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Abstract. — Results are presented from an absorption line survey of the galactic centre region in the OH main
lines (frequencies 1667.359 MHz and 1665.402 MHz ). The survey was made using the 250ft Lovell Telescope at Jodrell
Bank which has a beamwidth of 10 arcmin at these frequencies. Spectra were taken on a grid with 0°2 spacing. The
entire region between 354°<! <8°6 and -1°0< b <+1°0 was surveyed with extensions out to b =-2°0.and b= +1°6
at some longitudes. The spectra were taken using an autocorrelation spectrometer with spectral bandwidth 5 MHz,
a velocity range of 900 kms™'and a resolution of 3.1 kms™!. The rms noise level achieved was typically 80-90 mK.
The data are presented as a series of longitude—velocity (I-V), latitude—velocity (5—V) and longitude-latitude (I-b)
contour maps of line temperature and apparent opacity. The survey reveals that the molecular gas in the galactic
centre is much more extensive than previously thought. The molecular nuclear disk can be traced over the entire region
354°<1 <6°, a projected size of ~ 1.8 kpc. The disk appears to be warped, lying preferentially to positive latitudes
at negative longitudes and negative latitudes at positive longitudes. The gas reaches latitudes of £1°6, corresponding
to z—distances of +240 pc out of the galactic plane. The new features are described in detail. There are 7 broadline
“clumps”; concentrations of molecular gas with angular sizes typically 0°6 and large velocity extents of typically
200 km s™!. The clumps have positive gradients of velocity with galactic longitude. Some of the clumps appear to be
connected by narrow filaments which have velocity widths of typically 30 kms™!. There are also a number of molecular
spur features which extend outwards from the nucleus to latitudes of +1°0. These appear to be associated with radio
continuum features, including the galactic centre lobe.
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1. Introduction

The galactic centre is the scene of many remarkable phe-
nomena on scales from several kiloparsecs down to less
than 1 parsec. Across the whole electromagnetic spectrum
there are types of activity seen nowhere else in the Galaxy.
The most energetic phenomena may be driven by a mas-
sive black hole at the centre, massive star clusters, or a
central stellar bar. Detailed reviews of the complex obser-
vational picture and the possible interpretations are given
by Oort (1977), Brown & Liszt (1984), Genzel & Townes
(1987), Townes (1989) and Blitz et al. (1993).

The galactic centre contains the largest concentration
of molecular gas in the Galaxy. The galactic centre molec-
ular clouds are characterised by large turbulent linewidths
and large non—circular motions. Previous large-scale sur-
veys of the region have been carried out in OH (Robinson
& McGee 1970; Cohen & Few 1976), HoCO (Whiteoak
& Gardener 1979; Cohen & Few 1981), CO (Bania 1977;
Dame et al. 1987; Bally et al. 1987, 1988) and CS (Bally

et al. 1987, 1988). The groundstate lines of OH at 18 cm
wavelength have particular advantages for such a survey.
The OH lines are seen in absorption against the radio con-
tinuum emission and so are sensitive to very small molec-
ular column densities. Furthermore the absorption lines
give information about the relative positions of the molec-
ular clouds and the radio continuum sources, particularly
when used in conjunction with emission lines from other
molecules such as CO. Finally it is possible to cover large
areas of sky in a reasonable time, albeit at modest angular
resolution.

This paper presents the observational results from
an extensive survey of the OH mainlines at 1665 and
1667 MHz . The survey covers the inner 14°of the Galaxy
with an angular resolution of 0°2. This was the first sur-
vey to reveal the full extent of the molecular nucleus. Some
preliminary results have already been published by Cohen
(1982), Cohen & Dent (1983), Boyce & Cohen (1989). The
observational data are now presented in their entirety for
the first time, as complete sets of -V, b—V and I-b maps
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(Sect. 4, Figs. 2-9), and the many new features found in
the survey are described in detail (Sect. 5). An astrophys-
ical analysis of the results will be presented elsewhere.

2. Equipment and observing technique

The observations were made at Jodrell Bank in 1981 April-
July using the 76 m Lovell telescope which was illumi-
nated so as to have a halfpower beamwidth of 10 arcmin at
the OH mainline frequencies. The telescope was equipped
with a dual-channel receiver which received signals of left
and right-hand circular polarisation. The first stages of
amplification were provided by room temperature para-
metric amplifiers and the resulting system noise tempera-
ture was 90 K on blank sky, and typically 20-30 K higher
near the galactic centre.

Observations were made between longitudes 354°and
8°6 and between latitudes —2°and +1°6, sampling every
0°2 in longitude and latitude. The coverage was not com-
plete above latitude +1°0 and below —1°0. Figure 1 shows
the positions observed.

Spectra were taken using a 1024—channel autocorre-
lation spectrometer (Pointon 1977) which was configured
as two banks of 512 channels. The spectral bandwidth
was 5 MHz, which corresponds to a velocity range of
900 km s~ 'and a channel spacing of 1.8 kms™!. This gave
a velocity resolution of 3.1 km s~!after triangular weight-
ing of the autocorrelation function, which was done on-
line. The spectral band covered the two OH lines at 1665
and 1667 MHz. Because the lines are very broad near
the galactic centre and because of differential galactic ro-
tation it was necessary to adjust the first local oscilla-
tor to keep all the absorption features in the band. The
band centre was set at a velocity of +240 kms™lin the
1665 MHz line for positions at positive longitude and at
a velocity of +140 kms™for positions at negative longi-
tude. Positions close to zero longitude were observed twice,
once at each setting. The 100 km s~ !velocity shift corre-
sponds to 57 spectral channels. Spectra were taken in the
frequency—switching mode, switching the first local oscil-
lator by 4.6 MHz . This large frequency switch introduced
a slope across the difference spectra which was calibrated
by observations of reference regions which are believed to
be free of OH absorption. The reference positions used
were G0°0-5°0, G10°0-5°0, GO°0+10°0 and G7°0+2°0.

Each survey point was observed for at least ten min-
utes. Longer integrations were made, to improve the
signal-to—noise, on positions close to the galactic centre
where the continuum level added appreciably to the re-
ceiver noise. The rms noise on the final spectra was always
less than 100 mK and was typically 80-90 mK.

The radio continuum emission from the survey region
at 1660 MHz was measured separately in July 1981 using
total power scans. The scans were made between longi-
tudes 354°and 9°, spaced every 0°2 in longitude. Scans
covered a latitude range of +5°, except for longitudes
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354°to 355°, where the range was —4°to +5°. Calibration
was done by firing the noise diode at the beginning and
end of each scan. Scans were made at the rate of 1°per
minute, with an integration time of 6 s. In the offline pro-
cessing the data were interpolated onto a uniform 0°1 grid
in galactic latitude. Baselines were determined by sub-
tracting second order polynomials from the scans. From
comparisons with published surveys we estimate that the
continuum temperatures derived from our scans are accu-
rate to 0.5-1.0 K.

3. Data reduction

The reduction of the data from the raw spectra from
the spectrometer to the final maps consisted of two main
parts. Firstly, the individual spectra were processed us-
ing the Spectral Line Analysis Package (SLAP) (Staveley—
Smith 1985). The spectra were then read into a datacube
using the IRAF software package within which the image
production and analysis was performed.

A reference baseline for each days observations was
constructed by averaging together each of the reference
integrations for that day and smoothing the result by
a Gaussian of 10 channels full width to half maximum
(FWHM). After subtraction of this baseline from a spec-
trum, any remaining baseline error was removed by fitting
a Chebychev polynomial to those parts of the spectrum
believed to be free of absorption. In most cases a second
order fit was adequate, and the baseline error was <0.1 K.
However, in a few cases a third or higher order fit was nec-
essary. In positions where the absorption was spread over
most the band, a comparison with previously published
OH spectra for these positions was made in order to de-
termine a reasonable baseline fit. A few such spectra near
[ =0°, b =0° have baseline errors of 0.3-1.0 K.

Each spectrum was corrected for atmospheric attenu-
ation using a gain—elevation correction determined empir-
ically by observations of maser point sources made during
the session. After this the spectra of right and left hand
polarisation were added to give the unpolarised spectra
used to produce the maps. Since the system noise in both
polarisation channels was similar (to within 10%) the two
channels were given equal weighting. The datacube had
a total velocity range of 1000 km s~!corresponding to 569
channels. The 57 channels not observed at any given posi-
tion were set to zero in the datacube. Channels affected by
narrow—band interference were also set to zero in some of
the spectra. The spectra were then read into an IRAF dat-
acube. Within this cube slices could be made through any
dimension of the cube. The maps presented below were
produced in this way.

A second datacube of OH apparent opacity (7,) was
also formed using the spectral line data and also the data
from the 18 cm continuum survey of the region. Apparent
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Fig. 1. Positions at which spectra in survey were observed

opacity is defined by
Ty

Ta = —7+

T.
and is a useful way of partially correcting for the effect

which the uneven distribution of the continuum on the
sky has on the observed absorption lines. The data from
the continuum survey were used to form a 2-D datacube of
the same spatial dimensions as the line temperature cube
(see Boyce 1990 for a detailed description of this process).
The apparent opacity datacube was then formed by di-
viding the line temperature datacube by the continuum
temperature datacube.

4. The results

The full results of the OH survey are presented in Figs. 2—
9 as sets of -V, b-V and [-b maps taken from the IRAF
datacubes. These maps can be found at the end of this
paper. The line temperature maps are in units of antenna
temperature 7. A correction into units of brightness tem-
perature 7g can be made by multiplying the levels by
1.5040.08. This correction factor was determined during
the survey by observations of the moon.

Figure 2 presents a full set of -V maps for each of
the galactic latitudes observed in the survey. The reso-
lution of the maps is 3.1 kms~!x 12 arcmin. The maps
show the absorption resulting from both the 1667 MHz
line and the 1665 MHz line. The 1667 MHz absorption is
seen on the left of these maps and the velocity ranges as-
sociated with the two lines are separately labelled. It can
be seen that the gas distribution traced by the two lines
is practically identical. The major obvious difference be-
tween them is that the 1665 MHz line is generally weaker
than the 1667 MHz line. For an optically thin cloud in
local thermodynamic equilibrium the lines would have a
ratio of 5:9. In practice line ratios nearer unity are ob-
served for the deepest absorption features and there is line
broadening due to saturation (Cohen & Few 1976). The

1665 MHz line generally has a lower optical depth than
the 1667 MHz line, and in some situations the 1665 MHz
line traces the individual structures in velocity space more
clearly than the 1667 MHz line because of this. It should
be noted that in several places near to [ =0°0 the high
positive velocity absorption from the 1667 MHz line over-
laps with the high negative velocity absorption from the
1665 MHz line. For example, absorption from gas having
V =+150 kms~!seen in the 1667 MHz line has the same
frequency as absorption from the 1665 MHz line at V =
~202 kms~!. In the cases where this overlap occurs the
1667 MHz line can be used to trace the negative—velocity
features and the 1665 MHz line used to trace the high
positive—velocity features.

Figure 3 presents a full set of [-V contour maps taken
from the apparent opacity datacube. As mentioned above
the use of apparent opacity 7, eliminates some of the
problems caused by the uneven continuum distribution
in the survey region. The 7, maps show a similar dis-
tribution to the line temperature maps but the relative
strengths of some features are very different. In addition,
the signal-to—noise ratio within the apparent opacity dat-
acube varies considerably with position depending on the
strength of the continuum. In areas of low continuum tem-
perature there is a much lower signal-to—noise ratio than
in high continuum areas. For this reason two separate con-
tour level regimes have been used in these maps. Between
latitudes £0°8 a 0.02 contour is shown. At higher lati-
tudes the continuum temperature is generally <7 K (an-
tenna temperature) and the noise level is generally 0.02
or greater. The weaker features in these maps should be
checked against the line temperature maps to determine
whether they are real or not.

Figure 4 shows a full set of -V maps from the line
temperature datacube. The contours are plotted at the
same intervals as for the longitude—velocity maps in order
to make the two sets comparable. The comments made
above concerning the merging of the lines at high veloci-
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ties near the centre also, of course, apply to these maps.
Figure 5 presents the equivalent set of apparent opacity
b—V maps. Large negative and positive longitudes suffer
from a similar problem with noise as the high latitude
maps in the [~V plots. The contours are set at the same
values as in the -V apparent opacity maps. The 0.02 con-
tour is shown at longitudes |/| <4°and omitted for higher
longitudes.

Figures 6 and 7 present sets of [-b maps for the
1667 MHz line and the 1665 MHz line respectively.
Each of these maps shows the spatial distribution of
the line temperature integrated over a velocity inter-
val of 20 kms™!. The maps cover the velocity range
-300 kms~'to +300 kms~for each line. It should be
noted that at velocities above +100kms~lin the
1667 MHz line maps various negative velocity 1665 MHz
features are also seen. Similarly at 1665 MHz velocities
less than —80 kms~! some high velocity 1667 MHz gas
is seen. To avoid misinterpreting these maps, a compar-
ison between the two sets is necessary (e.g. to ascer-
tain which of the gas at +200 kms~!in the 1667 MHz
maps is high velocity 1667 MHz gas comparison should
be made with the +200kms™ 11665 MHz and the
-150 kms~11667 MHz maps). Figures 8 and 9 present
similar sets of I-b maps for the two lines, this time showing
the apparent opacity averaged over 20 km s~lintervals.
The comments above relating to the line temperature
[-b maps also, of course, apply to these maps.

5. Overview of main results

Galactic centre features dominate the maps compared
to gas along the line of sight. Weak narrow lines at 0,
-30, 50 km s~1due to gas outside the galactic centre con-
tribute little to the total OH observed and will not be
discussed further in this paper. We concentrate here on
the dense molecular nucleus. Our major results concern
the asymmetric distribution of molecular gas about zero
longitude and the warp of the molecular layer (Sect. 5.1),
the detection of numerous broadline “clumps” and of “fil-
aments” connecting them (Sects. 5.2 and 5.3), and the
detection of molecular spurs pointing out of the galactic
plane (Sect. 5.4).

OH column densities for some features have been
calculated using the formula yf} = 2.25 10" [ 7667 dV
cm ~2K~! where T, is the excitation temperature in K,
Tiee7 is the apparent opacity in the 1667 MHz line, and V
is the radial velocity in kms™!. The combined error due
to continuum baseline uncertainties and spectral baseline
errors is <5% near the galactic plane and rises to ~ 10%
at higher latitudes. The OH column densities have in turn
been used to estimate the mass of OH in the molecular
features, assuming To,=10 K.
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5.1. Projected molecular distribution

Figure 10 presents the spatial distribution of molecular
gas as seen by the OH survey compared to two earlier
surveys. These are the OH survey by McGee et al. (1970)
and the CO survey by Dame et al. (1987). The McGee
et al. (1970) map shows the envelope of OH detected
by them with average radial velocities marked at certain
positions. The map from the present survey was found
by integrating over both lines over all velocities except
-10 kms™!<V<+10 kms™! (to exclude local gas). The
greater coverage of the present survey is clearly seen. The
full extent of the molecular nuclear disk as seen in OH
covers the region 354°<[<6°, corresponding to a projected
size of ~1.8 kpc at the distance of the galactic centre. Most
previous molecular line surveys of the galactic centre have
covered only a fraction of this molecular nuclear disc. Only
the CO survey by Dame et al. (1987) covered the whole
disc, and this was at a resolution of 0°5. Their results are
shown for comparison in Fig. 10.

The most striking aspect of the OH distribution is the
apparent asymmetry of the gas to positive longitudes. Be-
cause OH is seen in absorption throughout the galactic
centre the observed distribution depends to a large extent
on the relative distribution of the OH and the radio con-
tinuum. The apparent opacity maps help to overcome the
effect of an uneven distribution of continuum with position
on the sky. However, the position of the continuum along
the line-of-sight relative to the molecular gas is still not
known. The asymmetry is also seen in the 12CO surveys
of Dame et al. (1987) and the 3CO surveys of Bally et al.
(1988). Since CO is seen in emission, this implies that the
asymmetry seen in OH is not simply a result of an uneven
continuum distribution, but reflects a true asymmetry in
the distribution of molecular gas.

The second striking feature of Fig. 10 is the apparent
displacement of gas at large positive longitudes to nega-
tive latitudes and the similar displacement of gas at large
negative longitudes to positive latitudes. This gives the
molecular disk a warped appearance. The maximum ex-
tensions of the warp are to latitudes +1°6 (240 pc at the
distance of the galactic centre). A similar warp has previ-
ously been detected in both HI data (Cohen & Davies
1976) and CO data (e.g. Bally et al. 1988). The most
widely quoted model to explain the HI warp is that of
an inclined nuclear disk undergoing both rotation and ex-
pansion (Burton & Liszt 1978; Liszt & Burton 1980). How-
ever, this model does not fit either our data or Dame et
al. ’s CO data in some important ways.

a) Large parts of the model tilted disc are not observed in
molecular lines, in particular the extensions to latitudes
2°to 4°.

b) The projected molecular distribution is not seen to be
tilted within 3°of the nucleus (see Fig. 10). At |I] >3° the
molecular gas does warp away from the galactic plane.
This suggests that there is not a constant tilt angle, and
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for this reason we prefer to describe the molecular disc as
warped.

A third result from the survey is that many of the out-
of-plane features appear to be relatively compact spatially
but cover a very large velocity range. These are examples
of the molecular “clump” features which are discussed in
Sect. 5.2. The clumps are sometimes connected to other
clumps by narrow filaments, as discussed in Sect. 5.3.

Figure 10 illustrates another major result of the sur-
vey. This is the detection of several spur-like features
which appear to stretch from the molecular disk to higher
latitudes. The most prominent of these can be seen at
I ~ 359°4 and 0°0 stretching to positive latitudes and
at | ~ 3588, 359°6 and 0°2 stretching to negative lati-
tudes. A more detailed description of these spurs is given
in Sect. 5.4.

5.2. Broadline clumps

The most interesting and puzzling result of the survey is
the detection of a large number of broadline regions. These
are molecular cloud complexes which are typically half
a degree in angular width (FWHM) but which cover an
enormous velocity range of 100-200 km s~!. Bania (1977)
coined the name “clumps” to describe these features and
we will retain this term here. However, the term wide-line
clouds (WLCs) has also been used in the literature (Stacy
et al. 1989). Table 1 lists the observed properties of seven
of the major clumps detected in the present survey. Errors
in the Moy values are typically 10-15% after allowing for
a baseline error in the spectra and in the continuum scans.
Bania’s (1977) nomenclature for Clumps 1 and 2 has been
retained, and the other features are labelled Clump 3 to
Clump 7 in order of decreasing galactic longitude. We have
not attempted to identify clumps in the central region
[I} <1°4, but it should be noted that there are broadline
features in this region which have been ascribed to the
rotating nuclear disc and the expanding molecular ring.

Figure 11 presents [-b maps of six of the clumps, with
contours of the OH line integral and representative ve-
locities marked. A striking result is that the clumps dis-
play systematic shifts of velocity with position. The veloc-
ity gradients are typically 2 kms~!arcmin~!, which cor-
responds to 0.8 kms~!pc~! at the distance of the galactic
centre. In each case the component of the velocity gradi-
ent along the galactic plane, dV /dl, is positive, following
the sense of galactic rotation. A short description of each
clump follows.

Clump 1: This clump was first identified by Bania (1977).
It is best seen in our data in the -V plots (Figs. 2 and 3)
at b = +0°4, at longitude | = 354°8, between velocities
+55 and +120 kms~!. It has a very large non-circular
velocity. In our data it appears to be an isolated feature,
although it is close in [~V space to Clump 7. A detailed CO
study of Clump 1 was made by Bania et. al. (1986), who
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Table 1. Properties of broadline molecular clumps
Feature /range b range V range No#/[Tez Mon
deg deg kms~! x10" em™2K~! Mg

Clump 1 354.4-355.2 0.0—+40.6 +55—+120 2.6+0.7 1.0+0.1

Clump 2 2.8-3.8 -0.4—-40.8 —45—+4245 16.0+2.3 21.6+2.4

Clump 3 5.2—6.0 -0.8—40.2 -30—-+210 6.742.3 6.0+0.7

Clump 4 4.4—4.38 -1.2--04 +15-4195 6.742.3 2.440.3

Clump 5 1.0-2.0 —0.6-+0.4 —45—+220 18.4+2.3 18.4+2.1

Clump 6 355.8—356.4 +0.2—+1.2 -120—+30 3.4%1.1 2.1+0.7

Clump 7 355.4—-355.6 +0.4—+0.6 +15—+95 2.440.9 0.30£0.05

Table 2. Properties of filaments
Feature lrange b range V range AVy), Non/Tex Mon Associated
deg deg kms™! kms™! cm ?K"! Mg Clumps

Filament A 4.6—5.0 -0.4—0.0 +20—+50 30 1.5x10" 0.4 3,4
Filament B 3.4—4.2 -1.0--04 +40—-+470 18 3.7x10" 1.7 2,4
Filament C 5.0—5.4 -0.8—-0.6 +170—+220 19 1.4x10" 0.3 3,4
Filament D 4.8—5.4 -1.6—-1.2 +185—+4220 20 1.7x104 0.4 4
Filament E 1.8—3.0 -0.2—+40.4 —-40—-450 35 1.2x10* 9.6 2,5
Filament F  1.8—2.6 -0.4—-0.2 +115—+160 16 3.3x10 0.9 2,5

Table 3. Properties of molecular spurs

Spur 1 |blmaz  V range Nox/Tez Mgn Comment
deg  deg kms™! ecm~2K~! Mg

SpurI 0.0 +1.0 -180—-85 7.0x10' 0.1
~0—+95 Associated with

SpurII 3594 +0.8 -155—-85 4.4x10™ 0.1 GCL (Sofue & Handa 1984)
~0—++90

Spur I 0.2 1.0 -150—-55 6.5x101 0.2
~0—+70

SpurIV 359.6 -12 -160—-85 8.3x10™ 0.4
~0-+70 Associated with

Spur V. 358.8 -1.0 -155—-110 5.2x10™ 0.1 G359.1-0.5 (Uchida et al 1992)

~0—470

Table 4. Masers

Source OH main line V (kms™') T, (K)
G358.16+0.50 1665 -15, 428 0.3,0.5
G359.37-1.25 1665 —-227,-208 0.4,05
G1.33+1.01 1667 -28, 43 12,13

found considerable fragmentation in the cloud structure,
with discrete components of sizes ~ 5 arcmin (15 pc) and
masses ~ 10°-105 M. There is an associated HII region
(G354.67+0.25 with a velocity of +100 kms™1(Caswell &
Haynes 1982).

Clump 2: This was first detected in OH by McGee et al.
(1970), and it has been studied in CO and CS by Stark
& Bania (1986) and in HoCO by Zylka et al. (1992). It is
best seen in our data in the [-V plots at b =+0°4, at lon-
gitude 3°2 and velocities between —45 and +245 kms™!. It
appears to be connected to Clump 4 by Filament B at lat-
itude b =-0°6 and velocity +40—+70 kms™!(see Figs. 6,
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7, 8 and 9). It also appears to be connected to Clump 5
by low—velocity gas (Filament E) at +20—+40 kms~!and
latitude b =+0°2.

Clump 3: This new Clump was reported by Boyce, Co-
hen & Dent (1989) and Stacy et al. (1989). It is best
seen in the [-V plots at b =—0°4 at longitude ! =5°4 and
velocities between —30 and +210 kms™!. It is connected
to Clump 4 by two filaments, a high velocity Filament C
at +180—+200 kms~!, and a low velocity Filament A at
+20—+40 kms~!, as discussed below. The H;CO study
by Boyce et al. (1989) resolved the clump into 11 molec-
ular cloud components with typical sizes ~ 15 pc and
implied masses of ~ 10° M.

Clump 4: This new feature is a companion to Clump 3.
It is seen most clearly in the [~V plots at b = —0°8, at
longitude | = +4°8. The absorption is strongest near ve-
locities of +80 and +170 kms™!. Clump 4 seems to be
connected to Clump 3 by a low— and a high—velocity fil-
ament of molecular gas as discussed below (Filaments A
and C respectively). Two other molecular Filaments (B
and D) also emanate from Clump 4.

Clump 5: This is related to the [ = +1°5 complex iden-
tified in CO by Bally et al. (1988). Our OH data trace
the feature above the plane to b = +0°6. The feature is
most clearly seen in the -V plots at b =+0°4 at [ =+1°4.
The velocity extent at this point is much greater than
seen in CO. At lower latitudes the feature becomes very
difficult to separate from other molecular complexes near
the galactic plane. For this reason we have not attempted
to plot the column density of Clump 5 in the composite
Fig. 11.

Clump 6: This new feature is.the only clump at negative
velocity. It can be seen clearly in the -V maps at b =
+0°8 at longitude [ = 356°2. The absorption is strongest
at velocities near 0, —70 and —100 km s~!. The feature is
unusual in having a large gradient of velocity with galac-
tic latitude. The feature extends to latitude b = +1°2. Its
large displacement above the plane and the approximate
symmetry with Clump 4 on the opposite side of the galac-
tic centre below the plane contribute in no small measure
to the warped appearance of the molecular layer.

Clump 7: This feature is a companion to Clump 1. It is
seen in the -V maps at b = +0°6 at longitudes | = 355°4.
Like Clump 1 it has a large forbidden (positive) velocity.
The edge of this feature seems to have been detected in
CO by Bania et al. (1986). The feature can be seen clearly
in the CO data of Bally et al. (1987), their Fig. 4, b =
+0°6. As it is well separated spatially from Clump 1 we
prefer to treat it separately. However, Bally et al. (1988)
have loosely referred to the whole positive velocity com-
plex from [ = 354°3 to [ = 357°as Clump 1.
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In Fig. 12 the clumps are identified on an integrated
[-b plot. Their positions in [-V space are marked on a
schematic [~V plot in Fig. 13.

To summarise, the broadline clumps are typically
100 pc in projected size and 200 km s—!in velocity width.
Their total mass is typically 107 M, as estimated from
various molecular lines (CO, H,CO). One new property to
emerge from the present observations is that the clumps
show positive gradients of velocity with galactic longitude
(i.e. following the sense of galactic rotation). When ob-
served at higher resolution Clumps 1, 2, and 3 have been
found to be made up of cloud components typically 15 pc
in size and with velocity extent 20 kms~!and estimated
masses ~ 3 10° M.

5.3. Filaments

A second major result presented here is the detection of
filaments which appear to be connecting several of the
broadline clumps. These new structures can be traced in
Fig. 10. They are identified in I-b space in Fig. 12. The
-V loci of these features are included in Fig. 13. The
full I-6-V ranges for these features are presented in Ta-
ble 2 together with other parameters. The error in ETQ:I

is 0.3 10'* cm™2K~! for each filament, and the error in
Mou is typically 13%, allowing for baseline errors. The
filaments are typically 1°long and have AV ~ 30 kms™!.
Typically they have a velocity gradient of 30 kms™!per
degree. Apart from Filament D (see below) they appear
to form connections between the clumps but do not ex-
tend beyond the clumps.

Filament A: This is best seen in the I-b plots (Figs. 6, 7,
8 and 9) at velocities +20—+40 kms~!at b = -0°2 and
{=4°8—5°2. It appears to connect the low velocity ends of
Clumps 3 and 4. Its velocity is close to the mean velocity
of Clump 3 at the position where the two features appear
to meet (see Fig. 11).

Filament B: This is best seen in the /-b plots at ve-
locities +60—+80 kms~'at b = —0°6 between longitudes
[ = 3°4—4°6. It appears to connect Clump 4 to Clump 2.
It shows a systematic increase in average velocity from
V ~ +40 kms~!'near Clump 4 to V ~ +100 km s~ 'near
Clump 2. Its velocity at the position where it appears to
join Clump 2 is close to that of the clump (see Fig. 11).
Filament C: This is best seen in the [-b plots at veloci-
ties +180—+200 km s™!at longitude I = 5°0 and latitude
b = —0°8. It appears to connect the high velocity ends of
Clumps 3 and 4.

Filament D: This filament is best seen in the I-b plots
at velocities +200—+220 kms~!at longitude | = 5°2 and
latitude b = -1°6. It appears to be connected to the high
velocity end of Clump 4 and to stretch from this clump
down to b= —-1°6.

Filament E: This filament can be best seen in the
I-b plots at velocity +20—+40 km s~!between longitudes
[ = 2°0—3°0 at latitude b = +0°2. It appears to form a

© European Southern Observatory * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1994A%26AS..107..563B

3B.

1993 ACAS. ~107: .

P.J. Boyce and R.J. Cohen: A large-scale survey of OH in the galactic centre

connection between the low velocity end of Clump 2 and
Clump 5.

Filament F: The [-V plots (Figs. 2 and 3) at b = -0°4,
—0°2 and 0°0 show this filament clearly, stretching between
1 ~1°, V ~ 160 kms~'and [ ~ 3°2, V ~ 100 kms™1.
It connects Clumps 5 and 2. It also connects smoothly in
-V space with Filament B.

5.4. Molecular spurs

The third major result of the survey is the detection of
several spur-like features extending outwards from the nu-
cleus to latitudes of £1°. The most prominent molecular
spurs seen in the survey are shown in Figs. 12 and 14
and are labelled I to V. The full [-b—Vranges of these
features are presented in Table 3 along with other pa-
rameters. The error in &% is typically 10'* cm™2K™?
and the error in Moy is typically 20%. All the spurs
show a double peaked velocity structure with absorp-
tion in similar velocity ranges (V ~ -150—-90 kms™!
and V ~ 0—+80 kms™!). Our -V maps of the region
close to the nucleus show that the OH absorption at high
latitudes is very strongly concentrated into the observed
spurs. Integrating the 7,profiles over all | b |>0°8 in the
region 358°8<! <0°4 suggests that about three—quarters
of the gas in this region lies within the spurs. The spurs
are associated with radio continuum features, as we now
describe.

Spurs I and II: These two features at longitudes 0°0
and 359°4 appear to be associated with the galactic cen-
tre lobe (GCL), a well-known radio continuum structure
described by Sofue & Handa (1984). The OH absorption
features can be followed from latitude +0°4, where they
first emerge from the molecular concentration near the
nucleus, to latitude +1°0. For each spur the OH pro-
files show broad absorption at two velocities, typically
-130 kms~!and 450 kms~!. The features can be seen in
individual I-b maps (Figs. 6-9). They are better shown in
the I-b maps of Figs. 12 and 14 where the OH absorption
has been integrated over large velocity ranges. A possible
weak bridge of absorption connecting these spurs is also
seen at latitude +0°8 and velocity —120 kms~!. The posi-
tional agreement of the spurs and bridge with the galactic
centre lobe is shown in Fig. 14. Parts of Spurs I and II ap-
pear to have been detected in CO by Sofue (1985) (part of
Spur I at +90 kms™!), and by Uchida et al. (1990) (part
of Spur II at +50—+150 kms~!). However, the CO mea-
surements did not reveal the double velocity structure of
the spurs, or the molecular bridge between them.

Spur III: This new feature appears at longitude 0°2 and
extends to latitude —1°0. It has the same twin velocity
structure as Spurs I and II. Spur IIT is approximately sym-
metric about the galactic centre with Spur I. It appears
to be associated with the radio continuum spur known as
the southern galactic centre lobe (Seiradakis et al. 1989).
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Spurs IV and V: These two features are associated
with the non-thermal galactic centre radio shell G359.1-
0.5 (Uchida et al. 1992). Spur IV at longitude 359°6
can be traced in our OH data to latitude —-1°2, and
Spur V at longitude 358°8 can be traced to latitude
—-1°0. Spur IV has the twin velocity structure charac-
teristic of the other galactic centre molecular spurs,
with broad weak absorption features at approximately
-120 kms~!and +40 kms™!. Spur V is clearly detected
at negative velocities, with a broad weak absorption fea-
ture at approximately —130 kms™!. It is much weaker at
positive velocities and cannot be seen in the individual
[-b plots in Figs. 6-9, although it is clearly seen in the
integrated [-b plot in Fig. 14. The two features are most
clearly seen in the I-b maps of the 1667 MHz line (Figs. 6
and 8) between —160 and —60 kms~!. They are also shown
in Fig. 14, where the integrated OH absorption is com-
pared with the radio continuum features in the region.
The low latitude parts of Spurs IV and V were detected
in CO at negative velocities by Uchida et al. (1992), who
noted that they encircle the radio continuum shell source
G359.1-0.5. The OH spurs extend to more negative lati-
tudes than this to the limits of our survey, and there is no
clear evidence for a bridge between then as seen in the CO
measurements. Spur IV may also be associated with the
radio continuum sources G359.23-0.82 and G359.0-0.9.

Finally we note that our OH survey has some draw-
backs when studying these molecular spurs as it has mod-
est angular resolution, is undersampled, and relies on a
continuum background against which absorption can be
detected. These factors all make it difficult to test for a
true physical association with radio continuum features.
It is therefore important to extend the surveys in the CO
and other emission lines at higher angular resolution.

5.5. Previously known features

The region between longitudes 358°and 3°and latitudes
+0°5 contains many strong features which are well known,
and which will not be discussed in detail here. The
schematic [-V plot Fig. 13 shows the strongest of them.
The expanding molecular ring feature is the dominant
negative-velocity feature between +1°4 (e.g. Figs. 2 and
3, b= -0%4, -0°2). There is no symmetric counterpart
at positive velocities; instead there is a string of strong
absorption features at lower velocities (Scoville’s ring 2),
and a weak feature XVI at higher velocities. The nu-
clear disc feature can be traced at negative velocities from
= 3584, V=-200 kms~!to [ = 359°8, V = —40 kms™!
(e.g. Figs. 2 and 3, b= 0°2, +0°2). The positive-velocity
counterpart is weaker and is confused with other features.

Further details on these features, and references to ear-
lier work, can be found in the survey papers by Cohen &
Few (1976) in OH, Whiteoak & Gardener (1979) and Co-
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hen & Few (1981) in H,CO, and Bally et al. (1987, 1988)
in CO.

5.6. Maser emission

The OH survey also detected a number of OH maser
sources in emission. Nine previously known OH-HII re-
gion sources were detected. All can be found in catalogues
by Caswell & Haynes (1983a,b). Several previously known
OH-IR sources were also detected in mainline emission for
the first time. These new detections are listed in Table 4
where we give the antenna temperatures and velocities of
the detected features. Antenna temperature may be con-
verted to Janskys by multiplying by 1.2.

6. Concluding remarks

The OH survey has revealed for the first time the large—
scale structure of the molecular gas in the galactic centre
region. The molecular nuclear disk can be traced over the
entire region 354°<! <6°, corresponding to a projected
diameter of ~ 1.8 kpc. The structure is warped, lying
preferentially below the galactic plane at positive longi-
tudes, and above the plane at negative longitudes. The
warp extends to at least +1°6 in latitude, corresponding
to z—distances of 240 pc. The warp is in the same sense
as the warp seen on a larger scale in the HI distribution
(Cohen & Davies 1976).

It is possible that the OH survey has not traced the
full z—extent of the molecular distribution. There are a
few positions where OH absorption was detected at the
outermost latitudes of the grid, for example at the lower
extremities of Spurs IV and V. Furthermore the detection
of OH absorption relies on a continuum background. In
the present survey OH absorption was detected only at
positions where the radio continuum was at least 5 K of
antenna temperature (corresponding to 7.5 K of bright-
ness temperature). Therefore it is possible that molecular
gas could have been present far from the galactic plane
in regions of low radio continuum emission, and not have
been detected in the OH survey. The CO emission line
observations by Dame et al. (1987) show that there is no
large concentration of molecular gas far from the plane
(5] <8°), but those observations would not have been sen-
sitive to narrow filamentary structures such as the molec-
ular spurs reported here.

The OH survey has revealed three new phenomena.
Perhaps the most striking are the broadline clump fea-
tures, of which there are at least 7. The large number of
these clumps, and the fact that they show positive gra-
dients of velocity with longitude, put strong constraints
on their possible origin. At positive longitudes the clumps
appear to be connected by filaments which have typical
widths of 30 kms™!, much narrower than those of the
clumps. Together the clumps and filaments appear to form
an organized structure which accounts for most of the
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molecular gas at [ > 2°. The clumps at negative longi-
tudes have lower apparent opacities, and it is possible that
filaments connecting them would have been below our de-
tection limit. The third new phenomenon is the existence
of molecular spurs near [ = 0°which point out of the galac-
tic plane and extend to latitudes of at least £1°. The spurs
all appear to be associated with radio continuum features.
Spurs I and II follow the galactic centre lobe (Sofue &
Handa 1984), Spur III follows the southern galactic cen-
tre lobe (Seiradakis et al. 1989), and Spurs IV and V are
associated with the shell source G359.1-0.5 (Uchida et al.
1992). CO observations of these spurs would be desirable
to trace their full extents and to study at higher angu-
lar resolution their association with the radio continuum
features.
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Fig. 2. Longitude-velocity maps of the OH absorption. Contour levels are in units of antenna temperature and set at intervals
of —0.16, —0.32, —0.64, —1.28, —2.56, —5.12, —10.24, —20.48 and —40.96 K. The resolution is 3.1 km s x 12
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Fig. 5. Latitude-velocity maps of apparent opacity. Between 356°2< | < 3°8 contour levels are at 0.02, 0.04, 0.08, 0.16, 0.32
and 0.64. Elsewhere the contours are at 0.04, 0.08, 0.16, 0.32 and 0.64. The resolution is 3.1 km s~ ! x 12
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Fig. 8. Longitude-Latitude maps of OH apparent opacity from the 1667 MHz line averaged over 20 km s~! intervals. Contour
levels are set at 0.01, 0.02, 0.04, 0.08, 0.16, 0.32 and 0.64
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Fig. 9. Longitude-Latitude maps of OH apparent opacity from the 1665 MHzline averaged over 20 kms™? intervals. Contour

levels are set at 0.01, 0.02, 0.04, 0.08, 0.16, 0.32 and 0.64
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present survey. The contour levels from the present survey are set at -8, -16, -32, —64, -128, -256, -512, —1024, —2048 and
-4096 K kms™!
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Fig. 11. Spatial maps of the clumps integrated over their total velocity extents in the 1667 MHz line with the central velocity
of the profile at each observed position superimposed. Contour levels are at -2, -4, -8, 16, —32, —64, —128 and -256 K km st
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Fig. 12. An integrated OH line temperature map with positions of the broadline clumps, filaments and molecular spurs noted.
Broadline clumps are illustrated by hatching. Filaments are shown by thick dashed lines. Molecular spurs are shown by dotted
dashed lines

T T T I'I T T T
. 1
8 I 0kms' 7
: feature
I
1
I
6 |
r ! Clump 3 T
W 0
) A )
Clump & :W c
4L h B b
! Clump 2
I
! lear
[ \ ;
® , arm | g “\F B disc
4 o ! II ! \\\
= |
o molecular | Clump 5
c ) Pl
= ring |
~ . ! | Feature XVI
0" by Scoville's
9 |' ! ring II
[ nuclear |_A
L] disc 1 Feature XVI
3 P
358" - o 4
-30 kms'!
arm Il
l
. Clump 6
356° | Clump 7 7
1
| QP
! w Clump1
|
. | =
354 1 1 1 1l 1 1 1
-300 -200 -100 0 100 200 300

Velocity (kms™)

Fig. 13. -V chart of the principal absorption features seen in the survey. Broadline clumps are illustrated by hatching.
Filaments are shown by thick dashed lines. Features close to the nucleus are shown by solid lines. Features believed to originate
outside the nucleus are shown by thin dashed lines
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Fig. 14. a-d) A comparison of the molecular spurs with continuum features in the galactic nucleus, a) a schematic chart of
continuum features close to the nucleus (from Uchida et al. 1990), b) a schematic chart of the locations of the molecular spurs,
¢) a map of the spurs obtained by integrating the 1667 MHz line temperature datacube over V = -180—-150 kms™!. Contours
are set at 2, 4, 6, 8,10 and 12 K kms™!, d) a map of the spurs obtained by integrating the 1667 MHz line temperature datacube
over V= +10—+100 kms™!. Contours are set at 2, 4, 6, 8, 10 and 12 K kms™!
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