’=0◦.and 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 (1045 ergs sec−1), 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-

quate 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.

1



2 CHAPTER 1. INTRODUCTION

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 filaments (Yusef-

Zadeh et al.1984) and the 2.6×106M� object at the centre (Genzel et al.1996; 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 densities∼104 molecules cm−3,

velocity dispersions∼10 km s−1, temperatures∼70 K and apparent magnetic fields∼1

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 (1984); Genzel & Townes(1987); Morris &

Serabyn(1996), describes this research.Melia & 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 andγ-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 HII region or

non-thermal (mostly synchrotron) emission characterised by power law spectra. Ther-

mal emission from extended sources turnover at low radio frequencies (see section1.4.1

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 byLittle (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 central 3◦ region (∼0.5 kpc) of the

Galaxy (LaRosa et al.2000) is shown in Fig.1.1, 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 remnant (Pedlar

et al.1989). A 4.8 GHz radio image of this region (Fig.1.2) 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 the 7′ halo surrounding Sgr A East. The compact

source Sgr A* coincides with the inferred position of the 2.6×106 M� black hole candi-
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G0.08+0.15

G359.79+0.17

G359.54+0.18

G359.96+09

Pelican

Cane

Figure 1.1: 330 MHz false colour image of the GC (LaRosa et al.2000)

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 al.1976). At 330 MHz, Sgr A East is seen in absorption against

Sgr A West, indicating that Sgr A East is located behind Sgr A West (Pedlar et al.1989).
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1.2.1.2 Supernova remnants (SNRs)

Six SNRs are seen in the 330 MHz map shown in Fig.1.1 , which we discuss below,

ordered in higher to lower Galactic longitude.

(i) Sgr D SNR: Located atl=1.05◦, b=–0.1◦, it has a filled-shell morphology and is

identified as a shell-type SNR in A Catalogue of Galactic Supernovae Remnants by D.

A. Green1. In contrast to its 330 MHz image (Fig.1.1), which shows that this source

has a well-defined boundary around the entire circumference, 20 cm observations (Liszt

1992) show a bright northern rim and a very diffuse southern boundary. At 6 cm only

the northern rim of this source is detected (Mehringer et al.1998). The spectral index

reported by Green is –0.6 (where S(ν) ∝ να; ν is observing frequency,α is the spectral

index and S(ν) is the flux density). However, combining its 330 MHz flux density with

those in the literature,LaRosa et al.(2000) estimates a spectral index of –0.4 for this

SNR.

(ii) G0.9+0.1: This SNR appears like a composite supernova remnant with two dis-

tinct components. Earlier observations of this SNR ledHelfand & Becker(1987) to

classify it as a composite supernova remnant. It has a flat spectrum core (≈2′ in diam-

eter) and a steep spectrum shell (diameter 15′). 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.

(iii) G0.33+0.0: This object was first identified byLarosa & Kassim(1985) 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

1http://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 superposed.LaRosa 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 morphology.Reich & Fuerst(1984)

classified it as an SNR on the basis of its nonthermal spectrum (α=−0.37) 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 Snake (Uchida et al.1992a). 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 stars (Uchida

et al.1992a). 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

ambiguous.LaRosa et al.(2000) estimates its spectral index to be−0.5.

(vi) Tornado nebula (G357.7−0.1): This object has an unusual structure and even its

classification as a supernova remnant has been questioned (Becker & Helfand1985). It

shows a similarity to extragalactic head-tail sources (Weiler & Panagia1980). 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 remnants (Frail et al.1994),

and detection of OH maser (Brogan et al.2000) from the region is suggestive of it being

an SNR. In spite of its steep spectral index (α=−0.5), its classification as either shell

type or filled centre type is still uncertain (Shaver et al.1985).
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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 central∼1◦ region 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 Pelican (Lang et al.1999a), 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(1987a) have estimated that the magnetic field strength within

the NTFs is∼milliGauss. Nine NTFs are seen in Fig.1.1, and we briefly describe their

observed properties below.

(i) Radio arc: Located some 15′–20′ north of Sgr A (Fig.1.1), the Galactic Centre
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Radio arc (GCRA) is one of the most striking radio structure observed in our Galaxy.

It is aligned almost perpendicular to the Galactic plane atl=0.18◦, while a series of

curved structures, the Arches, appear to connect the Arc to the 7′ halo. The GCRA was

first resolved into a large number of narrow linear features byYusef-Zadeh et al.(1984)

who (Yusef-Zadeh et al.(1986)) 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 indexAnantharamaiah et al.(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 (e.g.,Serabyn & Morris(1994)) associated

with the HII 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.

(ii) Sgr C: The Sgr C complex consists of an NTF and a HII region located≈1′ south

of the NTF (Fig.1.1). This complex was studied in detail byLiszt (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 HII region dominates and the spectral

index is flat withα=0.02. Beyond the HII region, the spectral index remains essentially

constant at approximately−0.5.

(iii) G0.08+0.15: This NTF is located just north of Sgr A East (Fig.1.1) and is south

of the GCRA. It is 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 of 4′′, which

corresponds to a linear size of 0.15 pc (Lang et al.1999b) and a linear extent of 11.9′ at

90 cm, corresponding to a length of at least 29.4 pc at the distance of the GC (LaRosa

et al.2000). Its spectral index is –0.6 (LaRosa et al.2000).
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(iv) G359.96+0.096: This filament, known as the southern thread (Fig.1.1), 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 indexα ∼−0.6 (LaRosa et al.2000).

(v) G359.79+0.17: This object appears to be an isolated filament (Fig.1.1) and 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 image (Lang et al.1999b). Its length

derived from the 90 cm image is approximately 15 pc (LaRosa et al.2000). Its spectral

indexα ≈−0.6 (Anantharamaiah et al.1991).

(vi) G359.54+0.18: This source is another example of an apparently isolated filament

(Fig. 1.1). It is considerably shorter than the others, extending only 12 pc (Yusef-Zadeh

et al. 1997a). Yusef-Zadeh et al.(1997a) 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, –29◦14′). 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 indexα ≈−0.8 (Anantharamaiah et al.1991).

(vii) G359.1−0.2 (Snake): The Snake is an unusual NTF (Fig.1.1), first noticed in

the MOST (843 MHz) Galactic Centre survey (Gray et al.1991). 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 60 pc (Gray

et al.1995).

(viii) G358.85+0.47 (Pelican): This source is located approximately a degree (∼150

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 byLang et al.(1999a) at

shorter wavelengths have confirmed it to be a NTF. This is the only known NTF parallel
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to the Galactic plane2.

(ix) G359.85+0.39 (Cane): This is a newly discovered system of isolated nonther-

mal filaments located≈0.5◦ 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 al.2001). They explained the variation of spectral index by a curved electron

energy spectrum embedded in a diverging magnetic field.

1.2.1.4 HII regions

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 complex (Fig.1.1) are 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 HII 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 atl < 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 l> 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 (Liszt 1992).

(i) Sgr D: Located atl=1.13◦, b=–0.11◦, its emission is sharply bounded and appears

strikingly similar in size (diameter≈ 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−1, but the formaldehyde absorption spectrum

against this source extends up to +125 km s−1 (Downes et al.1980), thereby suggesting

it to be located in or beyond the GC region (Liszt 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.

(ii) 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 plane (Bieging 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 HII regions having expanded and coalesced over time. Thus, Sgr B1

may be an evolved star-forming region (Mehringer et al.1992). Sgr B2 (G0.7–0.0) is a

well-studied massive star-forming region located∼100 pc in projection from the Galac-

tic centre. The Sgr B2 molecular cloud is quite exceptional. It has a mass of 5×106

M� (Lis & Goldsmith1990), making it one of the most massive molecular clouds in the

Galaxy. The density in the core of the cloud is∼105 cm−3 (Cummins et al.1986). 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

HII regions (Benson & Johnston1984). Using VLBI techniques,Reid et al.(1988) used

one group of H2O masers in Sgr B2 to determine the distance to this star-forming re-

gion, which is estimated to be 7.1±1.5 kpc. RRL studies indicate that the ionised gas in

this region has velocities predominantly in the range of 50–75 km s−1 (Roelfsema et al.

1987).

(iii) Sgr E: Located atl ∼ 358.4◦−359◦, this complex is believed to be an active star-
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forming HII region-molecular cloud complex located some 200 pc away from the GC.

Caswell & Haynes(1987) report a recombination line at –209 km s−1 from this region.

Broad CO emission line at comparable velocities have been detected (Liszt 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 keV (Morris & Serabyn1996) due to emission

mostly from hot ionised gas in the region. X-ray line emission also peaks at the Galactic

Centre (GC) (Koyama et al.1989). 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 sources (Muno et al.2003) superposed on a background

diffuse emission probably caused by large amount of hot gas with temperatures of∼107

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 content (Mezger

1978; Mezger & Pauls1979). 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 s−1 nearl=0◦. It is observed

continuously over –22◦ 6 l 6 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 nearl=0◦

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 clouds is∼1%

(Liszt et al.1983). The HI associated with the near side of the 180-pc molecular ring

gives rise to the –135 km s−1 HI feature nearl=0◦. HI at high positive velocities (∼150

km s−1) has also been observed, which could originate either from the far side of the

molecular ring (Oort1977) or from different HI features (Cohen & Davies1979).

1.2.2.2 The Central Molecular Zone

The structure of the CMZ is best studied by high-resolution observations of the CO

molecule (Bania1977; 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 observed (Morris &

Serabyn1996). 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 5 M� pc−2

in the HI nuclear disk (Burton & 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-density (&104 cm−3), high

volume filling factor (&0.1) medium containing 5×107 M� of gas (Bally et al.1988).

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 & Downes1980). The clouds in the CMZ also show significantly elevated

temperatures (30–200 K, typically 70 K; (Huettemeister et al.1993), and high internal

velocity dispersions (15–50 km s−1) 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 rotation (Bally et al.1988). The distribution is such that

roughly three quarters of the dense molecular gas is located at positive longitudes, three

quarters is at positive velocities, and large radial and vertical motions are present in a

significant fraction (30%) of the gas (Bally 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 s−1), quasi-continuous ring structure surrounding

the nucleus and having a radius (≈180 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 Fig.1.3) are continuous with those

of the exterior HI nuclear disk, indicating that this structure likely marks the location

of an HI/H2 transition (Binney et al.1991). (ii) Inside of this ‘boundary’ lies the mass-

dominant molecular component. This component consists of a lower velocity (.100 km

s−1) population of dense and massive molecular clouds. This cloud population (which

includes the clouds associated with the Sgr A–Sgr E HII regions) lies close to the true

Galactic plane and is referred to as the Galactic centre ‘disk population’ (Morris &

Serabyn1996). One massive molecular cloud, having a velocity of 50 km s−1 (also

known as the 50 km s−1 cloud), is located adjacent to the Galactic centre in projection.

It is associated with the bright, central Sgr A complex (Ekers et al.1983; 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=1−0 emission contours in a position-velocity plane in which position
extends along the line froml , 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, 2.8, 4.4, 6.2, 8.2, 10.4, . . . 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 Sgr A*

Sgr A* was discovered byBalick & 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 2.6×106 M� black hole at the centre of

the Galaxy (Genzel et al.1996; Ghez et al.1998; Reid et al.1999), there are several

questions that remain unanswered. Compared to AGNs, this object is extremely under-

luminous at all wavelengths, radiating at∼ 10−10 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 days (Zhao et al.2001). Though no linear polari-

sation has been detected at radio frequencies, circular polarisation from this object has

been detected at radio frequencies (Bower 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). Recently,Nord et al.(2004) claim to have de-

tected Sgr A* at 330 MHz. However, the average brightness of the 7′ halo 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 complex (Pedlar et al.1989), 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 Sect.1.2.1.1, 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 1.5′. There has been

proper motion (Yusef-Zadeh et al.1998) and recombination line study of the ionised gas

(Roberts et al.1996), 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* (Morris & 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 Sect.1.2.1.3, the NTFs are unique objects seen only towards the

central 1◦ 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 central 2◦ of the 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.

(ii) Since the NTFs are seen only towards the central 1◦ region 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.

(iii) As discussed in Sect.1.2.1.3, 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 GCYusef-Zadeh & Morris(1987b).

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 of 103 years, 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. However,Shore & Larosa(1999) 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 (Shore & Larosa1999). 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 Sect.1.3.1, 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 detail (Melia & 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 HII region being in

front of it, the estimated flux density of Sgr A* will change, which can be described by

I = I0exp(−τ), whereI is the estimated flux density at frequencyν, τ is the free-free

optical depth andI0 is the actual flux density of the object at frequencyν, which 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,

τ =
Z

0.2n2
eT

−1.35
e ν−2.1dL

. Where,ne is the electron density andTe is the electron temperature. The above equation

shows that at high frequencies, when the optical depth is small the spectrum of a HII

region is almost flat, being proportional toν−0.1. However, at low frequencies, when the

optical depth is large (τ >> 1), the spectrum is essentially of a black body given by the

Rayleigh-Jeans law, being proportional toν2. 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 HII 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 G357.1-0.2 (Gray1996)

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

As described in Sect.1.3.3item (i), search for NTFs beyond the central 1◦ region of the

GC are important to verify the hypothesis that they only form within∼ 1◦ 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 Fig.1.4 (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 G3.1−0.6 (Gray 1994a).

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 (Sect.1.2.1.2, 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 Sect.1.3.3item (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, HI 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 gas (Beck 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 Galaxy (Davidson1996).

As described in Sect.1.3.3item (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=0.81×
R

neB‖dl, where ne 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◦ < l <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 filaments (Yusef-

Zadeh et al.1984). 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 cm (Yusef-Zadeh &

Wardle1993), 6 cm (Ekers et al.1983), 20 cm (Pedlar et al.1989) and 90 cm (Pedlar

et al. 1989; Anantharamaiah et al.1991; LaRosa et al.2000) and several interesting

sources have been identified in the region. In the map of the central 15′ of the Galaxy

(Fig. 2.1), the following sources are identified.

(i) At the dynamical centre of the Galaxy is the 2.6×106 M� black hole candidate (Ghez

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

25
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(ii) Around Sgr A* is the HII region Sgr-A West (Ekers et al.1983), 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) A 7′ halo, which has been proposed to be a

mixture of thermal and non-thermal emission (Pedlar et al.1989) 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 AGNs, it has attracted considerable

attention since its discovery (Balick & 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 the 2.6×106 M� black hole at

the centre of the Galaxy (Genzel et al.1996; Ghez et al.1998; Reid et al.1999), there are

several questions that remain unanswered. Compared to AGNs, this object is extremely

underluminous at all wavelengths, radiating only 10−10 times its Eddington luminosity.

Its flux density at frequencies&1.4 GHz exhibits variability and at 8.6 and 22 GHz has

a periodicity of 106 days (Zhao 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 detail (Melia & Falcke2001).

Recently,Nord et al.(2004) claim to have detected Sgr A* at 330 MHz. However, the

average brightness of the 7′ halo 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

complex (Pedlar et al.1989), 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.



2.1. INTRODUCTION 27

In high resolution radio images (Fig.2.1) 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 al.1998) and recombination line studies

of the ionised gas (Roberts et al.1996) 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 West,Liszt et al.(1983) detected 40–60 km s−1

HI absorption against Sgr A*, but not against Sgr A West.Liszt 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 of sight.Mezger 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 4× 1052 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 GC (l ≈ 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 sources (Roy 2003). 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 (HII 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 al.1989). However, Sgr A* was not detected at 90 cm byPedlar et al.

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

Based on the observations ofPedlar et al.(1989), the optical depth (τ) of the Sgr A

West complex at 620 MHz is expected to be∼1 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 7′ halo 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-coverage (Davies et al.1976), or had low resolution (Downes et al.1978; 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 about 7
′′
, and is well suited for

the purpose. In Sect.2.2, we describe the observations and data analysis. The results of

these observations are presented in Sect.2.3, and we discuss about possible implications

of the results in Sect.2.4. A summary of these are presented in Sect.2.5.
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Figure 2.1: 8.4 GHz VLA map of Sgr A West (Roberts & Goss1993). The resolution is
0.62

′′ × 0.51
′′
, with beam position angle of 73◦. The rms noise is about 0.13 mJy/beam.
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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)=−28◦57′02
′′
. 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 followedBaars 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 (FWHM=44′ at

620 MHz), 1751-253 is not a good calibrator at 620 MHz. However, the second nearest

calibrator 1714-25 is 10◦ away 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

(Tsys) had not been implemented at GMRT, and increase ofTsys from 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 theTsys 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, theTsysvariations 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 90λ. Therefore, we applied a small weight factor (0.05) touv-data

with uv-spacings less than 700λ while performing phase self-calibration.

To improve the deconvolution of the extended emission, we made the final image

using Multi-resolution Clean (Wakker & Schwarz1988), which has been explained in

Appendix-A. Since the strong emission is seen mostly near the central 10′ region 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 withuv-spacings greater than 100λ. There-

fore, objects larger than 30′ cannot be imaged, and objects larger than about 15′ will

suffer from lack of zero-spacing flux density. The 620 MHz map of the GC field is

shown in Fig.2.2. For comparison, we have reanalysed the 1.4 GHz VLA A, B, C and D

array archival data acquired and presented byPedlar 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 II, Lecture 19 by R. A. Perley) as available with

the AIPS task IMAGR. The 1.4 GHz map is shown in Fig.2.3. On the larger scale,

the prominent non-thermal filamentary structure Radio-arc (Yusef-Zadeh et al.1984)

(shown in the figure) is clearly visible. The Radio-arc appears to be joined with the

Sgr A complex by the Arched filament (Yusef-Zadeh & Morris1987c) 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 map in (Yusef-Zadeh & Morris1987b).

As described inYusef-Zadeh & Morris(1987b), 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, DEC=−29◦04′22
′′

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 in Fig.2.2

due to poor signal to noise ratio, it is marginally visible in the GMRT 620 MHz map,
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Figure 2.2: 620 MHz GMRT map of the GC region. The resolution is 11.4
′′ × 7.6

′′
, with

beam position angle of 7.7◦. The rms noise is about 6.5 mJy/Beam.
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Figure 2.3: 1.48 GHz map made from the archival VLA data of the GC region. The resolution
is 4.8

′′ × 2.8
′′
, with beam position angle of 11.2◦. The rms noise is about 1.2 mJy/Beam.
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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 15′ region in the rest of this chapter. We show the

central 15′ region of the Galaxy at 620 MHz, 1.4 GHz, 4.8 GHz and 330 MHz in Fig.2.4,

Fig. 2.5, Fig. 2.6and Fig.2.7respectively to enable a detailed study. All the images are

convolved to an uniform angular resolution of 11.
′′
4×7.

′′
6 with beam position angle of

7.7◦. Around Sgr A*, the strong emission at 1.4 GHz is the Sgr A West HII region,

which has three prominent spiral arms which is clearly seen in the 4.8 GHz map of the

same region (Fig.2.6). There is almost one to one correspondence between the strong

thermal emission at 4.8 GHz (Yusef-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 (Fig.2.7) (Pedlar et al.1989). The shell-like emission feature known as

Sgr A East is clearly identified in all the maps. This shell of size about 2′× 3′ appears

to be sitting on a roughly triangular shaped halo of size∼ 7′. Along this shell, from

north to south, as shown in Fig.2.4, 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=-29◦00’) 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 (Fig.2.7),

which Pedlar et al.(1989) describes as a linear feature elongated along the north-south

direction. An emission feature≈30
′′

south of Sgr A* can be seen in the 620 MHz gray

scale map. This feature was identified byPedlar 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
central 15′ region of the Galaxy. The res-
olution is 11.4
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, with beam posi-

tion angle of 7.7◦. The rms noise is about
6.5 mJy/Beam.
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Figure 2.5: 1.4 GHz map of the central
15′ region of the Galaxy. The resolution
is 11.4

′′ × 7.6
′′
, with beam position an-

gle of 7.7◦. The rms noise is about 5
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 of 320±40 Jy for the Sgr A

complex (i.e., including Sgr A West, Sgr A East and the 7′ halo), while the corresponding

flux density at 620 MHz is 360±40 Jy, and at 330 MHz is 330±50 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 by (Yusef-Zadeh & Morris1987b). However, it is inconsistent with the

estimated flux density of 487±30 Jy byPedlar et al.(1989). Since we have reanalysed

the data ofPedlar et al.(1989) and the estimated flux density matches withYusef-Zadeh

& Morris (1987b), it appears that the estimated total flux density provided byPedlar

et al. (1989) is in error. The temperature of the Galactic background (∼1000 K at 330

MHz) 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-
Zadeh1989) of the central 15′ region of
the Galaxy. The resolution is 11.4

′′ ×
7.6

′′
, with beam position angle of 7.7◦.

The rms noise is about 4 mJy/Beam.
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Figure 2.7: 330 MHz map (Pedlar et al.
1989) of the central 15′ region of the
Galaxy. The resolution is 11.4

′′ × 7.6
′′
,

with beam position angle of 7.7◦. The
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 the 7′ halo, 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 the 7′ halo. The flux density of Sgr A* is estimated in the next

section. Since, the flux density of Sgr A* at radio freqencies is.1 Jy, and the three other

sources in the Sgr A complex have flux densities≥ 10 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 the 7′ halo (Pedlar et al.1989).



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

Therefore, the 7′ halo is likely to be located in front of the Sgr A West. We took crosscuts

at several orientations across the 7′ halo through the location of Sgr A*. From the

crosscuts, we estimate the intensity of the 7′ halo 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.2.8. 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 7′ 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 is 62±3 Jy at 4.8 GHz, 108±16 Jy at 1.4 GHz, 112±16 Jy

at 620 MHz and 110±14 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 and 7′ halo) we measure

the contribution by the 7′ halo at these frequencies. Flux densities of these sources are

listed in Table2.1. We note thatPedlar 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 is 24±1.4 at 4.8 GHz, 59±6 Jy at 1.48

GHz and 91±9 Jy at 0.33 GHz. In Table2.1, 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 havinguv distance>7 kλ. The

flux density estimated from the image plane is about 0.5±0.1 Jy. We note that even after

applying a loweruv 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)
Frequency Sgr A complex 7′ halo Sgr A East†

(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

† 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
′′×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 from theuvvisibilities. 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 withuv-distance

shorter than 15 kλ, 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 3.8′′±0.4′′ and 1.8′′±0.6′′ respectively with a position angle

of 93±4◦, which is consistent with its expected scatter broadened size of 3.4′′× 1.8′′

estimated fromLo et al. (1998) 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.2.9. 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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2.3.2 Spectral index distributions

A spectral index map of the GC region (Fig.2.4) made between 1.4 and 0.62 GHz is

shown in Fig.2.10. The figure was directly derived from the images shown in Fig.2.4

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 HII region has turned over

at 620 MHz. There are three compact HII 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 the 7′ halo. The spectral index of Sgr-A

East is almost flat. Near the edge of the 7′ halo, the spectral index becomes steeper.
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Figure 2.10: Spectral index map of the
Sgr A Complex made from the division
of the 1.4 GHz and the 620 MHz map of
the region.
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Figure 2.11: The spectrum of Sgr A*
from 300 MHz to 20 GHz. Except the 330
(Pedlar et al.1989) and 620 MHz mea-
surements, all the other data points are
taken fromMelia & Falcke(2001)

2.3.3 Emission measure and temperature of the ionised gas in Sgr A
West HII 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 HII region the electron temperature (Te), the emission measure (
R

n2
edL,

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 11.4
′′ × 7.6

′′
, with beam position

angle of 7.7◦from which the 7′ halo contribution was removed (see Section2.3.1). Te

and
R

n2
edL have been estimated for 5 different regions in Sgr A West, which are shown

in Fig. 2.12.
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Figure 2.12: Estimated electron temperature and the emission measure from the fit at differ-
ent parts of the Sgr A complex shown in the figure.
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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 expressed asSνα×exp(−τ), whereS is the flux density of the

background source at 1 GHz,τ is the free-free optical depth at a frequency ofν GHz

andα is the spectral index. The estimated flux density due to free-free emission is [2

kTe× (1−exp(−τ))×ν2×∆Ω]/c2. Where,∆Ω is the synthesised beam size. From the

radiative transfer equation, we can express the estimated flux density per synthesised

beam as

Iν = Sνα×exp(−τ)+ [2kTe× (1−exp(−τ))×ν2×∆Ω]/c2.

τ is given by

τ =
Z

0.2n2
eT

−1.35
e ν−2.1dL

From Table2.1, we estimate the spectral index of Sgr A East to be−0.76 between

4.8 and 1.4 GHz, which is similar to that estimated byGoss et al.(1983); Ekers et al.

(1983). However, its spectral index between 1.4 and 0.33 GHz is−0.3 (Sect.2.4.1).

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, and−0.3 between 1.0 and 0.33 GHz. Finally, the

average intensity per synthesised beam estimated from each of the regions (Fig.2.12) at

different frequencies are least square fitted with the expression forIν given 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-

quencies. 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 the 7′ halo, 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 observation (Roberts & Goss1993).

They assumed the emitting gas to be in local thermodynamic equilibrium (LTE), and

that pressure broadening is negligible. However, the estimate of Te from 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 arms (≈5×106 cm−6 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 HII region.

2.4 Discussion

2.4.1 Low frequency spectral index of Sgr A East and the 7′ 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 that the 7′ halo is 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 the 7′ halo

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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Sgr A East at 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 Table2.1, 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 and HB9 (De-

noyer1974), S147 (Kundu et al.1980), G33.2−0.6 (Reich1982). For these SNRs, break

in the cosmic ray energy spectrum could play a role (Denoyer1974). Spectral breaks

have also been observed in plerionic type of SNRs like 3C58 (Green1994), G76.9+1.0

(Landecker et al.1997), G357.1−0.2 (Roy & Rao2002), where a sudden cut off in the

energy supply from the pulsar could have caused the observed spectral break (Green

1994). However, Sgr A East is likely to be in the adiabatic expansion phase (Pedlar

et al.1989), which implies that it is not a very old (age.104 years) SNR. No pulsar is

known in its vicinity. From the standard synchrotron model (Kardashev1962) and using

a magnetic field of 3.5 mG as measured byYusef-Zadeh et al.(1999), we estimate that

a change of spectral index by≈0.5 could occur at 1 GHz if its age is∼ 104 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 the 7′ halo as a mixture of thermal and non-thermal gas.

From the flux density of the 7′ 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 inPedlar et al.(1989), the spectral index of

the 7′ halo at frequencies above 1.4 GHz is estimated to be about−0.6 (Pedlar et al.

(1989) used a model consisting of thermal and synchrotron emission and estimate the

non-thermal emission to have a spectral index of−0.7). 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 be∼ 104

years.

The flux density of the Sgr A Complex at 160 MHz as observed byDulk, G. A.

& Slee (1974) could be explained by a foreground screen of ionised hydrogen with

emission measure 3× 104 cm−6 pc (Te=6000 K), which causes an optical depth of∼1

at 160 MHz and about 0.2 at 330 MHz. Such low density HII regions (ne ∼10, and size

∼100 pc) are believed to be responsible for the Galactic ridge radio recombination lines

(Anantharamaiah1985).

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 A* (Zhao

et al. 2001) 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 byPedlar et al.(1989) at 330 MHz. However,

Nord et al.(2004) at 330 MHz estimate a total flux density of 330±120 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 GHz (Zhao et al.2001) 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 Fig.2.11. From the spectrum

it is apparent that a factor of two lower flux density at 960 MHz (Davies et al.1976) can

be explained only by assuming Sgr A* to be variable at this frequency.Falcke(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 frequencies (Melia & Falcke

2001). Therefore, interstellar scintillation (ISS), the time scale of which is∼few 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 variation (∼ 20%)

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* (about 8′′ at 408 MHz) and the corrected

upper limit at 408 MHz could be as high as≈ 2.5 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 nearly flat (Cotton et al.1980). 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 Jet (Yuan et al.2002), or from a small fraction

of relativistic electrons embedded in the accretion flow (Yuan 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 MHz (Nord

et al.2004) 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. In Fig.2.12, 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 Fig.2.12, we estimate an optical depth of

this ionised gas in Sgr A West region to be 2.5±0.5. 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 (resolution≈ 0.5
′′
) of the region (Fig.2.1) (Roberts & Goss1993), 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 about−0.76 at frequencies above 1.4 GHz.
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However, between 1.4 and 0.33 GHz, its spectral index is about−0.3, indicating that its

spectral index changes by≈0.5 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 104 years.

(iii) Emission from the 7′ halo also shows similar break in the spectrum, which suggests

that Sgr A East and the 7′ halo 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 HII 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 objects (∼a few synthesised

beam) this has been found to work well. But, for extended objects (size>10 synthe-

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 map’) (Wakker & Schwarz1988). 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) Clean (Wakker & Schwarz1988) attempts to avoid the

corrugation and low signal to noise issues by using Clean-components with different

diameters during deconvolution (Wakker & Schwarz1988). 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 (oftenuvcoverage becomes sparse with increasing uv-distance)

lie outside the tapered region and since the smoothed map has no major holes in theuv

plane of relevance, the corrugation no longer occurs (Wakker & Schwarz1988).

To examine possible imaging artefacts in our GC map, we used the Clean compo-

nents as in the 1.4 GHz GC map (Fig.2.5) 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 GMRTuvcoverage and using the standard

Clean, we get the map shown in Fig.2.14. The extended emission of the 7′ halo 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 of 85′′ respectively. The
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Figure 2.13: A model of the GC using the Clean components within about 7′ of the Galaxy.
The restoring beam is 11.4

′′ × 7.6
′′
, with beam position angle of 7.7◦.
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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

′′ × 7.6
′′
, with beam position angle of 7.7◦.

extended emission of the 7′ halo 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 about 104.

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 is∼ 100µJy. However, the

actual noise in the map (Fig.2.2) 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 (V(u,v)) and the source intensity distri-

bution

V(u,v) =
Z Z

A(l ,m)I(l ,m)exp[−2πi(ul+vm)]dldm

assumes that the source intensity (I(l ,m)) and the antenna reception pattern (A(l ,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 theV(u,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 to∼6′ after 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 Fig.2.13with a high resolution beam (4.8′′×2.8′′ with

position angle of 11◦). For the first part of the observations, we Fourier transformed the

map, and sampled them atuv-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 of 6′ from 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 Fig.2.16, 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 103, 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 6′ that was assumed.
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Figure 2.16: Effect of 6′ pointing 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 (ε) of plasma is related to the electron density (n) by

ε = 1− 4πne2

mew2
,

where,ω is the observing circular frequency (2πν), e is the charge andme is the mass

of an electron. Since change in the electron density implies change in the effective

path length (ε×geometricalpath length) 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 II, 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 temperature (Tsys) (see, Interferometry and Synthesis in Radio

Astronomy by Thompson, Moran & Swenson; Chapter 6.2), which includes the effec-

tive temperature of the antennas (Tant) due to the radiation received from the sky and

the equivalent temperature of the electronics system (Telec) (i.e., Tsys=Telec+Tant). While

observing sources near the Galactic plane at metre wavelengths, the radiation received

from the sky contributes significantly to Tsys. Moreover, the calibrators are typically
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selected to be a few degrees away from the Galactic plane. Therefore, the Tsys while 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 sect.2.2, in one of our observations, we have tried

to correct for this Tsys variation by scaling the map ( and all visibilities) by a constant

correction factor. However, variations in Telec and the efficiencies among different an-

tennas can cause the Tsys to be different for different antennas. Given that Tant∼ 500

Kelvin, while observing the GC at 620 MHz, and Telec∼ 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 Fig.2.13to 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 Fig.2.17. We notice that

there are systematic pattern generated due to amplitude errors introduced by us, and the

dynamic range of the map is reduced to∼250.

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 (Tsys) changes

To perform GMRT observations such that Tsys variations 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 high (&30 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 the Tsys takes 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 the Tsys produces 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. Since,Tsys is maximum when the sky temperature is maximum,

this needs to be performed while observing the strongest source (in our observation, Tsys

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 efficiency (η) is 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 Tsys is the sum of Telec and Tant, and Tant is directly proportional

to the antenna efficiency (η). Therefore, ifη is a function of frequency (ν), then both

Tant and Tsysare functions ofν. As normalised visibilities are directly proportional toη

and inversely proportional to Tsys, it implies that the bandpass function is proportional to

Tant(ν)
Telec+Tant(ν) . Since the bandpass calibration is performed with a calibrator typically away

from the Galactic plane, theTant(ν) may be small and neglected in the denominator.



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

However,Tant(ν) is substantial while observing any source in the Galactic plane at low

radio frequencies (.1.4 GHz). As the relationship of the bandpass function withTant(ν)

is non-linear, it changes the overall shape of the bandpass function.

As an example, we consider the antenna efficiency (η) to fall from 0.6 at the centre of

the observing band to 0.4 at the edge of the observing band. Assuming Telec=70 K, and

the sky temperature (Tsky) at the Galactic plane to be 200 K, the normalised bandpass

function at the centre of the band is proportional toηTsky

Telec+ηTsky
= 0.63, and is proportional

to 0.53 at the edge of the band. However, while observing a bandpass calibrator away

from Galactic plane, the Tant is negligible, (Telec is assumed to be independent ofν) the

bandpass function is proportional toν. However, 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 central∼1◦ region 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 Pelican (Lang et al.1999a), which is nearly parallel to the Galactic

plane, all other NTFs are oriented perpendicular to the Galactic plane to within 20◦ 1.

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 magnetic field,Yusef-Zadeh &

Morris (1987a) 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 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 was noticed by us in the NVSS map (Condon et al.1998) in both

continuum and polarised emission (Fig.1.5). This object is located in the field of the

suspected SNR G3.1–0.6 (Gray1994c) and could either be part of this suspected SNR,

or a candidate NTF located 3◦ away from the GC.

The other filamentary structure G357.1–0.2 was identified byGray(1996) (see Fig.1.4).

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

emission,Gray(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 (GMRT) (Swarup et al.1991) 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 G3.1−0.6 (Field I) 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 II) during the observation of G357.1–0.2 was chosen in a way

so that two more suspected SNRs G356.3−0.3, G356.6+0.1 are also located in the field

of view. In the−5◦ ≤ l ≤ 5◦,−2.5◦ ≤ b≤ 2.5◦ region of the Galaxy, 13 SNRs had been

identified before the MOST Galactic Centre survey (MGCS). The MGCS (Gray1994c)

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 (Gray1994b) 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 sources (Weiler & Panagia

1980), or a new class of Galactic head-tail object (Becker & 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 1◦ from the symmetry axis of G357.7−0.1. 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−1, which is considered unlikely (Gray1994d). 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 al.1996a).

In spite of its steep spectral index of about−0.5 above 1 GHz, its classification as a

shell type or a filled centre type is somewhat uncertain (Shaver et al.1985). Interfero-

metric high-resolution observations have been performed at 1.4 and at 5 GHz band using

the VLA (Shaver et al.1985; Becker & Helfand1985). 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 (LaRosa et al.2000).

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 III) 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 Sect3.3and in Sect3.4, we discuss about the mor-

phology, spectral index, distance and other physical properties of the objects observed

by us. In Sect3.4.5, 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 Sect3.5.

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 an irregular Y. This arrangement provides the necessaryuvcoverage 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. Table3.1 give details of our observa-

tions. While observing the filamentary structure near the suspected SNR G3.1−0.6, the

centre of the Field I was set at l=3.2◦ and b=−1.0◦. The source 1830−21 was used as

both phase and amplitude calibrator.

While observing the Field II, the centre of the field was set at l=356.8◦, b=−0.1◦, so

that all the 3 objects, G356.3−0.3, G356.6+0.1 and G357.1−0.2 were observed within

the primary beam of the antennas (FWHM=88′ at 330 MHz). We have also carried out

an HI absorption study towards G357.1−0.2, and G356.9+0.1. While observing this

field, the source 1822−096 was observed as the amplitude calibrator and 1701−299

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 III was set at l=357.5◦, and

b=−0.1◦, the source 1822−096 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, 1830−36 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 Available
of the pointing (J2000) (J2000) (MHz) time antennas
Centre(l, b) (hours)
003.2−1.0 17 57 00.1 −26 40 01 330 1999 Jun 25 6 27
356.8−0.1 17 38 11.4 −31 42 26 330 1999 Aug 01 3.5 24
357.2−0.2 17 39 40.6 −31 28 01 1420.6 2000 Feb 26 3.5 15
357.5−0.1 17 40 00.7 −31 10 02 330 2000 Apr 28 5.0 25
357.5−0.1 17 40 18.6 −30 59 52 1420.6 2001 May 24 3.5 27
356.9+0.1 17 37 44.2 −31 31 15 1420.3 2000 Oct 07 0.5 26
356.9+0.1 17 38 00.0 −31 26 00 1420.4 2002 Dec 26 2.5 25

sity from the different epochs) to be 0.016 (Gaensler & Hunstead2000), which is well

within the expected uncertainty of± 15% in determining our absolute flux density scale

(Baars et al.1977). 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

(Tsys) were not implemented, theTsys towards the calibrators and the SNR fields were

estimated using the 408 MHz all sky map (Haslam et al.1982), and then scaled to 330

MHz assuming a spectral index of−2.6. The measured visibilities were corrected for

this Tsys variations towards various sources (the typical correction factors between the

target source and the secondary calibrator was∼3). In this chapter, we follow the con-

vention of F(ν) ∝ να, i.e., for steep spectral index, the magnitude ofα will 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 I and II made by using only the data withuv-distance

greater than 150λ were used to self-calibrate the data using CALIB with auv-range of

0.8−15 kλ.

For a better imaging of the extended structure in the Field G3.2−1.0, we made a

high resolution map with a lower cutoff of theuv range at 400 wavelengths. The Fourier

transform of the CLEAN components of the sources in this map was then subtracted

from theuv data and one more map was made with no lower cutoff in theuv range.

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-II, 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 G357.1−0.2, Tornado nebula and the compact source G356.9+0.1. 1748−253

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 1% (Dickey et al.1978). We observed 1830−36 as the flux
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density calibrator. The HI absorption profiles towards G357.1−0.2 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−1 towards G357.1−0.2 and 3.3 km.s−1 and 6.6 km s−1 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 (sinc2 response 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 Field I:

The candidate SNR G3.1−0.6 identified during the MOST 843 MHz survey is located

in this field. In the MOST (Fig.3.1) and NVSS maps (Fig.3.2), which are at higher fre-

quencies, the source appears as a collection of filamentary structures, but, in the GMRT

maps at 330 MHz (Fig.3.3& 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 in Fig.3.4

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 Fig.3.3). The eastern part of the shell as evident in the low

resolution image (Fig.3.4), seems to be quite narrow and appears like a filament in our
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Figure 3.1: MOST image of G3.1−0.6 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 Fig.3.3). The filamentary structure appears

to be connected (Fig.3.4) with G3.1−0.6, and most likely to be part of its shell. It is

also seen in the NVSS (Condon et al.1998) map (Fig.3.2). However, the NVSS maps

are produced from snapshot observations and due to a comparatively pooruv-coverage

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 Fig.3.3(feature marked B).

From the GMRT image, the total flux density of this object at 330 MHz is 14± 3

Jy, while at 843 MHz, the flux density is reported to be 6.5 Jy (Gray1994c). However,

flux density estimated from both maps can suffer from zero-spacing problems due to the

large size of (28′×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 structure is−0.62±0.12. This
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Figure 3.2: NVSS map of G3.1−0.6 at the original resolution of 45
′′
. The filamentary struc-

ture at the eastern side is polarised. The RMS noise in the map is 0.5 mJy/beam.
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Figure 3.3: GMRT high resolution image of G3.1−0.6 at 330 MHz. The resolution is
37

′′×25
′′

along PA 41◦ and the RMS noise in the map is 1.7 mJy/beam.
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Figure 3.4: GMRT low resolution image of G3.1−0.6 at 330 MHz. The resolution is 3.4′×
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 map (Langston et al.2000) 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 than−0.64. We summarise the observed parameters of G3.1−0.6 in Table3.2.

It should be noted that the co-ordinate of this object in Table3.2 is different from (Gray

1994c). GMRT maps indicate that the centre of this object is located further south of the

co-ordinate given for this object inGray(1994c). From Table3.2, its estimated Galactic

Co-ordinate is, l=3.1◦, 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 G3.1−0.6 in the rest of this chapter.
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Table 3.2: Observed parameters of G3.1−0.6 and G356.8−0.0
Object RA Dec Size Type S843MHz S330MHz Spectral

name (Gl±b) (J2000) (J2000) (′) (Jy) (Jy) index
G3.1−0.6 17 55 40 −26 39 30 28×49 Shell 6.5 14±3 ≤ −0.64

G356.8−0.0 17 38 00 −31 37 41 52×72(?) Shell – 30 ≤ −0.34

3.3.2 Field II:

This region has been investigated previously byGray (1994c) using the MOST at 843

MHz. Three candidate SNRs, G356.3−0.3, G356.6+0.1 and G357.1−0.2 were re-

ported and the MOST image of these objects are shown in Fig.3.5. This field is

much more complex than Field I 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.3.6. 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 (Fig.3.10) and shows a non-thermal spectrum (Table3.5), 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 G357.1−0.2, 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 Fig.3.6, 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 G357.1−0.2 with

G356.6+0.1, then, the shell has a size of 52′×55′. However, it appears to us that the

northern extent of the shell is upto the object seen at RA=17h38m00s, Dec=−31◦05′,

and consequently the shell has a size of 52′×72′ centred at G356.8−0.0. We designate

this conceived shell by its galactic co-ordinate of G356.8−0.0. 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 Fig.3.5, along with the

NVSS map of this region (Fig.3.7). 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 (G356.8−0.0) 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′ to

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 than−0.34. Based on the above, we

suggest that G356.8−0.0 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 in Table3.2. We 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 size 10′. How-

ever, the GMRT map as shown in Fig.3.8, there is no discrete source at this position.

In the GMRT low resolution map (Fig.3.6), 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 Fig.3.7) near the eastern boundary of

G356.3−0.3 (RA=17h38m and Dec=−32◦15′), which also coincides with the southern

edge of G356.8−0.0 (feature marked ‘A’ in Fig.3.6) in the 330 MHz map. We suggest

that the partial shell structure in the NVSS map is due to a lack of shortuv-spacings,

which results in a ‘high frequency spatial filtering’ of the feature ‘A’ shown in Fig.3.6.

Based on the above, we conclude that G356.3−0.3 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 (Fig.3.6) is≈1.5 Jy, and is 0.1±0.02 Jy at 1.4 GHz (Fig.3.7).

(ii) G356.6+0.1 :

This suspected SNR candidate (Gray1994c) appears as a featureless elliptical emission
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Figure 3.7: NVSS 1.4 GHz map of the Field II at the original resolution of 45
′′
. The RMS

noise in the map is 0.8 mJy/beam.



3.3. RESULTS 77

Grey scale flux range= -10.0 200.0 MilliJY/BEAM
Cont peak flux =  3.9121E-01 JY/BEAM 
Levs = 5.000E-02 * (-2, -1, 1, 2, 4, 6, 8, 10, 12,
16, 20, 24, 32, 40, 48, 56, 64, 92, 128)

0

50

100

150

200

D
E

C
LI

N
A

TI
O

N
 (J

20
00

)

RIGHT ASCENSION (J2000)
17 40 00 39 30 00 38 30 00 37 30 00 36 30 00

-31 20

30

40

50

-32 00

10

20

G357.1−0.2

HII region

HII region
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with a central compact HII region in the MOST image. As the extended emission sur-

rounding the HII 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 HII 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 HII region is visible, but the

extended emission has stripes due to the lack of shorteruv spacing required to image it.

The flux density of the central HII region as estimated from the NVSS, the MOST and

the GMRT image do agree to within± 20%, the estimated flux density being 1.2±0.2

Jy at 330 MHz. As the extended emission around the HII region has a non-thermal spec-

trum and appears to be part of the large shell like structure G356.8−0.0, we suggest it to

be a smaller-scale structure within G356.8−0.0 and not a discrete SNR. The central HII

region can well be an unrelated background object.

(iii) G357.1−0.2:

In the 843 MHz map, G357.1−0.2 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 theuv data and resolved out the extended emission by using

a loweruv cutoff of 230λ, 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 size 15′). From the GMRT

image, we estimate a flux density of 0.49± 0.15 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 (Gray1994c), 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 surrounding 15′ halo region from

their 843 MHz map to be about 10 Jy. But, from the GMRT image, the estimated flux

density is only 5.0±1.0 Jy at 330 MHz (Fig.3.6). Further, the upper limit of the flux

density measured from the 8.35 GHz NRAO single dish map (Langston et al.2000) 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 HII 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 (Fig.3.9), which gives us a flux density of 0.67±0.1 Jy for this object at 1.4

GHz. From the NVSS map at 1.4 GHz, the estimated flux density is 0.45±0.03 Jy. To

resolve this difference, we re-mapped the same region by using the calibrateduv data

of the NVSS (available in the web). The estimated flux density for this object after

applying the primary beam correction is found to be 0.7± 0.1 Jy, in agreement with our

measurement.

This source has also been observed byGray(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 of−0.5, though,

there is a variation of spectral index from−0.3 to−0.6. The structures seen at 5 GHz are

highly polarised and display a polarisation fraction of upto 60% (Gray1996). 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 3.9: GMRT 21 cm map of G357.1−0.2. The resolution is 33
′′× 20

′′
along PA 19◦

and the RMS noise is 1.5 mJy/beam.
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Figure 3.10: GMRT continuum map of G356.9+0.1 at 21 cm. The resolution is 7.4
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Figure 3.11: HI absorption spectra towards G357.1−0.2. 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 HI absorption towards G357.1−0.2 :

In Fig.3.11is shown the normalised spectrum of the source, where, the y-axis represents

the estimated absorption (e−τ, where,τ is the optical depth). Within±20 km s−1 of

the LSR velocity, the RMS noise is 0.07 of the absorption profile (i.e.,e−τ), 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 within±20 km s−1 of the LSR velocity, causing an

increase in the RMS noise for the frequency channels located in the above range. In our

map of G357.1−0.2, 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 HI

emission from the extended structure along the line-of-sight gas, we applied a loweruv

cutoff of 500λ before imaging the spectral-lineuv 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 G357.1−0.2 is seen in absorption near

the LSR velocity−10 and−62 km s−1. The absorption near the−62 km s−1 arises from

the ‘3 kpc arm’ (for whichVLSR≈ −60 km s−1) indicating that this source is located at

least at a distance of more than 6 kpc from us (the GC is≈ 8.5 kpc away from us).

The absorption near the−10 km s−1 is quite narrow with the velocity width (FWHM)

∼ 28 km s−1 (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 (Fig.3.10) and is likely to be an extragalactic source. The absorption

spectrum towards this source is shown in Fig.3.12(the RMS noise in the spectra is 0.02

for the frequency channels located within−20≥ VLSR≤ 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 s−1, one more absorption line can be seen against this source which
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is not observed towards G357.1−0.2. The HI absorption profile shows a large velocity

width (FWHM∼40km s−1) near the LSR velocity of 0 km s−1 towards this object.

Similar broad absorption features have been observed for the extragalactic sources

seen through the Galactic Centre region, e.g., 1748−253, G0.537+0.26 (Dickey et al.

1983) and G359.87+0.18 (Lazio et al.1999), which are believed to be caused by an

anomalous velocity cloud located behind the Galactic Centre. As the absorption FWHM

towards G357.1−0.2 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 G357.1−0.2 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 III:

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 in Fig.3.13.

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 extent∼6′), with a position angle of about 65◦ from 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 (Fig.3.14) made with VLA (Shaver et al.1985), which is convolved

to the same resolution as in Fig.3.13. The two maps agree in fine details pretty well.

However, the small diameter source (marked ‘F’ in Fig.3.14) seen at 1.4 GHz map is
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Figure 3.13: 330 MHz GMRT map of the Tornado nebula with a resolution of 26
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position angle 47.7◦. The rms noise is 5 mJy/Beam.
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Figure 3.14: 1.4 GHz VLA map of the Tornado nebula (Shaver et al.1985) with a resolution
of 26

′′×11
′′

and position angle 47.7◦. The rms noise is 1.5 mJy/Beam.
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not seen in the 330 MHz.

The flux density of the Tornado nebula is estimated to be 81± 12 Jy at 330 MHz,

and 33 Jy at 1.4 GHz, implying an average spectral index of−0.63±0.1 between 1.4

and 330 MHz, which is consistent with previous estimates of−0.53±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 and a 1σ upper

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 SNR (Katz-Stone et al.2000). Mathematically,

a set of imagesMt(αt) is constructed where

Mt(αt)≡M1.4−M0.33

(
ν1.4

ν0.33

)αt

where M1.4,0.33 are the images at 1.4 and 0.33 GHz. If a component has spectral index

αt , it will disappear with respect to its surroundings in image Mt . If a component has

spectral index greater thanαt , it will be oversubtracted and have negative brightness. If

a component has spectral index less thanαt , it will be undersubtracted and have positive

brightness. Since this source has an average spectral index of−0.63 between 1.4 GHz

and 330 MHz, we call features with spectral index steeper than−0.73 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 than−0.5 are shown Fig.3.15and 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 steeper than−0.73. The contour
map is the 1.4 GHz continuum map shown in Fig.3.14
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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.

(ii) 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 than (2σ

significance) the average spectral index of the nebula.

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

In Fig. 3.18 is shown the normalised HI spectrum weighted by the square of the con-

tinuum to maximise the signal to noise ratio in the spectrum. Within±20 km s−1 of

the LSR velocity, the RMS noise in the absorption profile (i.e.,e−τ) 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 depth≤0.02 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 rejecteduv-data withuv-distance less than 500λ before
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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.
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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| LSR velocity| > 20 km s−1 is 0.005.

Several absorption lines are identified in its spectrum (Fig.3.18). The prominent

absorption near ‘0’ km s−1 is due to the line of sight gas. When ‘l’ is close to zero,

there is velocity crowding near ‘0’ km s−1 of velocity. The FWHM of this absorption

profile is∼40 km s−1. At positive velocities, there are two weak absorption feature,

with one at 50 km s−1 and the other at 94 km s−1. At negative velocities, the prominent

absorption feature at−60 km s−1 is due to the 3 kpc arm, which has a velocity close

to the velocity observed at this longitude. The absorption feature at−93 km s−1 is

quite narrow. The other high negative velocity feature is observed at a velocity of−200

km s−1 which has a line-width of about 40 km s−1. The HI absorption spectrum towards

the extragalactic source G356.9+0.1 is shown in Fig.3.19. Within ±20 km s−1 of the

LSR velocity, the RMS noise in the absorption profile (i.e.,e−τ) 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 with|LSR velocity| > 20 km s−1 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 of−63 km s−1 due to the 3 kpc arm,

and wide absorption line near−200 km s−1. The absorption at high negative velocities

appear to continue up to−250 km s−1, whereas the HI absorption towards the Tornado

nebula is observed up to−223 km s−1.
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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 theΣ-D relation can be used to estimate its distance.

We used the modifiedΣ-D relation (Σ1 GHz = 2.07×10−17×D−2.38 W.m−2.Hz−1.sr−1)

by Case & Bhattacharya(1998), 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 theΣ-D relation is essentially derived by assuming the envi-

ronments of the SNRs into which expansion occurs are similar. It is believed that theΣ-D

relation overestimates the diameter of SNRs located at higher Galactic latitudes (Caswell

& 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 ofΣ-D 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 using theΣ-D relation (Case & Bhattacharya1998)

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 of≥ 8.5 kpc) (Pedlar et al.1989).

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 0.5◦ of another 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). Manchester(1987) proposed that expansion of an SNR

into such a medium can produce a double ringed morphology.Gaensler et al.(1998)

have shown for the SNR G296.8−0.3, the asymmetric cavity as created by the RSG

wind of the progenitor star has a typical size of∼5 pc. However, if G3.1−0.6 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 42.05.01) (Pineault

et al.1987), G350.0−02.0 (Gaensler et al.1998) and G296.8−0.3 (Gaensler et al.1998)

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 G3.1−0.6

(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 in Fig.3.3).

(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 of Fig.3.3) which, 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 radiation (Pineault et al.1987) giving a linear structure as observed here.

This is quite similar to the case of the SNR G296.8−0.3.

(iii) A comparatively larger ring (‘ring 2’), located north of ring 1 (corresponding to the

large ring structure in Fig.3.4). Ring 2 is fainter than ring 1 (as seen in Fig.3.3) 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 cavity (Braun &



3.4. DISCUSSIONS: 95

Strom1986). For the SNRs G166.0+04.3 (VRO 42.05.01) and G350.0−02.0, all the

above three components are located in the plane of the sky. Whereas for G296.8−0.3,

the explosion site, the low density tunnel and the second shell all lie roughly along

the line of sight. We suggest that SNR G3.1−0.6 may be quite similar to the case of

G296.8−0.3 (Gaensler et al.1998), 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 Sect.3.4.2, both of these objects appears to be part of a single large shell

named as G356.8−0.0. 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 theΣ-D relation can be used to estimate its distance.

With an assumed spectral index of−0.5, the estimated flux density of this object is 20

Jy at 1 GHz. The modifiedΣ-D relation as developed byCase & Bhattacharya(1998),

yields an estimated distance of 4.4 kpc for this SNR candidate. However, due to the

short-spacing problem and the inherent uncertainty in theΣ-D 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 G357.1−0.2, suggesting it to be

an old SNR. Assuming an expansion velocity of 50 km s−1 and its angular size of 60′ at
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Table 3.3: Observed parameters of G357.1−0.2
Galactic RA Dec Size S1.4GHz S330MHz Spectral Spectral

Coords(l ±b) (J2000) (J2000) (′) (Jy) (Jy) Index Index
(5/1.4) (1.4/0.330)

357.1−0.2 17 39 38 −31 28 57 8×7 0.67±0.1 0.49±0.1 −0.5 0.2±0.2

a distance of 4.4 kpc, we use theChevalier(1974) formula t=1.5 x 105 D v−1 to estimate

its probable age. The calculated age is 2.4×105 years, which is an old age for an SNR.

3.4.3 Bi-annular source G357.1−0.2 (Field II):

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 +0.2± 0.2. However, between 5 and 1.4

GHz, it has a spectral index of∼−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,

(ii) 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 HII

region. We argue below that optical depth (τ) due 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 40′ will 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 toτ ≤ 0.17 at 330 MHz.

(ii) HII 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 HII region (the 15′ extended 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).

(iii) The bi-annular structure itself is unlikely to have any associated HII region. It

was selected as a candidate SNR due to its low IR/Radio luminosity (Broadbent 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 (Denoyer1974), S147 (Kundu et al.1980), G33.2−0.6 (Reich 1982),

3C58 (Green1994) G76.9+1.0 (Landecker et al.1997). However, only S147, G33.2−0.6

and G76.9+1.0 show break at metre wavelengths. From its irregular morphology and

the spectral break, we suggest that G357.1−0.2 may be a Crab like SNR. The pulsar

B1739−030 is located 2′ away, but, there is no indication that it is associated with this

object.

It is also possible that G357.1−0.2 is associated with the large suspected SNR which

we have named as G356.8−0.0. 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 G356.8−0.0 could also be similar (∼ 4.4 kpc fromΣ-D relation). However,

the large SNR apparently being a shell type remnant (expected spectral index∼−0.5),

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 G357.1−0.2 are 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 emission (Gull 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 steep (Bell 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 remnant (Leahy 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 Sect3.3.4, 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.3.15). However, the internal inhomogeneities could also have given rise to

this variation in spectral indices.

The spectral indices of the extended emission as seen in Fig.3.17 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 al.2002), Tycho’s SNR (Katz-Stone et al.2000), G39.2–0.3

and G41.1–0.3 (Anderson & Rudnick1993).

3.4.4.1 Distance

As shown in Sect3.3.4.1, 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 profile,Radhakrishnan et al.(1972) showed this nebula to be

located beyond the 3 kpc arm.Cohen(1977) tentatively detected HI absorption due to

the Nuclear disk feature (Rougoor & 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 about−200 km s−1 (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 of−230 km s−1 (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−1) towards this extragalactic source is significantly higher than what is

observed towards the Tornado nebula (about 40 km s−1), 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-size≈ 15−20′′) maps of the Field I and

II. A total of 44 sources have been identified from the field G3.2−1.0, and 23 sources

from the field G356.8−0.1. 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 G3.2−1.0.

We have presented the parameters for the sources in Table3.4 for the field G3.2−1.0

and in Table3.5for the field G356.8−0.1. In Table3.4, (Field centred at l=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 survey (Becker et al.1994; Helfand et al.1992; 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 Table3.5 (field centred at l=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 Table3.5, the 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 to be≈4-5
′′
, 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 (88′ at 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 I (G2.603−0.774, G3.170−0.260, G3.572−1.551 and

G3.727−0.240) (Table3.4) and one source from Field II (G356.965−0.074) (Table3.5)

appears to be compact and have a spectral index steeper than−1.9. 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 G3.1−0.6 (Gray 1994c) is supernova remnant. This was the

largest suspected SNR (28′×49′) detected during the Molonglo Galactic Centre survey.

We estimate a spectral index of≤ −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. TheΣ-D 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 II, which appears

to be part of a large shell like structure (size≈ 52′×72′) centred at G356.8−0.0, 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 steeper than−0.34.

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. UsingΣ-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 G357.1−0.2 (Gray 1994c) 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 G357.1−0.2 sug-

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 filaments 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 central∼ 2◦ region 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 Pelican (Lang et al.1999a), 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 therein)1. Except 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 from−0.8 to +0.3 (where

Sν ∝ να) (Anantharamaiah et al.1991) and they are found to be highly polarised at

centimetre wavelengths (Morris & Serabyn1996). 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 NTFs (Yusef-Zadeh & Morris1987a). 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.
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comparable strengths are thought to be present in the central molecular zone (CMZ) lo-

cated within∼ 200 pc of the centre of the Galaxy (Morris & Serabyn1996). Before any

attempt is made to relate the magnetic field in the NTFs with the processes occurring in

the Galactic Centre (GC), it is 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 al.1989). HI absorption towards the GC ‘Radio-arc’ (Lasenby et al.1989)

and the ‘Snake’ (Uchida et al.1992b) 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 clouds (Morris & Serabyn1996). It appears that

the presence of an HII region near the place of interaction plays a role in the creation

and maintenance of the NTFs (Serabyn & Morris1994; Staguhn et al.1998; Uchida &

Guesten1995). CO observations have indicated the presence of high velocity molec-

ular clouds;−65 km s−1 and−130 km s−1 towards Sgr C (Liszt & Spiker 1995). It

is believed that the HII region located just south of the NTF (known as the Sgr C HII

region) is actually embedded in the−65 km s−1 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 of−140 km s−1 is located near

the bent portion of the NTF (‘E’ in Fig.4.8). The other cloud with a velocity of−90

km s−1 is located close to the eastern edge of the NTF (Staguhn et al.1998). 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 C (Liszt & Spiker 1995), G359.54+0.18 (Bally & Yusef-

Zadeh1989; Yusef-Zadeh et al.1997b) and G359.79+0.17 (Lang & Anantharamaiah, in

preparation).

Due to velocity crowding near Galactic longitudel=0◦, 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 359.5◦, two high velocity HI emission features

known as the ‘Nuclear disk’ (Rougoor & Oort1960) and the ‘Molecular ring’ (Scoville

1972) have been found. The ‘Nuclear disk’ shows high negative velocity ranging from

≈−160 to−200 km s−1, whereas the ‘Molecular ring’ has a velocity of≈−135 km s−1.

Both these features are believed to be nearer than the GC and located at a distance of

few hundred parsecs from it (Cohen & Davies1979). The emission from the ‘3 kpc

arm’ (Rougoor1964) located at a distance of≈ 5.1 kpc from the Sun is identified at a

velocity near−53 km s−1. At positive velocities, emission near 135 km s−1 is seen due

to the HI features ‘XVI’ and ‘I’ (Cohen & Davies1979), 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 GC (Cohen & Davies1979), the feature ‘I’ is thought to be 2 kpc

behind the GC (Cohen1975).

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

observations are presented in Sect4.3and their consequences are discussed in Sect4.4.
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Finally, the conclusions are presented in Sect4.5.

4.2 Observations and data reduction

The GMRT (Swarup et al.1991) 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 necessaryuv coverage for mapping both compact and

extended sources. The ratio of the longest to the shortest baseline is≈ 500 with the

shortest projected baseline being≈ 50 metres. Table4.1give 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 coverage of±400 km s−1 with a resolution of 6.7

km s−1. The Sgr C complex was observed with a bandwidth of 2 MHz (± 200 km s−1)

and 4 MHz (± 400 km s−1). 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-

quency. 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 than 1% (Dickey 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+0.18 (Lazio et al.1999) at 1.55 GHz to the flux

density that we have estimated from our map (ratio≈ 2.5). 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

ů

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

(MHz)
Sgr C 17 44 33.8 −29 28 02 1420.4 2 2000 Oct 06 1 27
Sgr C 17 44 33.8 −29 28 02 1420.4 2 2000 Oct 08 2 27
Sgr C 17 44 33.7 −29 28 00 1420.6 4 2001 May 24 2.5 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 17 43 48.3−29 11 26 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 havingv≤ 2000λ andu≤ 4000λ, because of which

any 2-D structure that has a size-scale≥ 1.5′ 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 inu 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 Fig.4.1. Since the Sgr C HII region is extended, we have applied a lower

uv cutoff of 1 kλ 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 faster (∝ sinc2) 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 only|velocity| ≥ 20 km s−1. For |velocity| ≤ 20 km s−1,

due to emission from the HI gas along the line of sight (velocity crowding occurs when

|l | ≈ 0◦), the system temperature increases and the typical RMS noise is 1.6 times higher

than the quoted values. The systematic error in our spectra (e−τ, whereτ 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 km s−1 and Y-axis represents the transmission (I/I0),

where I is the observed flux density of the background source at the given frequency

and I0 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 case I/I0=e−τ. 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 formula,NH=1.8×1018×TS×
R

τdv, where,NH is the column density of the atomic

hydrogen,TS is the spin temperature and
R

τdv 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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Grey scale flux range= -17.47 39.02 MilliJY/BEAM
Cont peak flux =  3.9018E-02 JY/BEAM 
Levs = 5.000E-03 * (-2, -1, 1, 2, 4, 6, 8, 10, 12,
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4.3.1 Sgr C

The absorption spectra towards various parts of the object (Fig.4.1 & 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 km s−1 (line-width≈ 30

km s−1). A strong absorption feature near−54 km s−1 is seen due to HI absorption by

the ‘3 kpc arm’. A broad absorption feature is seen between−100 km s−1 and−200

km s−1, with an almost linear decrease in optical depth from≈ 0.5, at−100 km s−1, to

≈ 0.0, at−200 km s−1.

The spectrum taken towards part ‘B’ of the NTF (Fig.4.3) appears markedly differ-

ent. The absorption width of the 0 km s−1 feature appears to be narrower (≈ 25 km s−1)

than that observed towards ‘A’. Absorption due to the ‘3 kpc arm’ is also seen. However,

except for a weak 4σ absorption feature at−137 km s−1, the wide absorption feature

between−100 and−200 km s−1 is not seen.

The absorption spectrum towards the Sgr C HII region with a resolution of 3.3 km s−1

is shown in Fig.4.4. 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 HII region, the broad absorption feature

seen between−100 and−200 km s−1 shows at least three main components centred at

−118 km s−1, −138 km s−1 and−175 km s−1 with optical depth of≈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 km s−1 is broader towards the

HII region (line-width≈ 33 km s−1). The HII region shows a feature at−61.5 km s−1,

in addition to the absorption by the ‘3 kpc arm’ observed near−54 km s−1 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−1 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’ inLiszt & Spiker (1995)), source

‘D’ and FIR-4 (Fig. 4.2). The spectrum towards the source ‘C’ is similar to what is

seen towards the Sgr C HII region, but, in place of the wide absorption feature between

−100 and−200 km s−1 (Fig. 4.4), two absorption lines are observed at−123 km s−1

and−170 km s−1. Since the continuum emission from the HII region FIR-4 is weak,

its absorption spectrum is noisy. However, we identify HI absorption at−135 km s−1

(5 σ detection) and at−183 km s−1 (4 σ detection) towards FIR-4. CO emission has

been observed towards the source ‘C’ and FIR-4 at−123 km s−1 and−135 km s−1

respectively (Oka et al.1998). On the other hand, the spectrum towards the southern HII

region ‘D’ (Fig. 4.2), (‘1’ in Liszt & Spiker(1995)) located just outside the half power

width of the GMRT antennas is markedly different. Except the strong absorption near

the 0 km s−1 (line-width≈ 30 km s−1), 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 in Fig.4.6.

The absorption spectrum integrated over the NTF is plotted in Fig.4.7. The strong

absorption near 0 km s−1 has a line-width of≈ 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 at−26 km s−1, and a weaker feature at−58 km s−1, 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+0.18.

Strong absorption near 0 km s−1 with a line-width of≈ 40 km s−1, and absorption at

−53 km s−1 are observed.Lazio et al.(1999) have observed HI absorption against

G359.87+0.18, and the aforementioned features match with their spectrum. However,
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Figure 4.5: HI absorption spectrum towards the source ‘C’ (Fig.4.1), ‘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 coverage thanLazio et al.(1999) and we

detect an additional absorption feature at +140 km s−1.

4.3.4 NTF G359.54+0.18

The continuum image of the NTF G359.54+0.18 is shown in Fig.4.8and the absorption

spectrum integrated over the NTF is plotted in Fig.4.9. The absorption spectrum is

quite similar to the one seen towards G359.79+0.17, with components at−26 km s−1

and−53 km s−1. The strong HI absorption near 0 km s−1 has a line-width of≈ 24

km s−1. Staguhn et al.(1998) have found a dense molecular cloud at−140 km s−1

near the bent portion of the NTF (position of the molecular cloud is denoted by ‘E’ in

Fig. 4.8). HI spectrum taken towards this region of the NTF (denoted by ‘F’ in Fig.4.8)

shows absorption (Fig.4.9) at this velocity (4σ detection).Staguhn et al.(1998) also
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Figure 4.6: Continuum image of the NTF G359.79+0.17 at 1.4 GHz with a resolution of 9.7
x 6.7 arcsec2, along PA=79◦. The rms noise is 3.0 mJy beam−1.
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Figure 4.7: HI absorption spectrum towards the extragalactic source G359.87+0.18 and the
NTF G359.79+0.17. The bandwidth is 4 MHz. RMS noise in the two spectra are 0.028 and
0.026 respectively.
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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
arcsec2, along PA=79◦. The rms noise is 1.7 mJy beam−1.

detected another molecular cloud near−90 km s−1 near the eastern edge of the NTF

(not seen in Fig.4.8). 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 Sect.4.1and summarised in Table4.2,

which will be used to constrain the distances to the NTFs.
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Figure 4.9: HI absorption spectrum integrated over the NTF G359.54+0.18 and towards a
smaller portion of the NTF where it bends (region ‘F’ in Fig.4.8). The bandwidth is 4 MHz.
RMS noise in the two spectra are 0.025 and 0.1 respectively.
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Figure 4.11: CS emission (contours) averaged over a velocity range of−110 to−90 km s−1

superimposed on a grey scale radio-continuum image of the Sgr C NTF in Galactic co-
ordinate. CS data courtesyTsuboi et al.(1999)

Table 4.2: Velocities and distances of the HI emission features
Name of the HI Velocity Distance References for

feature km s−1 kpc Distances

‘0 km feature’ −30 to 30 Unknown

‘3 kpc arm’ −53 5.1 Cohen & Davies(1976)*

‘Molecular ring’ ≈− 135 . 8.5 Cohen & Davies(1979)

‘Nuclear disk’ ≈− 170 . 8.5 ”

‘XVI’ +135 & 8.5 ”

‘I’ +135 10.5 Cohen & Davies(1976)

* Distance of ‘3 kpc arm’ corrected for a Galactic Centre

distance of 8.5 kpc rather than 10 kpc.
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4.4.1.1 Sgr C

Due to absorption by the line of sight HI gas and velocity crowding nearl = 0◦, strong

absorption is observed near 0 km s−1 in all spectra towards the Sgr C NTF and the

HII region discussed in Sect.4.3.1. Absorption by the ‘3 kpc arm’ is observed at−54

km s−1 towards the Sgr C NTF and the HII region (Fig.4.3 and4.4). However, the broad

absorption feature (Fig.4.3) identified towards the central part of the Sgr C NTF (marked

‘A’ in Fig. 4.1) between−100 and−200 km s−1 is peculiar. Three distinct absorption

features are detected in the same velocity range in the higher resolution spectrum of the

HII 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−1 is likely to be caused by the HI associated with

the ‘Molecular ring’, which has a line-width of≈ 40 km s−1 in emission (Cohen &

Davies1979). Detection of absorption beyond−160 km s−1 indicates absorption by

the ‘Nuclear disk’ (Rougoor & Oort1960). However, we were unable to identify the

−100 km s−1 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 CO (Oka et al.1998) and CS (Tsuboi et al.1999) emission

line maps of this region (spatial resolution∼ 1′) 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 the−100 km s−1

feature with a CO or CS feature. The CO spectra towards parts ‘A’ and ‘B’ of the NTF

and the HII region is shown in Fig.4.10. Strong CO emission is indeed observed near

−100 km s−1 (line-width≈ 20 km s−1). 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 density∼ 104 cm−3, which are typi-

cally found in the CMZ). Fig.4.11shows a contour image of this cloud in CS emission
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(data courtesyTsuboi et al.(1999)) within a velocity range of−110 and−90 km s−1.

Note that the molecular cloud covers almost the whole NTF, although the−100 km s−1

absorption is only observed towards part ‘A’.

The−100 km s−1 molecular cloud has been catalogued byOka et al.(2001) and by

Miyazaki & Tsuboi (2000) (cloud 17 at l=359.48◦, b=−0.042◦). Using the estimated

parameters of the cloud (radius≈ 5 pc, mass 7.2×104 M�), the mean density of this

cloud is 3100 H2 cm−3. Assuming the ratio of atomic to molecular hydrogen is 0.01

(Liszt et al.1983; Lasenby et al.1989), the HI column density is 9.3×1020 cm−2. We find

that an assumed spin temperature of 100 K, and a line width of 20 km s−1 explains the

observed HI optical depth of≈ 0.5. Hence, we believe that we are observing absorption

by HI associated with the−100 km s−1 molecular cloud.

Our high resolution spectrum of the Sgr C HII region shows the presence of two

spectral features in the range of−50 to−65 km s−1(Fig. 4.4). Liszt & Spiker (1995)

have identified a molecular cloud towards Sgr C with a velocity of≈ −65 km s−1,

which they call M359.5−0.15. The−54 km s−1 feature is identified with the 3 kpc arm,

whereas the−61.5 km s−1 feature in our HI data is believed to arise from M359.5−0.15.

The presence of absorption by the molecular cloud M359.5−0.15 indicates that the Sgr

C HII region is either embedded in or located at the far side of the cloud. This result

supports the suggestion ofLiszt & Spiker(1995) that the Sgr C HII region (Fig.4.2) is

located in a cavity of M359.5−0.15. We note that CO emission near−65 km s−1 has

been detected towards both part ‘A’ of the NTF and the HII region (Fig.4.10). The lack

of HI absorption towards part ‘A’ of the NTF indicates that it is located in the front of the

−65 km s−1 cloud. Therefore, we believe that the Sgr C HII region is relatively farther

away than the Sgr C NTF, which provides evidence against any interaction between the

two (see the schematic in Fig.4.13). Having identified the absorption features in the HI

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−1 (Fig. 4.10), no corresponding HI absorption could be detected

towards the Sgr C region. The CO emission from the molecular cloud at∼140 km s−1

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 HII 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 absorption (4σ detection) towards part ‘B’ of the NTF at

−137 km s−1 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 (Sect.4.3.2) towards source ‘C’ (Fig.4.1) shows absorption at−53

km s−1, −123 km s−1 and−170 km s−1 (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−1, 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 s−1 and the ‘Nuclear disk’ at≈ −183 km s−1 (Fig. 4.5). Since the

‘Molecular ring’ and the ‘Nuclear disk’ are thought to be located within a few hundred
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parsecs of the GC, HI absorption by these two features provides a lower limit of≈ 8.5

kpc to the distances of the source ‘C’ and FIR-4. On the other hand, the spectrum taken

towards the southern HII region ‘D’ (Fig.4.2), shows no absorption near−53 km s−1

(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.

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

HI absorption near +140 km s−1 is observed (Fig.4.7) towards the extragalactic source

G359.87+0.18. The HI emission feature ‘I’ seen in HI (Cohen & Davies1979) is located

≈ 2 kpc behind the GC and has a line of sight velocity of +135 km s−1 at 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.4.7 near +140 km s−1 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 HI absorption at high positive velocity is detected towards the NTF G359.79+0.17.

However, CO emission has been detected near +140 km s−1 towards both G359.79+0.17

and the extragalactic source G359.87+0.18 (Fig.4.12), 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 NTF is≈ 10.5 kpc. The presence of absorption in

the spectrum of the NTF up to a negative velocity of−58 km s−1 suggests absorption by

the ‘3 kpc arm’ and consequently, the lower limit to its distance is≈ 5.1 kpc of the Sun.

Lazio et al.(1999) suggested presence of a−20 km s−1 cloud at the far side of the

GC. Presence of a narrow absorption feature−26 km s−1 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 courtesyOka et al.
(1998)

4.4.1.4 NTF G359.54+0.18

The spectrum of G359.54+0.18 (Fig.4.9) is quite similar to that towards the NTF

G359.79+0.17. The presence of absorption by the ‘3 kpc arm’ near a velocity of−53

km s−1 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−1 (Fig. 4.12), but, absence of HI absorption at this high positive velocity

indicates that it is located within≈ 10.5 kpc from the Sun. As described in Sect4.4.1.3,

this NTF also seems to be embedded in the−20 km s−1 cloud. We could detect weak

HI absorption at 4σ level at−140 km s−1 (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 (Staguhn et al.1998). 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 km s−1), the

local foreground HI component (+35 to−35 km s−1), the ‘3 kpc arm’ (−77 to−40

km s−1), and the combined ‘Molecular ring’ and ‘Nuclear Disk’ (−90 to−200 km s−1)

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 temperature ‘Ts’, are presented in Table4.3. The velocity limits for the various HI

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(−τ) ≈ 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 (−35 km s−1 < velocity< 35 km s−1) shown in

Table4.3 falls 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’ (G359.1−0.2)

NTF (Uchida et al.1992b) is 1.1Ts × 1020 due to the local foreground HI component,

2.3Ts× 1019 due to the ‘3 kpc arm’, and 2.8Ts× 1019 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 Table4.3. We note that the column

density as quoted in Table 1 ofUchida et al.(1992b) 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 Sect.4.3.1, no HI absorption by the−100 km s−1 cloud could be iden-

tified towards part ‘B’ of the Sgr C NTF (Fig.4.3). However, HI absorption by the

−100 km s−1 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 (Sect.4.4.1.1),

we expect HI optical depth of≈0.2 towards ‘B’ in the velocity range of−95 and−125

km s−1, which is 5 times higher than the effective noise in the spectrum. Therefore, if

the abundance of atomic hydrogen and the spin temperature (Ts) are 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−1 cloud.

(i) We first consider the case of the NTF tunnelling through the already existing−100

km s−1 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 of 35
′′

(1.4 pc),

length 255
′′

(10 pc) and equipartition magnetic field of 100µG (Anantharamaiah et al.

1991) in the NTF, the estimated total energy of the relativistic electrons is∼2 × 1047

erg. However, the energy required to ionise even a HI cloud (mean density 3100 cm−3)

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 × 1049 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.

(ii) 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 of the−100

km s−1 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 G0.18−0.04 (sickle like feature), located near the

midpoint of the NTF. Based on the observations of the ‘Radio-arc’,Serabyn & Morris

(1994) have proposed that association of the NTF, molecular cloud and HII region are

necessary to explain the generation of high energy electrons forming the NTFs. In Fig.

2c ofLiszt & 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 the−100 km s−1 cloud is associated with the NTF

near ‘A’ (RA (J2000)=17h44m33s, DEC=−29◦25′55
′′
). In this scenario, if the surface

of this cloud is ionised, then association of the molecular cloud and HII region with

the NTF satisfies the criterion ofSerabyn & Morris(1994) 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 of−100 km s−1 HI absorption against part ‘B’ can be explained.

However, no such ionised surface of the cloud (as HII region) like G0.18−0.04 has been

detected near part ‘A’ of the NTF from the Nobeyama millimetre array observation of

this region (Tsuboi et al.1991) at 22 GHz. Thus, the above scenario also fails to explain

the observations.

(iii) Finally, we consider an alternative source of the synchrotron electrons in the Sgr C

NTF and the case of collision of the−100 km s−1 cloud with this already existing NTF.

Liszt & Spiker(1995) proposed that the HII region FIR 4 (Odenwald & Fazio1984) is

associated with the Sgr C NTF, with the HII region acting as the source of relativistic

electrons. Fig. 7 inLiszt & Spiker (1995) shows a molecular cloud around this HII

region. We note that FIR-4, with its wedge-like morphology, is similar to the HII 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 HII

region in a way similar to the Radio-arc. The CS data (Tsuboi et al.1999) shows a

compact dense molecular cloud with a velocity of−75 km s−1, 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 the−75 km s−1 cloud cannot be

verified. In Sect.4.4.1.2, it is shown that the lower limit to its distance is≈ 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−1 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 cloud (Yusef-Zadeh &

Morris 1987a), 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, whichLaRosa et al.(2000) has suggested to be due

to the presence of thermal emission from the nearby HII region. In this regard, we note

that if the−100 km s−1 cloud is moving with a velocity similar to its line of sight veloc-

ity in the sky plane, then the collision took place around 5×104 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 mG (LaRosa et al.2000) is

∼ 105 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 with the−100

km s−1 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 HII 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 HII region is either embedded in or located

behind the−65 km s−1 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−1 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−1 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 (4σ level) at−140 km s−1 suggests that the NTF G359.54+0.18

is located at a minimum distance of≈ 8.5 kpc from us.

(f) 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 large (∼20 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 central−6◦< l <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 sources (Becker et al.(1994) at

5 GHz andZoonematkermani et al.(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.2001).

135
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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−2. Though NVSS (Condon et al.1998) had the capability

to detect polarised emission from sources, in the likelihood of high RM (> 350 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◦< l <6◦, −2◦< b <2◦ of the Galaxy. The sources were selected on

the basis of their small scale structure (≤ 10
′′
) and non-thermal spectra (α ≤−0.4, S(ν)
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∝ να). 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% (Saikia & Salter1988), 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 MHz (LaRosa et al.2000), the

VLA survey of the Galactic plane (GPS) at 1.4 GHz (Zoonematkermani et al.1990),

(Helfand et al.1992) and at 5 GHz (Becker et al.1994). Sources observed byLazio &

Cordes(1998a) and the 365 MHz Texas survey (Douglas et al.1996) 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 Table5.1. 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 satisfactoryuv-coverage and each source was

observed≈ 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 fraction≤ 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 in Table5.1. All 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 Fig.5.1. The resolution of each of the ATCA maps

are≈6
′′ ×2

′′
, and the typical RMS noise is 0.23 mJy/beam in Stokes I 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

ů

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
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 resolution∼2
′′ × 1.5

′′
, and RMS noise of

typically 75µJy/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 Table5.2, which is arranged as follows. Column 1: the source name using

the Galactic co-ordinates (Gl ±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

l , 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 axis×minor 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

beam−1 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 Table5.3, we 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 Table5.2). For the four HII regions

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

To compute the spectral indices of the sources in Table5.2, the 1.4 GHz flux density

of the sources have been taken from the VLA GPS and the NRAO VLA Sky Survey

(NVSS) (Condon et al.1998). 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 † 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 al.1996). 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 MHz (LaRosa et al.2000), we have used

their flux density to compute the spectral index (column 12 in Table5.2 and 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 fromRoy & 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 thanλ/(2× ‘d′) (where,

angular size is in radian,λ 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.



142 CHAPTER 5. EXTRAGALACTIC SOURCES BEHIND THE GALACTIC CENTRE

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 emission∼10′ 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 theuv-points of the 8.5 GHz data and made maps

(equivalent of mapping the sources at 4.8 GHz using theuv-coverage 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,

G358.149-1.675, 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 HII regions. The spectral index between 8.5 and 4.8 GHz (Ta-

ble5.3) 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
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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 is∼ −0.7) 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 map (LaRosa

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 error∼0.5 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, insufficientuv-coverage 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 index (α≤ 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 small (≤ 10%).
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5.4 Discussion

5.4.1 Galactic sources

Extended unpolarised structures, typical of HII 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 HII region.

The 8.5 GHz BnA array map of G359.717-0.036 (Fig.5.5) clearly show a partial shell

like structure. Extended emission can also be seen around this object. Since shell like

structures are seen both for HII 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 presented byPedlar 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 HII 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 HII 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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Peak flux =  6.1946E-02 JY/BEAM 
Levs = 1.000E-03 * (-2, -1, 1, 2, 4, 6, 8, 10, 12,
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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 I is about 0.23 mJy/beam and about
0.15 mJy/beam in Stokes Q and U. Typical beamsize of these maps are≈6

′′×2
′′
.
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G356.719--1.220   IPOL 4800 MHZ

Peak flux =  2.4151E-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)
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Figure 5.1: Continued
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G359.844--1.843   IPOL  4800.000 MHZ 

Peak flux =  1.5443E-01 JY/BEAM 
Levs = 3.000E-03 * (-2, -1, 1, 2, 4, 6, 8, 10, 12,
16, 20, 24, 32, 40, 48, 64, 80, 128, 160, 192)
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G0.537+0.263   IPOL  4800.000 MHZ 

Peak flux =  7.0774E-02 JY/BEAM 
Levs = 4.000E-03 * (-2, -1, 1, 2, 4, 6, 8, 10, 12,
16, 20, 24, 32, 40, 48, 64, 80, 128, 160, 192)
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G2.143+1.772   IPOL  4800.000 MHZ 

Peak flux =  4.5318E-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, 160, 192)
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G5.260--0.754   IPOL  4800.000 MHZ 

Peak flux =  6.5684E-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, 160, 192)
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G353.462--0.691   IPOL  4760.100 MHZ 

Peak flux =  9.8027E-02 JY/BEAM 
Levs = 3.000E-04 * (-2, -1, 1, 2, 4, 6, 8, 12, 16,
20, 24, 32, 40, 48, 64, 96, 128, 160, 192, 224, 256,
320)
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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 I is about 90µJy/beam and about
75µJy/beam in Stokes Q and U. Typical beamsize of these maps are≈2

′′×1.5
′′
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G358.156+0.028   IPOL  4760.100 MHZ 

Peak flux =  2.3702E-02 JY/BEAM 
Levs = 3.000E-04 * (-2, -1, 1, 2, 4, 6, 8, 12, 16,
20, 24, 32, 40, 48, 64, 96, 128, 160, 192, 224, 256,
320)
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G359.2-0.8   IPOL  4760.100 MHZ 

Peak flux =  1.6453E-02 JY/BEAM 
Levs = 3.000E-04 * (-2, -1, 1, 2, 4, 6, 8, 12, 16,
20, 24, 32, 40, 48, 64, 96, 128, 160, 192, 224, 256,
320)
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G0.404+1.061   IPOL  4760.100 MHZ 

Peak flux =  1.3505E-02 JY/BEAM 
Levs = 3.000E-04 * (-2, -1, 1, 2, 4, 6, 8, 12, 16,
20, 24, 32, 40, 48, 64, 96, 128, 160, 192, 224, 256,
320)
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G3.748--1.221   IPOL  4760.100 MHZ 

Peak flux =  1.1330E-02 JY/BEAM 
Levs = 3.000E-04 * (-2, -1, 1, 2, 4, 6, 8, 12, 16,
20, 24, 32, 40, 48, 64, 96, 128, 160, 192, 224, 256,
320)
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G5.852+1.041   IPOL  4760.100 MHZ  

Peak flux =  9.1680E-03 JY/BEAM 
Levs = 3.000E-04 * (-2, -1, 1, 2, 4, 6, 8, 12, 16,
20, 24, 32, 40, 48, 64, 96, 128, 160, 192, 224, 256,
320)

D
E

C
LI

N
A

TI
O

N
 (J

20
00

)

RIGHT ASCENSION (J2000)
17 55 01.3 01.201.101.000.900.800.700.600.500.4

-23 22 30

35

40

45

50

55

Pol line 1 arcsec =  2.5000E-03 JY/BEAM 

G3.745+0.635   IPOL  4885.100 MHZ 

Peak flux =  4.4563E-01 JY/BEAM 
Levs = 3.000E-04 * (-2, -1, 1, 2, 4, 6, 8, 12, 16,
20, 24, 32, 40, 48, 64, 96, 128, 160, 192, 224, 256,
320)

D
E

C
LI

N
A

TI
O

N
 (J

20
00

)

RIGHT ASCENSION (J2000)
17 51 51.7 51.6 51.5 51.4 51.3 51.2 51.1 51.0 50.9 50.8

-25 23 54

56

58

24 00

02

04

06

08

Pol line 1 arcsec =  1.5152E-03 JY/BEAM 

G357.865--0.996   IPOL  4760.100 MHZ 

Peak flux =  3.6981E-01 JY/BEAM 
Levs = 3.000E-04 * (-2, -1, 1, 2, 4, 6, 8, 12, 16,
20, 24, 32, 40, 48, 64, 96, 128, 160, 192, 224, 256,
320)

D
E

C
LI

N
A

TI
O

N
 (J

20
00

)

RIGHT ASCENSION (J2000)
17 44 24.4 24.2 24.0 23.8 23.6 23.4 23.2 23.0 22.8

-31 16 20

25

30

35

40

45

50

55

Pol line 1 arcsec =  1.5152E-03 JY/BEAM 

Figure 5.2: Continued



164 CHAPTER 5. EXTRAGALACTIC SOURCES BEHIND THE GALACTIC CENTRE
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Figure 5.3: 4.8 GHz continuum maps of the unpolarised sources observed with the ATCA.
Typical rms noise in Stokes I is about 0.23 mJy/beam, and beamsize≈6

′′×2
′′
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Figure 5.3: Continued
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BOTH: G2.423--1.660   IPOL  4840.000 MHZ 

Grey scale flux range= -0.96 44.94 MilliJY/BEAM
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Figure 5.3: Continued
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BOTH: G353.410--0.360   IPOL  4760.100 MHZ 
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Figure 5.4: 4.8 GHz continuum map of the unpolarised sources observed with the VLA.
Typical rms noise is about 90µJy/beam, and beamsize of≈2

′′×1.5
′′
.
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BOTH: G359.717--0.036   IPOL  4760.100 MHZ 

Grey scale flux range= -2.54 11.60 MilliJY/BEAM
Cont peak flux =  1.1597E-02 JY/BEAM 
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Figure 5.4: Continued
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BOTH: G359.717-0.036  IPOL  8510.100 MHZ 
PLot file version 2  created 10-FEB-2003 17:17:01
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Figure 5.5: 8.5 GHz continuum map of the partial shell like object G359.717-0.036

an HII 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 103 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 103 Kelvin at 4.8 GHz will show self absorption

at 0.3 GHz (otherwise, the required brightness temperature exceeds 105 kelvin). 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) (Table5.2) (Yusef-Zadeh & Bally1987; Uchida et al.1992a) 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 Table5.2 have 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 km s−1, an SNR at a distance of 10 kpc will expand

to an angular size of 6
′′

in 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 central 12◦x 4◦of the Galaxy is less than 0.1,

which suggests that there is no young SNR in our sample.

(ii) Radio Pulsar: Pulsars typically have a very steep spectrum, with spectral indices

in centimetre wavelengths varying between−1.5 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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(iii) Radio Stars: Normal stars are relatively weak radio emitters. However, some

of the stars do emit non-thermal emission. It is shown inBecker et al.(1994) that the

highest anticipated radio flux density is≤ 1 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 quasars (seeMirabel & Ro-

dríguez(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 T∼ 2 x 107M−1/4 (Rees 1984). Therefore,

compared to the AGNs, the emission from microquasars are shifted towards higher fre-

quencies, and are usually identified for the first time in X-ray (Mirabel & Rodríguez

1999).

Though, many of the already known 10 microquasars are highly variable, two of

these sources, 1E1740.7-2942 (Mirabel & Rodríguez1999) and GRS 1758-258 (Martí

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 survey (Voges et al.

1999) catalogue and the catalogue of soft X-ray sources (|l | ≤ 1.5◦, |b| ≤ 2.0◦) in the

GC region (Sidoli et al.2001). Twenty of our sources are also located within the bound-

ary of the ASCA survey of the GC region (|l | ≤ 2.5◦, |b| ≤ 2.5◦) (Sakano et al.2002).

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& Table5.3) can be a microquasar.

Therefore, we believe almost all the sources listed in Table5.2 except 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 mJy (Ledden et al.1980) is N(>S)=0.032 x

S−1.13. Therefore, the expected number of extragalactic sources seen through the central

l ×b = 12◦x 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 is 7.6
′′
, and 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 central−6◦< l <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 HII 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 process (Beck et al.1996). 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 Galaxy (Davidson1996).

The estimates within the central 200 pc region are mainly based on the observations of

the non-thermal filaments (Yusef-Zadeh & Morris1987c; Anantharamaiah et al.1991;

Gray et al.1995; Yusef-Zadeh et al.1997a), 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−2 (Yusef-Zadeh & Morris1987c; Anantharamaiah et al.1991; Gray

et al.1995; Yusef-Zadeh et al.1997a; Lang et al.1999b). Since the magnetic pressure

in these NTFs overcome the turbulent ISM pressure (otherwise, the NTFs would have

bent due to interaction with molecular clouds)Yusef-Zadeh & Morris(1987a) 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 (Shore & Larosa1999), 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 splitting (Schwarz & Lasenby

1990; Killeen et al.1992; Yusef-Zadeh et al.1996b, 1999) of the HI or OH lines towards

the GC could have resulted from local enhancement of field (e.g., near 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= 0.81×
Z

neB‖dL, (6.1)

where, RM is the rotation measure expressed in rad m−2, ne is the electron density

expressed in cm−3, B‖ is the line of sight component of the magnetic field inµG, 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 bySimard-Normandin & Kronberg(1980); Frick et al.(2001) using

RM towards the extragalactic sources. Similar studies have also been performed by

estimating RM towards pulsars (Rand & Kulkarni1989; Rand & Lyne1994; Han &

Qiao1994). These studies have established that there is one field reversal within and one

outside the solar circle. Two more reversals have been suggested byHan et al.(1999).

These reversals could be explained by invoking either the bisymmetric spiral model

(Simard-Normandin & Kronberg1980; Han et al.1999), or by invoking a ring model,

where the direction of the field lines reverses in each ring (Rand & Kulkarni 1989).

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 –6◦ < l <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 1.2×104 rad m−2, 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 to be∼10
′′

(Gray et al. 1995, Yusef-Zadeh



178 CHAPTER 6. MAGNETIC FIELD NEAR THE GALACTIC CENTRE

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 Sect.6.2, we provide details of the RM

estimation from the data. The results of the the data analysis are presented in Sect.6.3

and the interpretation of the results are described in Sect.6.4. Finally, the conclusions

are presented in Sect.6.5.

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 (φ) being given byφ=0.5 tan−1(U/Q) (where, signs of Q

and U are considered separately to unambiguously determine the value ofφ), we divided

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 equation,φ = RM.λ2 +φ0 +nπλ2 using the AIPS task RM. In this equation,n

is an integer,λ is the wavelength, andφ0 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 (.i.e.,≤ 2000 rad m−2, 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 rule out nπ

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-ordinates (Gl±b). 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 G359.2−0.8 (Mouse) is a known Galactic non-thermal source. Since this

source is known to be within 5 kpc from the Sun (Uchida et al.1992a), 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 Table6.1, its RM is indeed measured to be very

small (−5 ±18 rad m−2). 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 Error on Depolarisation
(J2000) (J2000) (rad m−2) RM ratio

354.740+0.138AT 17 31 56.96 −33 18 33.72 1193 32 1.4
17 31 57.00 −33 18 42.12 858 45 1.3

356.000+0.023AT 17 35 40.37 −32 18 59.03 332 25 0.9
17 35 40.05 −32 18 55.83 436 29 1.1
17 35 39.74 −32 18 54.23 713 30 0.9

356.161+1.635AT 17 29 43.86 −31 18 04.77 677 27 1.0
17 29 43.64 −31 18 04.77 685 23 0.7
17 29 42.71 −31 18 02.37 623 34 1.1

356.567+0.869AT 17 33 45.73 −31 22 50.38 962 25 0.9

356.719-1.220AT 17 42 27.90 −32 22 14.04 −511 37 0.9
17 42 27.52 −32 22 09.64 −459 41 0.8

358.002-0.636AT 17 43 17.87 −30 58 18.73 1050 27 0.7

358.917+0.072AT 17 42 43.99 −29 49 16.03 4768 88 3.0

359.388+0.460AT 17 42 21.47 −29 12 59.73 −568 29 2.7

359.844-1.843AT 17 52 30.88 −30 01 06.59 −58 47 –

359.911-1.813AT 17 52 32.97 −29 56 44.28 162 47 –

359.993+1.591AT 17 39 26.94 −28 06 12.65 23 65 1.4

0.313+1.645AT 17 40 0.21 −27 48 10.37 −121 22 0.9

0.537+0.263AT 17 45 52.50 −28 20 26.64* −1169 56 1.4

1.028-1.110AT 17 52 22.81 −28 37 41.31 −65 23 1.5
17 52 22.51 −28 37 32.51 221 43 1.4

1.035+1.559AT 17 42 1.90 −27 13 9.94 −136 9 –

1.505-1.231AT 17 53 55.37 −28 15 53.77 388 12 1.0
17 53 59.21 −28 17 21.35 689 24 0.7

2.143+1.772AT 17 43 51.24 −26 10 59.24 158 50 –

4.005+1.403AT 17 49 31.68 −24 46 57.70 458 28 1.2
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Source Name RA DEC RM Error on Depolarisation
(J2000) (J2000) (rad m−2) RM ratio

4.188-1.680AT 18 01 44.34 −26 10 43.63 −625 15 1.0

4.256-0.726AT 17 58 12.97 −25 38 44.29 1785 22 1.5

5.260-0.754AT 18 00 31.38 −24 47 21.73 1142 12 1.4

5.358+0.899AT 17 54 27.81 −23 52 36.17 851 29 1.2

5.511-1.515AT 18 3 59.28 −24 56 43.63 321 20 1.3
18 3 59.25 −24 56 48.03 393 32 0.8

6.183-1.480AT 18 5 18.04 −24 20 45.50 −889 24 1.1

353.462-0.691AT 17 31 55.40 −34 49 59.9 1011 30 2.0

354.815+0.775 17 29 36.653−32 53 51.88 −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 15 09.56 574 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 17 47 50.144−31 23 03.86 −17.4 13 1.1
17 47 45.300 −31 23 36.21 276 18 1.0
17 47 45.411 −31 23 38.40 343 24 0.7

358.156+0.028 17 41 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 17 47 46.474−30 28 17.39 −905 26 1.0

359.392+1.272 17 39 13.384−28 46 54.08 −318 27 0.8
17 39 12.505 −28 47 01.35 −271 30 0.9

359.2-0.8 17 47 15.78 −29 58 01.0 −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 −29 39 09.76 1470 52 –

359.871+0.179 17 44 37.069−28 57 09.27 770 14 1.1

0.404+1.061 17 42 27.934−28 02 08.49 −176 16 1.2

1.826+1.070 17 45 47.185−26 49 21.48 806 9.5 0.9
17 45 47.702 −26 49 06.24 638 40 1.6



6.3. RESULTS: 183

Source Name RA DEC RM Error on Depolarisation
(J2000) (J2000) (rad m−2) RM ratio

2.922+1.028 17 48 29.121−25 54 17.97 1563 15 1.0
17 48 29.150 −25 54 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 17 51 51.26 −25 24 0.05 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 17 53 43.371−25 26 10.26 1457 7 0.7

4.752+0.255 17 55 33.409−24 43 29.77 193 18 1.1
17 55 33.424 −24 43 31.16 112 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
17 55 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
17 55 00.800 −23 22 52.16 626 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 rad m−2.

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 extraπ rotation of the polarisation angle within

the 128 MHz observing bandwidth. Consequently, we have estimated the minimum

RM, which is quoted above. As discussed byGardner & Whiteoak(1966); Kronberg

et al. (1972); Vallee (1980), the polarisation angle could deviate from theλ2 law 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) source (O’Dea 1998), 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 vs.λ2 plot for the source G358.917+0.072

one suggested for Cygnus-A (Dreher et al.1987).

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 (∼1 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 al.1972), 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 (Table6.1). 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 m−2 (Simard-Normandin & Kronberg1980) and the RMs estimated from our

sample is quite high (∼ 1000 rad m−2), 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 GHz (Condon et al.1998) and the GC map at 330 MHz

(LaRosa et al.2000) for the presence of extended Galactic continuum source along the

line of sight (los) of the target sources. Except the source G0.537+0.263 (its RM is

included in the plot shown in Fig.6.2), which is seen close to the HII 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

|RM |. 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 with|b| ≤ 1.5◦ are quite high∼1000 rad m−2. Such high RMs have
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2000 rad m−2

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 with|RM|.

been observed before in the survey of low latitude extragalactic sources (45◦< l <93◦,

|b|< 5◦) (Clegg et al.1992), 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 be 467±87 rad m−2, 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 by (Nissen & Thielheim1974)

f (θ) =
< RM .RM(θ) >∆θ

< RM2 >
,

where the numerator is the mean of the products of all pairs of RMs with their median

removed in intervals of∆θ, θ being the angular separation between the sources in the

sky. The autocorrelation function is computed within 0.0◦ to 0.1◦, 0.1◦ to 0.3◦, 0.3◦ to

1.0◦, 1.0◦ to 3.0◦ and 3.0◦ to 10◦, and is plotted in Fig.6.3. As can be seen from the plot,

the RMs of sources located beyond 1◦ from 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−2.

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.(1985) 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 Lobes (Sofue &

Handa1984), 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 & Handa1984). This model predicts separate poloidal-dominant and toroidal-

dominant regions within the central few hundred parsec of the GC.Uchida 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 plane.Novak 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

quadrant (-,-) 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 m−2)

Northern filament 100 to 2000 Lang et al.(1999b) 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 −370 to−4200 Yusef-Zadeh et al.(1997a) negative Second negative

Pelican 500 to−1000 Lang et al.(1999a) 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.(1985). 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 model ofUchida

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 (1◦ 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.

(ii) We consider one more model of the magnetic field, whichRand & 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 inRand & 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 galaxies (Sofue 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 579±131 rad m−2, whereas the median RM towards the sources with negative Galactic

longitude is 451±110 rad m−2. 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.

(iii) 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 pulsars,Simard-Normandin & Kronberg(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 Fig.6.4). 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 thelos 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.
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Figure 6.5: Structure function of the RM

6.4.2.1 Electron density distribution in the GC region

A radio signal at frequencyν propagates through the ISM with group velocityv = c[1−

(v2
p/v2)]0.5, wherec is the speed of light in vacuum,vp = e[ne/(πm)]0.5 is the plasma

frequency ande andm are the charge and mass of the electron. This causes frequency

dependant delay in pulse arrival time, and is related to the dispersion measure (
R

nedL,

where,ne is the electron density and ‘L’ is thelos 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 along thelos can 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 (seeRickett (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 methods,Taylor & Cordes(1993) 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 region.van Langevelde et al.(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 analysis,Lazio & Cordes(1998b)

showed that there is a ‘hyperstrong’ scattering screen (ne ∼10 cm−3) with an angular

extent of about half a degree along ourlos towards the GC. They estimate a distance of

133+200
−80 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 screen (Lazio

et al.1999). Bower et al.(2001) have carried out VLBA observations of 3 extragalactic

sources and report an intermediate scattering region covering& 5◦ in 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 theTaylor & Cordes(1993) model. The

scattering size of these extragalactic sources are comparable to the scattering size of the

maser sources near the GC (van Langevelde et al.1992), 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 GC.Cordes & Lazio(2002) have recently modified the electron

density model ofTaylor & Cordes(1993), and have included a GC component (based

on Lazio & Cordes(1998b)). However, the inner Galaxy component in their model

peaks along the ‘4 kpc molecular ring’. Since, the ‘4-kpc ring’ is visible for|l | < 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 0.5◦, there is a region of enhanced scattering covering
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& 5◦ in Galactic longitude and≤ 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 measured byBower et al.(2001) is 1.5–6 times

higher than the prediction fromTaylor & Cordes(1993) or Cordes & Lazio(2002), we

have taken an electron density 0.4 cm−3, which 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 cm−3. From theCordes & Lazio(2002) model, we estimate

a dispersion measure of about 800 pc cm−3 along thelos from the rest of the Galaxy.

Therefore, about half of the total dispersion measure along thelos originates 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 Equation6.1as

RM= 0.81
Z

neB||dL

Where RM is expressed in rad m−2, ne in cm−3 andB|| is the component of the regu-

lar field along thelos in microGauss. Measurement of RMs together with an estimate of

dispersion measure(DM) =
R

nedL allows an estimate ofB|| 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 along thelos. We

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 GC (Rand & Kulkarni1989), then thelos component of this
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field for |l | ≤ 6◦ is estimated to be≤ 0.2µG. Therefore, even if we neglect field reversals

along thelos, the contribution of the large scale field of the Galaxy to the estimated RM

is / 30% (DM 800 pc cm−3). We reach similar conclusion, even if the magnetic field

geometry is a bi-symmetric spiral (Simard-Normandin & Kronberg1980). 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 m−2, and a DM of 800 pc cm−3, we

estimate 0.7µG 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 scale of∆θ are described by the RM structure

functionD(∆θ) =< [RM(θ)−RM(θ + ∆θ)]2 >. The structure function is estimated by

computing angular separation∆θ 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 with∆θ 0.0◦ to 0.1◦, 0.1◦ to 0.3◦, 0.3◦to 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’ (Efron 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 change inl andb. An observer embedded in

an extended homogeneous medium with uniform magnetic field approaching from an

arbitrary angleθ0 sees a rotation measure RM0cos(θ− θ0) (Clegg et al.1992), where

RM0 is the RM towardsθ0. However, it can be shown that the contribution of this

geometric component is much less than what is observed in Fig.6.5. Therefore, we do
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not consider this effect any further. It is clear from Fig.6.5that 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 of∼0.7◦ (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 value (Rickett1988),

then we estimate an outer scale length of≈30 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 scale of∼ 10
′′

(0.4 pc) towards the

GC NTF G359.54+0.18 (Yusef-Zadeh et al.1997a) and the Snake (G359.1−0.2) (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) = C2
nq−α,q0 < q < qi (6.2)

Whereq is the spatial wavenumber, andα is the spectral index (Rickett 1977). C2
n is

the normalisation constant of the electron density power spectrum. The quantitiesq0

andqi 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 (∼ 108 cm) to those responsible for Faraday rotation (∼ 1019 cm) as has been
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suggested byArmstrong et al.(1981), then the statistical contribution to the rotation

measure structure function (Simonetti & Cordes1988) is given by

DRM(∆θ) = (2.89×105)(C2
nL) < B|| >

2 (L∆θ)5/3 (6.3)

Here, ∆θ 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 irregularities (i.e,α = 11/3). In this equa-

tion, the quantityC2
nL can be estimated from scattering. The scattering size of an object

at 1 GHz is given by

θmas= 2.24

(Z
C2

ndL

)0.6

(6.4)

(Spangler et al.1986). FromBower et al.(2001), we roughly estimate a scatter broad-

ened size of about 300 milli-arcsec at 1 GHz, which yieldsC2
nL = 3.5 m−20/3 kpc. Since,

< B|| >2 has already been estimated in the previous section, if ‘L’ is known,DRM can be

estimated. However, the thickness of the scattering screen (L) is a poorly estimated quan-

tity, and if we takeL = 2 kpc, then for an angular separation of 0.2◦, DRM = 1.1×105

rad2m−4. The measured structure function at this angular separation is about 3.7×105

rad2 m−4 (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 scale (l0), Minter & Spangler(1996) have derived the following formula

as the structure function of the RM

DRM = [251.226(n2
eC

2
B+ < B|| >

2 C2
n)+23.043(C2

nC
2
B(l0)2/3)]× (L)8/3(∆θ)5/3 (6.5)

Wherene is expressed in units of 0.1 cm−3,C2
n in 10−3 m−20/3,C2

B in units of 10−13 m−2/3 µG2,
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l0 is in pc, L is in kpc and∆θ is in degree.C2
B 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 ofDRM = 3.7×105 rad2 m−4 (Fig. 6.5), at ∆θ=0.2◦,

and from Equation6.5, we computeC2
B = 2.1×10−13 m−2/3 µG2, which yields the fluc-

tuating component of the magnetic field as∼2 µG 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 (thicknessLpc) in clumps of size

Zpc.

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, it is 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 scattering (θ1) and the characteristics of the turbulence,

θ1 =
8.0×107(∆ne)1.2Z0.6

pc

l0.4
0

mas, (6.6)

where,θ1 is defined at a fiducial frequency of 1 GHz,∆ne is the RMS electron density

fluctuation in cm−3 in the turbulent medium,Zpc is the path length through the turbulent

medium in parsecs, andl0 is the size of the ‘outer scale’ in cm. If the probability of

encountering the clump within the screen is denoted byf , then in the above equation,

Zpc can be expressed asf × Lpc. As explained above, all the electrons resides within

clumps, and we can write∆ne ≈ ne/ f , wherene is the los averaged electron density
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within the central 2 kpc. With the above approximations, we get

f =
1.486×1013

θ1.67
1 × l0.67

0

×n2
e×Lpc,

which allows us to estimatef .

In Sect.6.4.3.1, we have used a typical value ofθ1 ∼300 mas at 1 GHz. Using

ne=0.4 cm−3, we get f =0.017,Zpc=35 and within the cloud∆ne∼20 cm−3. This shows

that there will be typically∼1 cell (f ∼0.02) along thelos, which produces the observed

RM. One observable consequence of it is that the optical depth of these clouds are∼1 at

74 MHz. Based on VLA 74 MHz observations of the GC,Anantharamaiah et al.(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

Ionised Medium (HIM), (ii) Warm Ionised 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) (Reynolds1991) found in HII regions, or there

exists another form of the WIM known as the McKee-Ostriker WIM (MOWIM) (McKee

& 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 of6100 pc and

filling factor∼10−4 – 10−2, indicative of association with extreme Population I 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 height>500 pc

and a large filling factor (>0.5).

Anantharamaiah & Narayan(1988) has proposed that the high scattering observed

towards the inner Galaxy (Rao & Ananthakrishnan1984; Dennison et al.1984) 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 of∼102 cm−3. The envelopes of these HII regions could have sizes of

several tens of parsecs and typical densities∼1–10 cm−3.

In the previous section, we have shown that the clumps in the scattering screen have

ne∼ 20 cm−3 and size∼30 pc. It is quite remarkable that the properties of these clumps

matches with the parameters of the outer envelopes of the HII regions discussed above

and it is likely that a significant fraction of the estimated RM is produced by the outer

envelopes of HII regions.

6.4.6 Implications for the GC magnetic field

The Faraday RM is alos 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 HII regions could be anywhere along thelos, the 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 HII

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 of ne is in the HII

regions, MOWIM is believed to be all pervasive (see part (b) of Sect.6.4.5). Using

the Faraday RM produced by this medium, we can constrain the GC magnetic field.

The WIM component having a large scale height (∼0.5 kpc) can be identified with the

MOWIM, which has electron density≈0.03 cm−3. 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 1.5◦ of 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 alos path through the GC medium of about 300

pc, we provide an upper limit of 60µG as thelos 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◦ < l <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 (strength∼0.7µG) in the central –6◦ < l <6◦,

–2◦ < b <2◦ region of the Galaxy, aligned along the plane of the Galaxy.

(ii) 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.

(iii) The outer scale of the Faraday screen sampled by these observations is about 30

pc, which is much larger than the scale size of∼10′′ 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∼ 2µG 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 are∼35 pc and electron density∼20 cm−3. These

ionised clouds are likely to be the ionised outer envelope of the HII regions. The esti-

mated physical parameters of the clouds match quite well with what was predicted by

Anantharamaiah(1986); Anantharamaiah & Narayan(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 60µG
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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 about−0.76 at frequencies above 1.4 GHz. However,

between 1.4 and 0.33 GHz, its spectral index is about−0.3, indicating that its spectral

index changes by≈0.5 at≈1 GHz. Using the standard synchrotron model for spectral

break, we estimate the age of Sgr A East to be about 104 years.

(ii) Emission from the 7′ halo also shows a similar break in the spectrum, which

205
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suggests that the Sgr A East and the 7′ halo are physically associated.

(iii) Sgr A* has been detected at 580 MHz, which is the lowest unambiguous fre-

quency 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 HII 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 HII 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 central 1◦ region 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 G3.1−0.6 is supernova remnant. This was the largest suspected

SNR (28′×49′) detected during the Molonglo Galactic Centre survey.

(ii) 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

(size≈ 52′×72′) centred at G356.8−0.0. Its spectral index is estimated to be steeper

than−0.34.

(iii) We find that the three previously suspected supernova remnants, G356.6+0.1,

G356.3−0.3 and G357.1−0.2 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 G356.3−0.3

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 G357.1−0.2 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.

(i) For the first time, the Sgr C NTF and the HII region are shown to be located within

a few hundred parsecs of the GC.

(ii) Our study indicates that the Sgr C HII region is either embedded in or located
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behind the−65 km s−1 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−1 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−1 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 (4σ level) at−140 km s−1 suggests that the NTF G359.54+0.18

is located at a minimum distance of≈ 8.5 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 the –6◦ < l <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 HII 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:

(i) There is a large scale magnetic field (strength∼0.7µG) in the central –6◦ < l <6◦,

– 2◦ < b <2◦ region of the Galaxy, aligned along the plane of the Galaxy.

(ii) 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.

(iii) 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 of∼10′′ 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∼ 2µG 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 are∼35 pc and electron density∼20 cm−3. These ionised

clouds are likely to be the ionised outer envelope of the HII 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 µG 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 NTFs (Yusef-Zadeh &

Morris 1987a) and supports the cometary plasma tail model ofShore & Larosa(1999)

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 HII

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-

quency observations to distinguish between competing physical processes. The low fre-

quency 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 gas is.1 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 – 6◦ < l <6◦, – 2◦ < b <2◦ region of the Galaxy have indicated that the line of

sight magnetic field strength is only∼ µG. These observations also indicate the upper

limit of the line of sight magnetic field strength in the central 150 pc of the Galaxy.60

µG. This raises questions on the mG field estimated from observations of the NTFs in

the region. It is 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.

(ii) 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 HII regions) are located. If we assume

the HII 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 central 1◦ of 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 inner∼20◦ of the Galaxy will be
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important to constrain the magnetic field in the region.
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