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SUMMARY

We present 90-cm VLA* observations of a ~ 2°X2° field around the Galactic
Centre. The full field was mapped with a resolution of 100 X 64 arcsec?, and smaller
regions with resolutions as high as 14 X 9 arcsec?. The resulting images contain most
of the unique features associated with the Galactic Centre, which include the Arc and
its linear filaments, the arched filaments, the ‘threads’, the thermal ‘spiral’ Sgr A West,
the non-thermal source Sgr A East and Sgr C. When compared to higher-frequency
observations there are, however, significant differences which we mostly attribute to
the increasing optical depth of the thermal components.

We show that most of the linear filaments of the Arc in the vicinity of G0.16 —0.15,
although non-thermal, have an intrinsically positive 90/20-cm spectral index (@ ~
+ 0.3, where flux density S v¢), although at least one of the filaments shows a 90/
20-cm spectral index of —0.4. The thermal feature G0.18-0.04 is seen in
absorption, showing clearly that it is in front of the Arc. The positive latitude portion
of the Arc is embedded in an extended region of ionized gas with an emission
measure > 103 pccm ™6,

The ‘threads’ show up as prominently as the Arc at 90 cm. Other isolated linear
features in this region, e.g. G359.54 +0.18, G359.80 + 0.17 and Sgr C, appear similar
to the threads. The 90/20-cm spectral index of three of these features is relatively
steep (@ ~ —0.6) and the filament in Sgr C has @ = —0.55 £ 0.4, whereas the ‘thread’
passing just north of Sgr A (G359.96 +0.09) has a flat 90/20-cm spectral index.
Hence there appear to be two classes of non-thermal filaments. The first class, the
majority of which occur in the Arc, have flat or inverted spectra in which relativistic
electrons must be produced, possibly in situ, on time-scales of less than 104 yr. The
other class, which includes most of the isolated linear features, have relatively steep
spectra and need not be directly associated with sources of relativistic particles.

Two features observed at wavelengths longer than 1 m, namely the northern
galactic lobe and the low-frequency jet, do not appear as distinct features at 90 cm.
We suggest that these emission areas are caused by ‘windows’ in an otherwise optically
thick thermal gas.

*The Very Large Array (VLA is part of the National Radio Astronomy Observatory, which is operated by Associated Universities Inc., under
a co-operative agreement with the NSF.
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1 INTRODUCTION

Radio studies of the Galactic Centre with high angular reso-
lution have revealed a variety of unique thermal and non-
thermal structures in this region (see Yusef-Zadeh & Morris
1987a,b,c). In a previous paper (Pedlar et al. 1989, hereafter
Paper I), we have presented 90-cm VLA observations and
discussed the properties of the central 10-arcmin region
which contains the Sagittarius A (Sgr A) complex. This
region includes the non-thermal source Sgr A East, the ther-
mal ‘spiral’ Sgr A West and the diffuse 7-arcmin halo sur-
rounding them. At 90 cm, the half-power primary beam of
the VLA antennas is ~ 2% and hence, in principle, it is pos-
sible to image structures within a ~ 3°X 3° field. Although
most of the radio emission is believed to originate in the
central regions of our Galaxy, the field includes a number of
supernova remnants and H 1 regions along the line-of-sight.
This paper will be mainly concerned with the central ~
1° X 1° region which contains unique features believed to be
associated with the Galactic Centre, such as the Arc and the
arched filaments (Yusef-Zadeh, Morris & Chance 1984), Sgr
C (Liszt 1985) and narrow ‘threads’ of radio emission
stretching over 30 pc (Morris & Yusef-Zadeh 1985). These
features have been investigated mainly at 20 cm (Yusef-
Zadeh 1986; Liszt 1985) and a 30-arcmin region around the
Sgr A complex has been studied at 36 cm (843 MHz) by
Mills & Drinkwater (1984). Apart from the Sgr A complex
(Paper I and Yusef-Zadeh et al. 1986a), the extended field
around the Galactic Centre has not been studied with high
angular resolution at low frequencies.

Imaging a single large field at 90 cm, rather than a number
of individual smaller fields (e.g. ~ 30 arcmin at 20 c¢m), has
obvious advantages when investigating the Galactic Centre
region which contains many large-scale features. Further-
more, as emphasized in Paper I, in addition to providing the
spectral index of the non-thermal features, the 90-cm
observations are sensitive to thermal components because of
their increasing optical depth at low frequencies. (At 90 cm,
thermal gas at ~ 10* K has a free—free optical depth of unity
if its emission measure is ~ 3% 10° pc cm~°.) Hence fore-
ground thermal gas appears as regions of absorption against
the strong background non-thermal continuum. This method
was used successfully in Paper I to obtain the relative loca-
tions of Sgr A East, Sgr A West and the 7-arcmin halo along
the line-of-sight. The 90-cm observations are particularly
valuable in view of the flat spectrum which appears charac-
teristic of many of the non-thermal features in this region
(Yusef-Zadeh et al. 1984; Reich et al. 1988). At high fre-
quencies, these features have spectral indices similar to that
of optically thin thermal free—free emission. At low frequen-
cies, however, true thermal emission becomes increasingly
optically thick and its spectral index o (where flux density
S« %) becomes positive (~ +2 for v 1). This behaviour
distinguishes it from the flat spectrum non-thermal emission.
At 90 cm the free—free absorption does not completely
obscure the non-thermal emission from the central region,
whereas at longer wavelengths (e.g. 246-cm observations by
Kassim, LaRosa & Erickson 1986) the free-free optical
depth is so large that it hinders studies of the structure near
the Galactic Centre.

The data presented in this paper represent a significant
advance in low-frequency observations of the region around
the Galactic Centre. Previously, a strip brightness distribu-
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tion of the Sgr A complex, at 90 cm (327 MHz), was
obtained by Gopal-Krishna et al. (1972) with a resolution of
~ 55 arcsec using a lunar occultation technique. A 1° field
around Sgr A was mapped at 73 cm (408 MHz) by Little
(1974) with a resolution of 2.9 arcmin. A smaller region
around Sgr A has been studied at 90 cm with higher resolu-
tion (56 arcsec) by Yusef-Zadeh et al. (1986a). Coarser reso-
lution observations at wavelengths longer than 1 m have
been carried out by LaRosa & Kassim (1985), Kassim et al.
(1986) and Yusef-Zadeh er al. (1986a,b). The images pre-
sented in this paper cover a ~ 2° field with angular resolu-
tions in the range 1.5 arcmin to 10 arcsec and have a
dynamic range greater than 500:1.

In Section 2 (and Appendix A) we describe the observa-
tions and imaging methods. In Section 3, we present the
properties of individual features in the extended field, and
compare them with previous work. The implications of these
results are discussed in Section 4.

2 OBSERVATIONS AND DATA REDUCTION
2.1 The production of images

The images presented in this paper were made from observa-
tions taken in the A, B, C and D configurations of the VLA
(Thompson ef al. 1980) and recorded in spectral line mode
for the reasons outlined in Paper I. The C and D array
observations are identical to those described in Paper I,
although further self-calibration has considerably improved
the data. New A and B configuration data were obtained in
1988 December and 1989 March, respectively. The details
are presented in Appendix A. The four-configuration data
were used in different combinations to obtain large-field
images with different resolutions.

Radio synthesis imaging of large fields at low frequencies
has a number of practical problems. These include smearing
of images at large distances from the field centre due to the
effects of finite bandwidth and integration times, and the
distortions introduced by non-coplanar baselines (Cotton
1989; Thompson 1989). The first two problems can be
corrected for, relatively simply (albeit with large computa-
tional overheads), by using single or multiple narrow band-
widths and short integration times (see Bridle 1989), while
problems caused by non-coplanar baselines require careful
data reduction which is described in Appendix A. Due to the
prohibitive computing requirements, we have not attempted
combining all the four-configuration spectral line data to
make a single (8000 x 8000 pixels) image. Instead, we made
three images with different resolutions, cell sizes and field
sizes, together with a number of sub-images with various
phase centres. The first image, shown in Fig. 1, included only
the C and D array data, and has a resolution of 100 X 64
arcsec’ (PA=18°). The second image, shown as contours in
Fig. 2 and in grey-scale in Plate 1, was derived from a
combination of the B, C and D configurations and has a
resolution of 33X 17 arcsec? (PA= —2°). Finally, the image
shown in Fig. 3 (contours) and Plate 2 (grey-scale) was
obtained from the A and B configuration data with a resolu-
tion of 14 X 9 arcsec? (PA=2°) over the central 025. We shall
refer to the images in Figs 1, 2 and 3 as CD, BCD and AB
images, respectively. Due to the lack of short UV spacings,
the CD and BCD images have reduced sensitivity to
extended structures on scales > 0°5. Similarly, the AB image
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Figure 1. A contour representation of the 90-cm ‘CD’ image obtained using the Steer-Dewdney-Ito CLEAN deconvolution. The angular
resolution is 100 X 64 arcsec? (PA=18°). Contour levels are — 0.2, 0.2 to 3.0 in steps of 0.2, 3.0 to 45 in steps of 3 Jy beam ~!. The image has no

sensitivity to structures > 30 arcmin.

in Fig. 3 has low sensitivity to structures larger than 5 arcmin.
All the images shown in this paper have been corrected for
the attenuation introduced by the primary beam response of
the VLA antennas.

2.2 Comparison with previous work

The only low-frequency image of this region, comparable to
Fig. 1, is the 73-cm (408 MHz) image obtained by Little
(1974). All the features contained in the 73-cm image are
present in our 90-cm image, but the 90-cm CD image has at
- least an order of magnitude greater dynamic range, higher
angular resolution and covers a larger area than the 73-cm
image. Hence, in order to assess the reality of faint features in
the field, the only comparison which we can make is with
higher-frequency surveys taken with single dishes.

The 6-cm (4.8 GHz) survey by Altenhoff ez al. (1978) is
well suited for comparison with the current image. We have
therefore convolved the CD image to the 6-cm resolution
(2.6 arcmin) and the resulting image is shown in galactic
coordinates in Fig. 4. The main difference between the two
images is the extended background evident on the 4.8-GHz
image, to which the CD image is only partially sensitive. A

comparison of the two images shows that most of the 90-cm
features above the 0.5-Jy beam™! level in Fig. 4 have coun-
terparts in the 6-cm image. These include the H 1 regions Sgr
B1, Sgr B2, G0.8+0.2, G0.5—0.6, together with the non-
thermal sources G1.05—0.1 and the shell-type supernova
remnants G359.1—-0.5 and G359.1—-0.9. In Table 1, we
give the approximate sizes and flux densities of these sources.
Most of the H 1 regions in the field show a positive spectral
index indicative of ionized gas with high free-free optical
depth. The shell-type supernova remnant G359.1 —0.5 has
been described by Reich & Fiirst (1984) and the 90-cm flux
density of 32.4 Jy is consistent with the higher-frequency
measurements, and implies a spectral index of —0.6.

The central region containing the Sgr A complex and the
Arc shows good structural agreement with the Bonn 6-cm
image (see Fig. 4), despite more than a decade difference in
observing frequency. There is, however, a marked depression
in the positive latitude part of the Arc (near /=014,
b=0205) at 90 cm. As we shall discuss in Section 3.2, this
depression is almost certainly caused by free-free absorption
by an extended region of ionized gas. It is interesting to note
that, whereas the extension of Sgr C to positive latitudes is
not evident on the 6-cm image, it is clearly visible on the 90-
cm image with the same resolution (see Section 3.4).
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Plate 1. A grey-scale representation of the ‘BCD’ image.
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Plate 2. A grey-scale representation of the ‘AB’ image.
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Figure 2. Contours of the 90-cm ‘BCD’ image obtained using the maximum-entropy deconvolution. The image has been restored with a
33 x 17 arcsec? beam (PA= 2°). Contour levels are in units of 0.04 Jy beam ™' to 0.6 Jy beam ™!, and 0.4 Jy beam ™' thereafter.

3 RADIO FEATURES ASSOCIATED WITH THE
GALACTIC CENTRE

High-resolution VLA observations of the Galactic Centre
region, mainly at wavelengths shorter than 20 cm (e.g.
Brown, Johnston & Lo 1981; Ekers et al. 1983; Yusef-
Zadeh et al. 1984; Yusef-Zadeh 1986), have revealed many
unique radio features. There is often confusion about
nomenclature and in Fig. 5 we give a finding chart for identi-
fying different components in the 90-cm images. A number
of sources which do not have names are identified by their
galactic coordinates in the form G/* b. The radio features
present in this region are:

(i) the Sgr A complex, which includes the thermal ‘spiral’
Sgr A West, the non-thermal source Sgr A East, the 7-arcmin
halo and the H n regions to the east of Sgr A East (Ekers et
al. 1983; Yusef-Zadeh & Morris 1987a; Paper I);

(ii) the linear Arc, located at /=0°18 and lying perpendi-
cular to the galactic plane (Yusef-Zadeh et al. 1984; Yusef-
Zadeh & Morris 1987c¢) and G0.18 —0.04, which crosses the
Arc at right angles (Yusef-Zadeh & Morris 1987b);

(iii) the thermal arched filaments, situated between the Arc
and the Sgr A complex (Yusef-Zadeh et al. 1984);

(iv) the ‘threads’ and other similar linear structures located
mainly at positive latitudes (Morris & Yusef-Zadeh 1985;
Bally & Yusef-Zadeh 1989a; Yusef-Zadeh 1989);

(v) Sgr C, located at /= —0°2 consisting of a thermal
source and a non-thermal filament (Liszt 1985);

(vi) the northern galactic lobe, which is an extended steep
spectrum source situated 34 arcmin north of Sgr A and
detected at low frequencies (LaRosa & Kassim 1985; Kassim
etal. 1986);

(vii) and the ‘low-frequency jet’, which is an elongated
feature to the south-east of Sgr A, detected at wavelengths
longer than 190 cm (Yusef-Zadeh ez al. 1986a; Kassim et al.
1986).

All the above features can be identified in our wide-field
90-cm images (Figs 1 and 2), although the northern galactic
lobe and the low-frequency jet do not appear as distinct
structures. We shall now discuss the above features separ-
ately.

3.1 The Sgr A complex

This region was discussed extensively in Paper I, and the
present observations confirm the main conclusions of that
paper. In Figs 2 and 3, the appearance of the thermal source
Sgr A West in absorption clearly establishes that it is in front
of the non-thermal source Sgr A East. The absence of the
central source Sgr A* indicates that it is either behind or
embedded in Sgr A West. A further point which can be
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Figure 3. A contour map of the 90-cm ‘AB’ image obtained using the maximum-entropy deconvolution. The image has been restored with a
14 x 9 arcsec? beam (PA= 2°). Contour levels are in units of 0.02 Jy beam ™! up to 0.4 Jy beam~!, and 0.1 Jy beam ™! thereafter.

added here is that the chain of three H 1 regions immediately
to the east of Sgr A East (Ekers ef al. 1983) seem to be in
absorption against the 7-arcmin halo (Figs 2 and 3).
Although the angular resolution is not sufficient to measure
the optical depth accurately, the absorption indicates that the
H 1 regions are either in front of the halo or embedded in it.
Almost all the other discrete sources in the vicinity of the Sgr
A complex, which are detected at higher frequencies (e.g.
sources E to J in Yusef-Zadeh & Morris 1987c), are absent
in the 90-cm image. This is consistent if these sources are
thermal and become optically thick at this wavelength.

3.2 The arched filaments and associated thermal
components

The arched filaments are located at /=0°1 and b =0°08 and
extend along a curve from the Arc towards the Sgr A com-
plex (see Fig. 5). They appear prominently in the 6- and 20-
cm images obtained by Yusef-Zadeh er al. (1984) and
contain at least two distinct features, which have been desig-
nated as the ‘eastern’ and ‘western’ arched filaments by
Morris & Yusef-Zadeh (1989). A recombination line study
(Yusef-Zadeh, Morris & van Gorkom 1987) has shown the
arched filaments to be predominantly thermal. Other thermal
components in this region are G0.18 —0.04, which crosses
the Arc at right angles, and G0.15—0.05, which is located
near the southern edge of the Arc (see Fig. 5). By virtue of
their structures these two components have been referred to

as the ‘sickle’ and the ‘pistol’ by Yusef-Zadeh & Morris
(1987b).

The 90-cm images (Figs 2 and 3) of the region containing
the arched filaments and the associated thermal components
appear very different from images at higher frequencies. A
visual comparison can be seen in Fig. 6(a) and (b) where we
show a portion of the BCD image (resolution 33 X 17 arcsec?)
along with a 20-cm image obtained from Yusef-Zadeh
(1986) and convolved to the same resolution. Qutside the
Sgr A complex the brightest parts of the 20-cm image are the
eastern and western arched filaments and G0.18 —0.04. At
90 cm, however, the most prominent region is in the eastern
section of the Arc in the vicinity of G0.16 —0.15, and the
arched filaments are only marginally detected against the
extended background. The difference is clearly due to the
thermal nature of these regions which must have become
optically thick at 90 cm. The thermal nature of these regions
is also evident in Fig. 6(c) where we show the 90/20-cm
spectral index obtained from Fig. 6(a) and (b). Although the
spectral index image (Fig. 6¢) is constructed from data which
do not have similar sensitivity to structures with different
scales, it can be used to identify regions of optically thick
thermal emission and also compact regions with steep non-
thermal spectra. The arched filaments, G0.18 —0.04 and
G0.15-0.05, are clearly delineated by areas of spectral
index greater than unity. This is consistent with optically
thick thermal emission and implies emission measures in
excess of 10° pc cm~°. Yusef-Zadeh & Morris (1987b) give
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Figure 4. A comparison between the 90-cm ‘CD’ image and the 6-cm image of Altenhoff ef al. (1978). The 90-cm image has been rotated to
galactic coordinates and convolved to the 2.6-arcmin resolution of the 6-cm image. The contour levels of the 90-cm image are 0.5 Jy beam ™ 'to
12 Jy beam ™! and at 20, 40, 60, 80 and 100 Jy beam ™ ! thereafter.

Table 1. Parameters of the main sources in Fig. 1. the emission measure of G0.18 —0.04 as 9.1 X 10° pc cm ™,
and the eastern and western arched filaments have emission
measures in excess of 10° pc cm~¢ (e.g. Pauls ez al. 1976).

As pointed out by Yusef-Zadeh & Morris (1987b, 1988),
359105 17421644 2953 45 944 17 % 20 many thermal features such as the arched filaments,
G0.18-0.04 and G0.15-0.05, appear to be physically

Source RA (1950) DEC (1950) Flux Density Angular Size

h m s o Jy arcmin?

G000 ATH0IR2 294320 302 T interacting with the non-thermal linear filaments of the Arc.
G0.6-06 1745596  -284450 202 6x8 Since the thermal regions have become optically thick at 90
GL1-0.1 1745290  -280402 412 7x 16 cm, it is possible to use the 90-cm images to obtain the rela-
G0.9+0.1 1744117  -280717 17+2 Tx 7T tive location, along the line-of-sight, of the thermal compon-
G03440.05 1743047 283608 64s3 12 % 10 ents and the non-thermal Arc. In Fig. 7(a) we show

cross-cuts at 20 and 90 cm along the northern edge of the
S ¢ [T 92388 sox2 oxn Arc at the position of G0.18—0.04. This source shows
Sgr BI+B2 1744014 282613 3742 7x16 strong absorption at 90 cm and the minimum brightness tem-
Sgr A + Arc 1742528  -28 56 40 6475 21 x 25 perature of the absorption feature ( ~ 0.15 Jy beam™!) is ~
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Figure 5. A schematic drawing of the radio features in the Galactic Centre region. This may be used as a finding chart for the different

components in Figs 1, 2 and 3.

3000 K. This suggests that the thermal emission associated
with G0.18 —0.04 must be mainly in front of the non-ther-
mal emission associated with the Arc. In F ig. 7(b), we show
cross-cuts at 20 and 90 cm (from Fig. 6a and b) along the
southern edge of the Arc, passing through both G0.15—0.05
and G0.18-0.04. While both these components appear
prominently at 20 cm, they are completely extinguished at 90
cm due to their high optical depth. A possible shallow
absorption can be seen at 90 cm at the position of
G0.15-0.05, suggesting that it may also be in front of the
Arc. In Fig. 7(b), only marginal absorption is observed at the
extrapolated position of the eastern branch of the eastern
arched filaments and no convincing absorption against the
Arc at the position of the other arched filaments. As seen in
Fig. 6(a) (also Figs 2 and 3), the 90-cm intensity of the linear
features in the Arc decreases rapidly to positive latitudes
where the arched filaments intersect the Arc. Therefore the
lack of obvious absorption near this intersection cannot be
used unambiguously to determine the relative geometry of
these two features.

The decrease in the intensity of the Arc in the region of
the arched filaments is strongly dependent on wavelength
and in Fig. 7(c) we show a selection of cuts along the Arc at
different wavelengths which illustrate this effect. This
decrease in intensity towards positive latitudes can be
explained (see also Yusef-Zadeh et al. 1986b) by free—free
absorption by an extended component of ionized gas in this
region. The 90-cm intensity of the Arc is consistent with an
optical depth 7~ 1. If due to free—free absorption, this would
result in 7~ 8 at 246 cm (123 MHz) which readily accounts
for the low intensity of the Arc near b ~ 0° at this wavelength
(Kassim et al. 1986). These optical depths imply emission
measure of ~ 10° if 7, ~ 10* K. The region must be at least
10 arcmin in extent, which assuming spherical symmetry,
would give an rms electron density of ~ 50 cm~3. Radio
recombination line measurements of this region have indi-
cated that such a component of ionized gas, showing high-
velocity gradients symptomatic of an association with the
Galactic Centre, extends to more positive longitudes than the
Arc (e.g. Kesteven & Pedlar 1977; Pauls & Mezger 1980;
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Anantharamaiah & Yusef-Zadeh 1989). The present obser-
vations suggest that most of the western part of the Arc at
positive latitudes is behind or embedded in this region. How-
ever, at least two filaments can be followed at 490 cm to
positive latitudes, which could imply that either the free~free
absorption is patchy, or that these two filaments are on the
nearside of the thermal component.

To summarize, the main reason for the difference in the
structure of the arched filaments at 90 cm as compared to 20
cm is the high free—free optical depth of this region. The
appearance of the sickle-shaped (G0.18 —0.04) feature in
absorption at 90 cm clearly indicates that it is on the near
side of the Arc. In addition to the thermal arched filaments,
there appears to be an extended component of ionized gas
which reduces the intensity of the positive latitude portion of
the Arc at lower frequencies.

3.3 The Arc and its linear filaments

The Arc is located at /=0°18 and runs perpendicular to the
galactic plane. An extensive series of images of this region at
20 and 6 cm have been described by Yusef-Zadeh (1986)
and Yusef-Zadeh & Morris (1987¢), which demonstrate the
Arc to be composed of a series of linear filaments, together
with a series of ‘helical’ filaments which appear to surround
the linear filaments. The linear structures are also present at
90 cm and are particularly well defined in Fig. 3. The north
and south extensions to the Arc are present in the low-
resolution CD image (Fig. 1), although their prominence in
this image is emphasized by the insensitivity to extended
structures. At the highest resolution (Fig. 3) at least four dis-
tinct linear features in the vicinity of G0.16-0.15 are
observed. In Fig. 8(a) we show cross-cuts, taken at constant
galactic latitude, derived from Fig. 3 and the 20-cm image
from Yusef-Zadeh (1986) after convolving both to a com-
mon resolution of 15 arcsec. These cross-cuts clearly de-
lineate the multiple filaments and indicate that most of the
filaments have a flat or positive spectral index. Higher-reso-
lution observations by Yusef-Zadeh & Morris (1987¢) show
the Arc region to contain at least 15 separate filaments, and
each 90-cm filament consists of several distinct components.
For example the most prominent 90-cm filament (see Fig. 8a)
encloses filament IV and V as defined by Yusef-Zadeh &
Morris (1987b). The problems of determining an accurate
baselevel for the linear filaments can be seen in Fig. 8(a)
which is affected by a large contribution from ionized gas in
the helical filaments at 20 cm. Nevertheless, there is no doubt
that the spectral index of most of these filaments is certainly
not negative and many show a positive value, in agreement
with estimates made at higher frequencies (Reich et al. 1988).
Using similar cross-cuts we have estimated the intensities of
the most prominent filaments at different latitudes, and
derived spectral indices which are plotted in Fig. 8(b).
Although the errors are large, there is good evidence for a ~
+0.3 in the vicinity of G0.16—0.15. The spectral index
becomes even more positive (a@> +0.5) towards positive
latitudes.

Most of the other filaments appear to show similar behavi-
our, although at least one filament, passing ~ 1-arcmin south
of G0.15 —0.05 (the ‘pistol’), is anomalous and has a negative
spectral index of —0.4 (see Fig. 8b). The region of negative
spectral index is relatively small ( ~ 0°05), since an apparent
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continuation of the filament to latitudes below —0°1 has a
positive spectral index (a ~ +0.2). Therefore, a part of this
filament may be physically separate. It may be significant that
the steep-spectrum filament is out of alignment ( ~ 10°) with
the majority of the Arc filaments.

The slightly positive spectral indices observed in most of
the linear filaments of the Arc would, in many situations, be
considered to be indicative of thermal emission which is
becoming optically thick, but polarization measurements
(e.g. Inoue er al. 1984; Seiradakis er al. 1985; Inoue et al.
1989; Reich 1990) have demonstrated that the linear fila-
ments have a non-thermal origin. The 90-cm measurements
also confirm the non-thermal nature of the filaments since, in
some parts of the filaments, 90-cm brightness temperatures
of at least 5000 K are observed (see Figs 3 and 7). If this
were free—free emission from thermal gas at 10* K, then it
would be highly optically thick and have a spectral index
greater than + 1.

As discussed in the previous section, the region of the Arc
to positive latitudes is attenuated by free-free absorption,
which almost certainly accounts for the increase in the 90/
20-cm spectral index towards positive latitudes (Fig. 8b).
There is some evidence that in this region the attenuation
increases towards smaller longitudes (namely towards the
arched filaments), as filament VIII of Yusef-Zadeh & Morris
(1987b) (see Fig. 8a) appears to show less attenuation than
other filaments in this region. This behaviour could imply
that filament VIII is on the nearside of the absorbing cloud.

Although positive spectral indices in the positive-latitude
half of the Arc may be due, in part, to the absorbing thermal
cloud discussed above, it appears unlikely that the positive
90/20-cm spectral index (a ~ +0.3) measured in the vicinity
of G0.16 —0.15 can be due to a similar effect. As can be seen
in Fig. 7(c) there appears little attenuation of the 246-cm
emission in this region. Yusef-Zadeh et al. (1986b) also find
evidence for a flat spectrum for G0.16—0.15 at 190 cm.
Thus, as the optical depth in this direction at 246 cm appears
to be <1, then, given the rapid increase in free-free optical
depth with wavelength (7 «< 121), the 90-cm free—free optical
depth for this region cannot be larger than ~ 0.1. Hence the
90/20-cm spectral index for this region probably represents
the intrinsic spectrum of the non-thermal emission from the
Arc. A similar positive spectral index has been found by
Reich et al. (1988) at higher frequencies. The implications of
this result will be discussed in Section 4.2.

To summarize, the linear filaments of the Arc discovered
by Yusef-Zadeh et al. (1984) are also detected at 90 cm.
Most of the filaments show an intrinsically positive 90/20-
cm spectral index (a ~ +0.3), although at least part of the
southernmost filament shows a negative 90/20-cm spectral
index (@~ —0.4). The low intensity of the positive-latitude
parts of the Arc, at low frequencies, is consistent with
absorption by an extended cloud of ionized gas in this region.

3.4 Sagittarius C

This source was imaged separately using the A and B array
data and convolved to a resolution of 23 x 13 arcsec® The
resulting image is shown in Fig. 9. This image has the same
resolution as the 18-cm image of this region by Liszt (1985),
selected contours of which are also shown in Fig. 9. Apart
from the differences due to the 90-cm image being less sensi-

© Royal Astronomical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1991MNRAS.249..262A

FTOOIWNRAS. 7497 “Z62A

270 K. R. Anantharamaiah et al.

tive to extended structure than the 18-cm image, the two
images show similar features. The most striking feature is a
linear structure ~ 10 arcmin in extent. By means of cross-
cuts we have estimated the spectral index at a number of
positions along the filament. The cross-cuts indicate a spec-
tral index of ~ +0.2 near the eastern end and ~ —0.9 near
the western end of the filament, and the mean value is found
to be —0.55. The flat or positive spectral index in the eastern
portion may be caused by the presence of thermal gas which
becomes partially optically thick at 90 cm. As the spectral
index in the western regions are as steep as — 0.9, it is clear
that the filament is non-thermal, particularly as parts of the
filament have brightnesses at 90 cm in excess of 200 mJy
beam ™! or brightness temperatures of >7000 K. This can-
not be formed by thermal emission at ~ 10* K, as such gas
would be optically thick and show a positive spectral index.
In addition to the filament there are at least three addi-
tional sources associated with Sgr C. At 18 cm the most
prominent of these is G359.43 —0.09 which has a shell-type
structure, 2 arcmin in diameter, and a peak brightness of 230
mJy beam ™ !. However, at 90 cm the total flux density of this
region is ~ 1 Jy and its peak brightness is 57 mJy beam !,
Hence the source has a positive spectral index consistent
with optically thick thermal emission (i.e. EM~10° pc
cm~%). Much of the recombination line emission detected

from Sgr C with a 3.5-arcmin beam (Anantharamaiah &
Yusef-Zadeh 1989) probably arises in this region. The
southernmost source, G359.39—0.08, appears to have a
relatively flat spectral index with a peak brightness of ~ 100
mJy beam™! at 18 and 90 cm. We do not detect
G359.47—-0.17 (<30 mJy beam~!) despite the fact that it
has an 18-cm brightness of 70 mJy beam ™! which is consis-
tent with it being thermal and optically thick at 90 cm. This
source aligns closely with the linear filament of Sgr C, and
could be physically associated. The lower-resolution CD
image (Fig. 1) suggests that weak elongated emission may
extend for at least 10 arcmin to negative latitudes.

The total flux density of Sgr C, measured above the 0.5-Jy
contour of the low-resolution CD image, is 23 Jy, which is
considerably greater than 9.8 Jy at 73 cm reported by Little
(1974). Thus it appears that the source does not have a flat
spectrum below 1 GHz as tabulated by Downes et al. (1978).
The linear filament contributes ~ 30 per cent to this non-
thermal component, whereas the remainder must originate
from more extended structure. Presumably the spectrum is
flat at high frequencies because most of the flux originates in
the thermal component. The Sgr C filament has structure
which is similar to at least two other linear features detected
just to the north of this region. These are discussed in the
next section.
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Figure 6. (a) A 90-cm sub-image of Fig. 2 showing the Arc and Sgr A. The angular resolution is 33 x 17 arcsec?. Contour levels are 80 to 400
in steps of 20, 400 to 5600 in steps of 400 mJy beam™!. (b) A 20-cm image of the same region as (a), obtained from Yusef-Zadeh (1986) and
convolved to the same resolution. Contour levels are — 50, 50 to 750 in steps of 50, 1000 to 7000 in steps of 1000 mJy beam ~'.(c) The 90/20-
cm spectral index distribution obtained from (a) and (b), superimposed as a grey-scale on the 90-cm contour map. The lightest regions corre-

spond to & =0 and the darkest regions to a 2> 1.
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Figure 7. (a) Cross-cuts along the northern edge of the Arc, passing through G0.18—0.04, made from the images shown in Fig. 6(a)
and (b). This figure shows the 90-cm absorption feature associated with G0.18 —0.04. (b) Cross-cut along the southern edge of the Arc through
the position of G0.15-0.05 (‘pistol) and GO0.18—0.04 (‘sickle’) at 90 and 20 cm, taken from Fig. 6(a) and (b), respec-
tively. The cross-cut is centred at RA=17" 43" 936 and Dec.= —28° 49’ 42" at a position angle of — 50°. The positions at which the two
eastern branches of the arched filaments intersect the Arc are also indicated. (c) Cross-cuts along the Arc at 0.7, 2.8, 36, 90 and 243 cm (43,
10.7 GHz, 843, 332 and 123 MHz). The three shortest wavelength cross-cuts were derived from the contour images by Reich er al. (1988)
which, together with the 90-cm image, have been convolved to a common resolution of 1.5 arcmin. The 123-MHz cut was reconstructed from
the contour map shown by Kassim et al. (1986), which has a resolution of 3.3 x 5.8 arcmin?.
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Figure 9. Left Panel: a contour image of Sgr C at 90 cm. This image was obtained from the AB UV data by shifting the field centre to the
position of Sgr C. This procedure partially eliminates the effect of non-coplanar baselines. The contour levels are in units of 0.02 Jy beam ™!
and the restoring beam is 23 X 13 arcsec?. Right Panel: selected contours from the 18-cm image of Sgr C from Liszt (1985).

3.5 The ‘threads’ and related filaments

The threads are unusual structures first reported by Morris
& Yusef-Zadeh (1985), and consist of fine filaments of radio
emission extending over 30 pc in length, and yet having a
width of less than 0.5 pc. Although relatively weak at 20 cm,
they appear as prominently as the Arc at 90 cm (e.g. Figs 2
and 3). At least four elongated features are detected in the
90-cm image (see Fig. 2), all of which have counterparts at
20 cm (Morris & Yusef-Zadeh 1985; Bally & Yusef-Zadeh
1989a). Yusef-Zadeh (1989) has reviewed the properties of
these filamentary structures. In Fig. 10, we show a portion of
the BCD image which contains three of these features
together with Sgr C. The similarity of Sgr C to the other
features is evident. Although the term ‘threads’ has previ-
ously been applied (Morris & Yusef-Zadeh 1985) to only the
two northernmost features (Figs 2 and 5), we shall use this
term to include all four. To distinguish these features we use
the standard galactic nomenclature, based on the position at
the centre of each thread (see Fig. 5). In Table 2 we sum-
marize the parameters. The spectral index estimates of three
of the threads have been derived by comparing cross-cuts
between the 90-cm image and the 20-cm image from Yusef-
Zadeh (1986). The spectral index of G359.54+0.18 has
been estimated from our measurement and the total flux
density measurement by Bally & Yusef-Zadeh (1989a). From
Table 2, it is immediately obvious that most of the linear fila-
ments have much steeper spectral indices than those con-
tained in the Arc. Only G359.96+0.09 (Fig. 5), which is
close to the Sgr A complex, has a flat spectral index. The
spectral index indicates that the threads are non-thermal.

An examination of the cross-cuts at 20 and 90 cm show
that, for the northernmost filament (G0.08+0.15), the
widths at 90 cm may be systematically larger. The observed
widths (FWHM) at 90 cm, after correcting for the beam size,
are in the range 20-25 arcsec, whereas at 20 cm the widths
are unresolved. Although instrumental effects may contri-
bute to this broadening, this behaviour could indicate either
scatter broadening or greater transverse extent of low-energy
electrons. Because of the larger width at 90 cm, the peaks of
the cross-cuts indicate a 90/20-cm spectral index of
—0.35£0.07, whereas the integrated flux densities give a
spectral index of —0.6 £0.1.

We have searched the ~2°X 2° field for evidence of more
elongated features but have found no new detections. All
these threads are found at positive latitudes, and hence their
asymmetric distribution to the north of the plane does not
seem to be a selection effect. As noted by Yusef-Zadeh
(1989), it is interesting that these four features lie within the
Q-shaped lobe described by Sofue & Handa (1984), whose
outer boundaries appear to be delineated by weak extensions
to Sgr C and the Arc.

3.6 The north galactic lobe

LaRosa & Kassim (1985) and Kassim et al. (1986) have
reported the detection, at wavelengths of 3.7, 2.7 and 2.4 m
(80, 110 and 123 MHz), of an extended steep-spectrum
source ~ 34 arcmin north-east of the Galactic Centre (see
Fig. 5). They refer to this source as the northern galactic lobe
(NGL) and Kassim et al. (1986) suggest that this steep-spec-
trum source represents Seyfert-like activity in the galactic
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Figure 10. A subimage of Fig. 2 showing Sgr C and the filaments
G359.54+0.18 and G359.79+0.17. The contour levels are 20 to
320 in steps of 20 mJy beam ™.

Table 2. Parameters of the threads.
90-cm Peak  90/20 mean

Thread Length  Width  flux density Spectral Bumin
G. No. arcsec  arcsec  mJy/beam Index uG
G0.08+0.15 390 21 200 -0.6+0.1 100
G359.96-+0.09 265 26 90 -0.04+0.03 70
G359.79+0.17 185 35 190 -0.610.1 70
G359.54+0.18 215 40 130 -0.84+0.1° 50

Sgr C 255 35 320 -0.55+0.4> 100

“Estimated from total flux density.
©90/18-cm spectral index.

nucleus. Our observations reveal this region as an asym-
metric shell-type structure, superimposed on an underlying
‘wedge’ of low-brightness emission with opening angle ~ 30°.
Although this feature is structurally similar to the north-
western radio lobe in the Seyfert galaxy NGC 1068 (Ulves-
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tad & Wilson 1984), in view of the high optical depth of the
thermal gas at A~ 3 m in this area, it is clearly difficult to
interpret the low-frequency images in terms of distinct com-
ponents. It is perhaps premature to classify these compon-
ents with those seen in Seyfert nuclei, which show a range of
sizes and luminosities extending over several orders of mag-
nitude (Unger ez al. 1986). Furthermore, very steep spectra
are not usually a property of such components. Indeed a
number of them show relatively flat spectra at low frequen-
cies which Pedlar et al. (1983, 1984) interpret as low-fre-
quency turnovers indicative of free—free absorption.

It may indeed be more logical to view these emissions
areas as ‘windows’ in the otherwise optically thick thermal
gas. In fact, the NGL lies between the ionized gas of Sgr B1
and a region of ionized gas immediately to the south of this
source (Anantharamaiah & Yusef-Zadeh 1989) as illustrated
in Fig. 11. A non-uniform screen of thermal material in this
region has in fact been suggested as a possible explanation
for symmetrical polarization structures observed near the
Arc (Seiradakis et al. 1985). In this case, Faraday depolariza-
tion by the thermal gas causes apparent structure in the
polarized emission from an otherwise uniform synchrotron
emitting region. Since no recombination measurements are
available at the position of the NGL itself, the possibility that
the NGL is a distinct foreground steep-spectrum object
cannot be precluded.

3.7 The low-frequency jet

Yusef-Zadeh et al. (1986a) have reported the detection of a
steep-spectrum ridge of radio emission at 190 cm (160
MHz), extending in the south-east direction from the galactic
nucleus. They consider this as a low-energy jet emanating
from the galactic nucleus. Further evidence for this feature
has come from longer-wavelength observations by Kassim ez
al. (1986). We show in Fig. 11 selected contours of this jet’
taken from Yusef-Zadeh et al. (1986a) and superimposed on
our CD image. Clearly, we detect emission at all positions
along the jet. From a morphological point of view, however,
there is no obvious contrast between this region and its
surroundings. For this reason, we do not find it compelling to
consider this feature as a radio jet. The strength of this region
at 90 cm is in the range 0.5-2.5 Jy beam™ !, and by compari-
son with the 190-cm emission (Yusef-Zadeh et al. 1986a), a
spectral index of ~ — 0.9 is obtained. The ‘low-frequency jet’
is observed only at wavelengths longer than 190 cm (160
MHz). In higher-resolution images of the Sgr A complex near
20 cm (Yusef-Zadeh & Morris 1987a) and 90 c¢m (see Fig.
3), there is a narrow ridge of emission extending about 2
arcmin from the shell of Sgr A East, at approximately the
same position angle as the low-frequency jet. However, this
emission appears to be a sub-structure in the 7-arcmin halo
(see Paper I) and is unlikely to be connected with the low-
frequency jet. This feature resembles one of the ‘north-west
streamers’ discussed by Yusef-Zadeh & Morris (1987a).

As we have discussed above in relation to the NGL, the
effect of thermal absorption at wavelengths longer than 1 m
is considerable. In view of the fact that we do not see either
the NGL or the low-frequency jet as distinct features at 90
cm, we stress that caution should be exercised in interpreting
the structure of any feature observed only at long wave-
lengths.
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Figure 11. A 90-cm CD image convolved to the 3.3 x 5.8-arcmin? resolution of Kassim et al. (1986). The contour levels are — 1, 1 to 6 in steps
of 1, 8 to 30 in steps of 2 and 40 to 160 in steps of 20 Jy beam . Selected contours of the ‘north galactic lobe’ from Kassim et al. (1986) and of
the low-frequency jet’ from Yusef-Zadeh et al. (1986a) are shown. The extent of the ionized region discussed in Sections 3.2 and 3.3 is also

indicated.

If indeed the NGL and the low-frequency jet represent
windows in the otherwise optically thick thermal gas, then
their relatively steep spectra (@< —1.0) suggest that the
spectral index of the background radiation in the direction of
the Galactic Centre is more negative than elsewhere in the
galactic plane, where it has a value between —0.5 and —0.7
(Reich & Reich 1988; Dwarakanath 1989).

4 DISCUSSION
4.1 The poloidal magnetic field

Whereas the mechanism for producing the unique fila-
mentary structures in the Galactic Centre region is not
understood (see Yusef-Zadeh 1989), there is broad agree-
ment that such structures must be the consequence of a sub-
stantial poloidal magnetic field which pervades the central
~100 pc of our Galaxy (Morris & Yusef-Zadeh 1989;
Morris 1990, and references therein). The present observa-
tions reinforce this hypothesis, and the suggestion of a
poloidal field is particularly compelling in Fig. 2, where the
threads could be envisaged to be part of a dipole field. The
Arc itself has the wrong curvature to be consistent with such
a simple field. However, this may represent a local distortion
caused, for example, by the interaction of a giant molecular

cloud. The minimum-energy approximation (Miley 1980)
can be used to estimate the magnetic field in the threads. As
the structure of the threads indicate that they are magneti-
cally dominated, these values almost certainly represent
lower limits. In Table 2 we give estimates of the fields in a
number of components using this method. We have assumed
that the depths of the filaments are equal to their mean
widths, and that the energies in relativistic protons and
electrons are equal. Typically we obtain values in excess of
50-100 uG. Yusef-Zadeh & Morris (1987b,c) have argued
that the field strength must exceed 1 mG in the Arc, and
fields as high as 10 mG have been inferred for parts of Sgr A
West (Werner et al. 1988; Aitken 1989). Recent
measurements of the Zeeman effect in the 21-cm neutral
hydrogen line have indicated that a 0.5-mG field is present
(Schwarz & Lasenby 1990). Searches for the Zeeman effect
in 18-cm OH lines (Kileen et al. 1990) and in 3.6-cm recom-
bination lines (Goss et al. 1990) have yielded upper limits to
field strength near Sgr A West of 4 and 15 mG, respectively.
The origin of this poloidal field is unclear, although it
could imply the existence of a dynamo near the Galactic
Centre. Lesch et al. (1989) have proposed a mechanism to
produce such a poloidal field in M82, whereby the outflow
from central activity interacts with the dense molecular ring
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to produce a ring current and a magnetic field. A similar
mechanism, albeit on a smaller scale, could be operating in
the Galactic Centre, although, as yet, the evidence is largely
circumstantial.

4.2 On the spectral indices of the linear filaments and
threads

As discussed in Section 3.3, many non-thermal features in
the Galactic Centre show a flat, or even positive (@ ~ +0.3),
spectral index. A mixture of thermal and non-thermal gas
can produce a positive spectral index. Such a model was used
in Paper I to explain the spectrum of the 7-arcmin halo near
the Sgr A complex. There is evidence that some thermal
emission is intimately associated with the Arc, as the linear
filaments appear to be directly interacting with the thermal
sources such as G0.18—-0.04 and G0.15-0.05 (Yusef-
Zadeh & Morris 1987b, 1988). In this model, the spectral
index must change sign at some higher frequency as in the
case of the 7-arcmin halo (Paper I). Since Reich et al. (1988)
have observed a positive spectral index even above 10 GHz,
it seems more likely that the positive spectral index is intrin-
sic to the non-thermal emission. If the non-thermal emission
is due to the synchrotron mechanism, then a spectral index of
+ 0.3 would imply that the power-law distribution of relati-
vistic electrons follows an E ~%4 power law (where E is the
energy of the electrons), as compared to typical supernovae
which show E~2 power laws. As the radio spectrum shows
no steepening below 43 GHz (Reich ez al. 1988), then, given
fields of 1 mG, electrons with energies up to ~ 1.5 GeV are
required, which have synchrotron lifetimes of ~5x 103 yr.
Hence, to maintain the observed spectrum, the electrons

would need to be re-accelerated on such time-scales. As
pointed out by Reich er al. (1988), the positive spectral

indices can also be explained if the electrons have a mono-
energetic spectrum or have a low-energy cutoff.

As was discussed in Section 3.3, however, at least one of
the linear filaments in the Arc shows a relatively steep 90/
20-cm spectral index (a ~ —0.4). It also shows a ~ 10° mis-
alignment from most of the other filaments in this part of the
Arc. The anomalous properties of this filament may, in some
part, be due to its position at the innermost edge of the Arec,
although the steep spectral index can be explained if the
filament has been disconnected from the source of relativistic
electrons and is evolving as a typical synchrotron source.
Since the 0.3-GeV electrons (which are responsible for the
20-cm emission) have synchrotron lifetimes of ~ 3 x 10* yr,
we could postulate that no large input of relativistic electrons
has occurred on this time-scale.

The steep spectrum of three of the ‘threads’ (Section 3.5)
may also indicate that no source of relativistic particles is
currently present, and the threads represent relics of activity
which took place >3 x 10* yr ago. We could speculate that
G359.96+0.09 (the flat-spectrum thread) represents the
young phase of these objects. As these threads are typically
30 pc from the plane, we could also speculate that these fila-
ments propagate along magnetic field lines away from the
plane. Given the above lifetimes, this would imply a mildly
relativistic propagation velocity of ~ 10° km s~ . It may be
significant that the threads, the linear filaments of the Arc,
and the filament in Sgr C have orientations roughly parailel
to the axis of galactic rotation. This will allow them to retain
their linear structure for long times (> 107 yr) in spite of
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strong differential galactic rotation in this region (see also
Yusef-Zadeh et al. 1984).

4.3 Speculations on particle acceleration

Flat non-thermal spectra are usually found in objects such as
the Crab nebula, where there is continuous generation of
relativistic particles from a central energy source. Following
this analogy, it appears that the flat and positive spectrum
non-thermal features are directly associated with a source of
relativistic particles. It is tempting to associate the source of
these particles with the compact source Sgr A*, which itself
has a positive spectral index (@ ~ +0.3, Lo 1987). Then the
linear filaments could represent ‘traps’ for such particles,
although this would require that the charged particles travel
~ 50 pc against the poloidal field, and it is surprising that no
trail is left behind. Furthermore, there is evidence (see Paper
I) that the diffuse non-thermal component in the Sgr A com-
plex has a steep spectrum, indicating that significant synchro-
tron ageing has occurred even within 10 pc of the nucleus.
In view of these difficulties we prefer models in which
the electrons are accelerated locally (ie. in the Arc and in
G359.96 +0.09) and propagate along the poloidal fields.

Benford (1988) has proposed that molecular clouds
moving through the poloidal field will induce strong electric
fields, which can then drive currents and accelerate particles
in the interstellar medium. A cloud moving at a velocity of 50
km s~! in a magnetic field of 1 mG, induces a v X B electric
field of 5x1073 V m~ L. If these fields can be maintained
over distances of ~ 10'® m, then electrons with energies of a
few GeV, which are necessary for the radio emission, could
be produced. The association of molecular cloud complexes
with the filaments in the Arc, Sgr C and G358.54+0.18
provides some circumstantial evidence in favour of this
model (Bally & Yusef-Zadeh 1989b), although at least one of
the threads (G359.79+0.17) does not have an associated
molecular cloud (see fig. 1 in Bally & Yusef-Zadeh 1989b).
The detailed implications of this type of mechanism are yet
to be fully investigated. Other mechanisms have been sum-
marized by Yusef-Zadeh (1989).

There may be an association of ‘flat’ spectrum linear
features with violent thermal activity. This occurs in the Arc,
which is associated with thermal emission in G0.18 —0.04
and GO0.15-0.05, which Yusef-Zadeh, Morris & van
Gorkom (1987, 1989) have shown to emit recombination
line emission with widths as large as 90 km s~ 1. It is interest-
ing to note that one of the filaments which does not have a
flat spectrum is not physically associated with G0.18 —0.04.
The structure of the helical thermal structures also indicates
a close connection between thermal and non-thermal emis-
sion in the Arc. The thread G359.96 +0.09 may be associ-
ated with thermal emission in the 7-arcmin halo of Sgr A.
Hence we might surmise that, in these cases, the thermal
emission is in some way associated with, or is a byproduct of,
the acceleration mechanism responsible for the relativistic
electrons. A direct connection between the two types of
emission has in fact been suggested by Yusef-Zadeh &
Morris (1987b), where the thermal gas is a result of ioniza-
tion by lower-energy relativistic electrons. If the initial energy
spectrum of the electrons is the usual power law ( E ~2), then,
due to the loss of the lower-energy electrons to ionization,
the resultant electron energy spectrum could be flat. Such a
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mechanism would simultaneously explain the slightly posi-
tive spectral index of some of the filaments and their associa-
tion with thermal gas.

5 CONCLUSIONS

We have observed the Galactic Centre region at 90 cm in the
A, B, C and D configurations of the VLA. Using different
subsets of these data we have made three images with differ-
ent resolution and field sizes. The first is a low-resolution
image (100 x 64 arcsec?) made using the C and D configura-
tion data and covers a field of 2°x 2° around the Galactic
Centre. An intermediate resolution image (33 x 17 arcsec?),
made using the B, C and D configuration data, covers a field
of 1°x 1°. Finally, a high-resolution (14 X 9 arcsec?) image
made using the A and B configuration data covers the central
30-arcmin region which includes the Sgr A complex and the
Arc.

By comparing these images with those at other frequencies
(e.g. Yusef-Zadeh et al. 1984; Morris & Yusef-Zadeh 1985;
LaRosa & Kassim 1985; Yusef-Zadeh et al. 1986a; Yusef-
Zadeh & Morris 1987a,b,c; Bally & Yusef-Zadeh 1989a), we
have studied the nature of several radio features associated
with the Galactic Centre. The main results can be summar-
ized as follows.

(i) All the unique structures associated with the Galactic
Centre, which are detected at higher frequencies, such as the
Sgr A complex, the Arc and its linear filaments, the thermal
arched filaments, the ‘threads’ and other linear structures and
Sgr C are present at 90 cm.

(ii) In the Sgr A complex, Sgr A West is in absorption
against Sgr A East and confirms the conclusions of Paper I.
The chain of H 11 regions to the east of Sgr A East show
marginal absorption suggesting that they may be in front of
the 7-arcmin halo (Paper I) or embedded in it.

(iii) A marked difference at 90 cm, compared to 20 cm, is
a depression in the intensity of the arched filaments and the
positive latitude part of the Arc. This difference is attributed
to the fact that thermal gas present in these regions
becomes optically thick at 90 cm. While the arched filaments
themselves are thermal (Yusef-Zadeh er al. 1987) and
become optically thick at 90 cm, we attribute the decrease in
the intensity of the Arc at positive latitudes to the presence of
an extended region of ionized gas with 7~ 1 at 90 cm.

(iv) With the exception of the southernmost filament in the
Arc, all the other linear filaments in this region show a flat or
positive 90/20-cm spectral index. Comparison with shorter-
wavelength measurements indicate that this spectral index is
intrinsic and not caused by free-free absorption. The south-
ern filament has a spectral index of — 0.4, and is out of align-
ment with the other parallel filaments of the Arc.

(v) The northernmost filament in the Arc does not show a
decrease in intensity, indicating that it may be on the near
side of the extended ionized region.

(vi) The ‘sickle’ feature (G0.18 —0.04), which crosses the
Arc at right angles is seen in absorption at 90 cm. This
clearly shows that it is situated on the near side of the Arc.
The pistol-shaped feature (G0.15—0.05) shows marginal
absorption, suggesting that it may also be in front of the Arc.

(vii) The position at which the eastern and western
branches of the arched filaments meet the Arc, show only
marginal absorption and it is not possible to decide whether

these are in front of the Arc. The geometry of this region is
further confused by the presence of an extended ionized
region which also becomes optically thick at 90 cm.

(viii) The brightness temperature of the linear filaments in
the Arc is > 5000 K, which, given that their spectrum is not
consistent with optically thick thermal emission, confirms
their non-thermal nature.

(ix) When seen on a single large-field image (Fig. 2), the
‘threads’ (Morris & Yusef-Zadeh 1985), Sgr C (Liszt 1985)
and other linear features in this region (e.g. Bally & Yusef-
Zadeh 1989a) appear to have similar structures. These can
be thought of as tracing a dipolar magnetic field in this
region. Using the minimum-energy approximation (Miley
1980), we obtain lower limits of 50-100 uG for the magnetic
field in these features.

(x) The threads and related features appear to be situ-
ated only at positive latitudes. We find no new threads at
90 cm. Compared to 20 cm, the northernmost thread
(G0.08 +0.15) appears to have a systematically larger width
at 90 cm all along its length.

(xi) Most of the linear filaments in the Arc and the ‘thread’
G359.96+0.09 have a flat or positive spectral index,
whereas the other ‘threads’ and the filament of Sgr C show
negative spectral indices. The positive or flat spectral index
of the linear filaments require that relativistic electrons must
be produced, possibly in situ, on time-scales of ~ 10* yr.
There appears to be an association of flat or positive spectral
index linear filaments with violent thermal activity.

(xii) The radio features detected at very long wavelengths,
namely the northern galactic lobe (LaRosa & Kassim 1985)
and the low-frequency jet’ (Yusef-Zadeh et al. 1986a) do not
show up as distinct features at 90 cm, although we detect
emission at the position of these features. We suggest that the
appearance of these regions as distinct features at long wave-
lengths is due to the patchiness of optically thick thermal gas
which is widespread in this area.
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APPENDIX A: DATA REDUCTION
A1l Imaging problems

Radio images of large fields at low frequencies will have dis-
tortions due to finite bandwidth, integration times and non-
coplanar baselines. These distortions increase with distance
from the field centre. Although the distortions due to finite
bandwidth and time averaging can be overcome by using
short integration times and multiple narrow bands, the effect
of non-coplanar baselines present a more intractable prob-
lem. Thompson (1989) gives the approximate criterion for
the non-coplanar distortions to be small as 0.<36!/?
where 0, is the half-power width of the synthesized beam (in
radians) and 6y is the distance from the field centre. When
applied to the present observations, the criterion suggests
that we expect problems beyond 024 from the field centre for
the lower resolution images (C array) decreasing to 0°15 for
the highest resolution images (A array). This problem can be
overcome, to some extent, by re-imaging the sources outside
the central region by using sub-fields with the phase centres
shifted to the location of the source. Although this technique
works tolerably well for compact sources, there are diffi-
culties in obtaining good images of extended sources and
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improved imaging algorithms (i.e. 3D FFT, etc.) are required
to overcome this problem fully (Perley 1989). In order to
check the effect of non-coplanar baselines, we made sub-
images of some sources outside the central region using
shifted phasecentres. To reduce the effect of sidelobes from
Sgr A, the central region containing the Sgr A complex and
the Arc was cleaned and the ‘clean components’ were sub-
tracted from the UV data before making the sub-images. A
comparison between these sub-images and the original (i.e.
large field) image, showed that only small distortions were
introduced at ~ twice as far from the field centre as sug-
gested by the criterion of Thompson (1989). Hence, single
large fields derived from compact C and D array data gave
reasonable images up to ~ 1° from the field centre. At the
highest resolution using the A and B array data, a single field
could be used to study both Sgr A and the Arc, which are
separated by ~ 15 arcmin.

A2 The lower-resolution images

For imaging over a field of radius ~ 1°, using spacings up to
9000 4 (ie. B, C and D configurations), the requirement of
bandwidth and integration times are not stringent, and hence
it is possible to form adequate images without resort to spec-
tral line databases. An examination of the 10-s-integration
data in the B configuration showed that the ionospheric phase
was stable enough to allow averaging up to 30 s without loss
of coherence. Hence, we averaged in both time and fre-
quency to obtain a pseudo-continuum database with an
effective bandwidth of 1.36 MHz and an integration time of
30 s. Using these parameters, the expected bandwidth and
time-averaging smearing at 1° away from the field centre, is
less than 5 per cent for B array observations (Bridle 1989). A
description of the C and D configuration observations, cali-
bration and their initial reduction was presented in Paper L
The image presented in Paper I was improved considerably
by further self-calibration iterations, and independent use of
the maximum-entropy (MEM) deconvolution technique
(Cornwell & Evans 1985) in addition to the Steer-Dewd-
ney-Ito (SDI) CLEAN algorithm (Steer, Dewdney & Ito
1984). The final ‘CD’ image, corrected for primary beam
attenuation, is shown in Fig. 1. The angular resolution of this
image is 100 X 64 arcsec?, and the cell size is 20 arcsec. The
effect of non-coplanar baseline was investigated using mul-
tiple sub-fields centred on the individual sources located
near the edge of the field. G1.1-0.1 and the SNR shell
G359.1-0.5 showed some evidence of distortion, whereas
Sgr C and Sgr B2 appeared relatively unaffected. The point
source G358.9+0.1 (~ 1° from field centre) showed little
distortion and hence non-coplanar baseline effects do not
seriously degrade the image within the central degree. A fur-
ther shortcoming of this image is the lack of spacings
<100 A, which results in insensitivity to extended structure
on scales > 30 arcmin. The MEM and SDI deconvolution
methods agreed well on scales less than 30 arcmin, although
the MEM technique estimated the extended flux density
from the missing low-order spacings. The negative regions in
the SDI image shown in Fig. 1 are a direct result of this lack
of low-order spacings. The rms noise in this image is ~ 60
mJy beam ™! resulting in a dynamic range of ~700:1.

The B-configuration data were averaged in frequency to
give a bandwidth of 1.36 MHz, and self-calibrated in phase

before being combined with the self-calibrated C- and
D-configuration data. The combined data were used to
obtain a 2° X 2° image using the SDI CLEAN algorithm. This
image with an angular resolution of 33 x 17 arcsec?, is shown
in Fig. 2. A grey-scale representation of the inner part of this
image is shown in Plate 1. In order to check any distortions
due to non-coplanar baselines on sources far away from the
field centre, we made images of Sgr C and G358.9+0.1 (~
0°5 and ~ 1°0 from the field centre, respectively) by shifting
the field centre to the position of these sources. We noted
that the non-coplanar baseline effects produced only small
distortions in Sgr C (see Fig. 3) whereas the distortion in the
source G358.9 + 0.1 was considerable. Hence it appears that
non-coplanar baseline problems do not cause serious distor-
tions in structures out to 0%6 from the field centre. The rms
noise in this image is ~7 mlJy beam™!, which gives a
dynamic range of 650:1.

The large field (2°x2°) covered by the BCD image is
expected to contain several background extragalactic
sources. From the radio source counts at 408 MHz (Keller-
mann & Wall 1987), we expect, in a 4-deg® area, 0.9 sources
with flux density exceeding 1 Jy, 2.3 sources exceeding 0.5
Jy, 12 sources exceeding 100 mJy and 15.5 sources exceed-
ing 50 mJy. The strongest compact source in the BCD image
is located at a=17"38™ 3157, = —29°47' 54" and has a
peak brightness of 970 mJy beam ™ !. The point source which
is indicated in Fig. 5 has an integrated flux density of 580
mJy. Two other compact sources are seen at @ = 17" 45™ 568,
0=—28°22'9" and a=17"43™ 578, 6= —28°33' 36"
and have integrated flux densities of 790 and 310 mly,
respectively. All these are presumably extragalactic back-
ground sources. In addition to these relatively strong sources,
at least 30 other compact features with peak brightness
exceeding 50 mJy beam™! can be identified in the BCD
image. Some of these may be galactic in origin. It therefore
appears that the background extragalactic sources around
the Galactic Centre has a distribution similar to other regions
of the sky.

A3 The high-resolution image

The A and B array observations were made in 1988 Decem-
ber and 1989 March in dual-frequency spectral line mode
and included all 27 VLA antennas. The centre frequencies
were chosen to be 333.1 and 323.1 MHz. At an early stage it
became clear that the 323.1-MHz observations were of
lower quality than those at 333.1 MHz, and hence only the
latter were included in the final images. Eight spectral line
channels, each of width 195 kHz with an integration time of
10 s were used in both the configurations. The data were
taken in this mode to allow imaging over the entire primary
beam, without introducing significant time or bandwidth
smearing. The amplitude was calibrated using 3C 286. The
instrumental and ionospheric phase was calibrated using
observations of the sources 1830—210 and 1827 — 360 at
intervals of 15 min.

Attempts to self-calibrate the spectral line databases were
not successful due to the poor signal-to-noise ratio on indi-
vidual channels. Hence the A and B data sets were self-cali-
brated using the broad-band data which are recorded as
‘channel-zero’ data in the spectral line mode of the VLA.
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Although the channel-zero data had a bandwidth of 4.7
MHz, they were useful in obtaining a good ‘first model’ of the
central region since it dominates the continuum emission.
(This method would not, of course, be possible in the pres-
ence of strong sources far away from the field centre. In addi-
tion the data were not affected by interference). The phase
corrections obtained from the final self-calibration of the
channel-zero data were applied to all the spectral line chan-
nels, before combining the two databases. All the spectral
line channels of the combined data were simultaneously
gridded and Fourier transformed to obtain a ‘dirty’ beam and
a dirty image. Fortunately, most of the flux density in the
Galactic Centre region is concentrated in the central 0°5,
and, at the dynamic ranges achieved, we did not appear to be
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significantly affected by strong confusing sources outside this
region. This considerably simplified the data reduction. Both
MEM and SDI CLEAN algorithms were used to deconvolve
the image independently. Although both the deconvolved
images were consistent in the outer regions, the SDI CLEAN
image showed some evidence of clean instabilities in the
central region. In order to reduce non-coplanar distortions
over the Arc and Sgr A, the phase centre was placed between
these two components, and a 20-kA taper was applied to the
UV data. In Fig. 3 (contours) and Plate 2 (grey-scale), we
show the resulting image, deconvolved using MEM, which
has been restored with a 14 x 9-arcsec? beam. The rms noise
in this image is 3 mJy beam !, which is close to the theoreti-
cally expected noise; the dynamic range is ~200:1.
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