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Summary

A survey for the hydroxyl line radiation has been made in the directions of
30 radio sources (most of them thermal) with the 210 ft telescope of beamwidth
12’2 and the multichannel line receiver of bandwidths 10 and 37 kHz. The line
at frequency 1665401 MHz was observed for all sources and the other three lines
at 1612, 1667, and 1720 MHz were observed for 10 of the more important sources.
The latter were investigated for circular and linear polarization.

Twenty-six sources showed absorption lines in their directions, many at
two or more radial velocities. Apparent opacities ranged from 0-4 to less than 0-002.

Fourteen sources showed emission lines. In general, the emission was
strongly circularly polarized.
Linear polarization was low except for a value of 459 in one source.

An attempt was made to locate the OH clouds in space with the aid of a model
of galactic rotation. OH gas appeared to be spread throughout the spiral arms of
hydrogen. The ratio of OH to HI was less in the outer arms than towards the centre
source Sagittarius A but it varied somewhat randomly in the inner arms. There is
little doubt that OH emission and in many cases OH absorption occur close to
HII regions.

I. INTRODUCTION

Observations of the distribution of the interstellar hydroxyl radical have
been mainly confined to the directions of radio sources. Absorption was originally
detected at the OH-line frequencies in the spectrum of a few strong continuum
sources. Later, anomalous line emission of high intensity was found for a number of
thermal sources close to the galactic plane. No thermal emission from OH which
would allow a general distribution of the molecule to be mapped has been seen.
Reviews of earlier work have been given elsewhere (Robinson 1967; Robinson
and McGee 1967).

Previous OH observations for a number of HII regions have been described
by McGee et al. (1965) and Dieter, Weaver, and Williams (1966). In the present
investigation we have made observations at the OH frequencies on about 30 of
the stronger thermal sources within the declination range of the Parkes radio-
telescope (i.e. south of Dec. +27°). The OH line at 1665-401 MHz was used for
all sources and the other three lines at 1612, 1667, and 1720 MHz for about one-third
of them. Most of the latter sources were also checked for linear and circular polarization
at 1665 MHz.

* Division of Radiophysics, CSIRO, University Grounds, Chippendale, N.S.W.
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II. METHODS OF OBSERVATION

The beamwidth of the 210 ft paraboloid is 12’2 arc at 1665 MHz; the frequency
bandwidths in use were 10 and 37 kHz on the multichannel line receiver. Full
details of the equipment, the calibrations, and the methods of observation have
been given in a companion paper by Gardner, McGee, and Robinson (1967).

III. Tug OH-LINE SOURCES

Twenty-eight thermal radio sources were investigated. OH was clearly
detected in the direction of 24; probable detection (in that the line intensity was of
the same order as the noise) was made for three; in one case no signal was seen above
the sensitivity limit of the observation. Of two non-thermal sources, one (1548 —56)
gave a positive and the other (the Crab nebula) a negative result. The list of sources,
their positions, and physical characteristics are presented in Table 1.

Column 1 of the table gives the name of the radio sources observed for OH.
RCW numbers refer to the HII catalogue of Rodgers, Campbell, and Whiteoak
(1960). The coordinate numbering system similar to that in the Parkes Catalogue
of Radio Sources (Bolton, Gardner, and Mackey 1964) is used for optically
unidentified or uncatalogued sources.

The second and third columns contain the source positions in celestial and
galactic coordinates. The position of the maximum continuum intensity is usually
given but in some cases, where well-resolved sources were partially mapped, the
positions of maximum OH-line radiation are also included.

Aerial temperatures T of the radio continuum sources at 1666 MHz are
in column 4.

The details of the line observations are given in columns 5, 6, and 7; the
radial velocity (referred to the local standard of rest) of a line feature, its intensity
in aerial temperature 7’1, and the equivalent r.m.s. noise level are included. The
letters A and E refer to absorption and emission respectively. Values in parentheses
mean that measurements were made only at 37 kHz resolution. The apparent
opacity (the ratio of line to continuum intensities) for the absorption features is given
in column 8. Columns 9, 10, 11, and 12 contain, respectively, the half-width of each
feature (in km/sec), the line frequency of the observation, the radial velocity of
excited hydrogen lines for the 13 sources, where they are available, and data on neutral
hydrogen profiles.

An estimate of the distance from the Sun of each OH feature is made in the
final column (from Section VI).

Ten sources in the table for which observations were more detailed are
discussed in the following section. These same sources were observed for circular
and linear polarization. The results are shown in Table 2. The basic observations
of the circularly polarized intensities Jrx and Irm (in relative units) are included
with the corresponding radial velocities. The column headed r is the degree of
circular polarization. For linear polarization the degree of polarization p and the
position angle y are given, together with estimated errors.
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IV. DETAILED OBSERVATIONS FOR 10 SOURCES

(i) Crab Nebula

Observations at line frequencies 1665, 1667, and 1720 MHz were made at
the position of the maximum of the continuum intensity. No OH-line radiation
was observed either in absorption or emission. The range at 10 kHz resolution was

TABLE 2
POLARIZATION MEASUREMENTS OF OH-LINE EMISSION
Source Rad. Vel. Circular Polarization Linear Polarization
(km/sec) Irg Inu r Sense P x (deg)
Orion nebula +7-4 20 29 0-18 LH No measurements
+19-5 19 23 0-10 LH
RCW 38 Limited obs. 0 <0-12
1308 —62 —39-2 28 0 1-0 RH 0-294-0-20 135425
—37-5 38 10 0-58 RH 0-454+0-12 171+15
—30-5 55 15 0-57 RH 0-174+0-08 0+15
—34-1 42 0 1-0 RH 0+0-10 —
—32-4 19 3 0-73 RH 0-404-0-20 30425
1608 —51 —92-0 54 30 0-29 RH
—90-3 49 30 0-24 RH 0:0440-02 168420
—88-6 22 24 0-05 LH
—86-9 14 2 0-80 RH
1617 —50 —54-8 8 14 0-27 LH
[161706 —51-2 44 34 -0-13 RH
—50 31-8] —46-5 12 18 0-09 RH
—42-5 1 18 0-95 LH
[161741 —54-3 0 11 1-0 RH
—5028-8] —51-2 44 34 0-13 RH 0-0440-02 0
—41-0 1 9 0-80 LH
—49-9 —_— = — - 0-064+0-02 25
NGC 6334* A —12-2 0-8240-20 LH
—11-8 — 0-0740-04 120420
—10-1 — 0-104+0-03 90+15
—8-4 0-554+0-15 RH 0-044+0-02 75420
B —11-0 0-36+0-12 LH
—9-5 0:024-0-06 LH No measurements
—6-2 0-064+-0-04 RH
Sgr B2 +68 Observed at one LHC
+74 circular RHC No measurements
+77 polarization only RHC
W 49 +5-0 LHC
+13-0 Observed at one LHC ‘
+16-4 circular RHC No measurements
+18-1 polarization only LHC
+21-5 LHC

* See Gardner, McGee, and Robinson (1967)—summary here only.

0 to +22km/sec in radial velocity. The observations were largely limited by
instrumental effects; Goss (personal communication 1966) has found absorption
for 1667 MHz with opacity of 0-005 at a velocity of 14 km/sec.
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Observations at 21 em (by R.X.M.) with 10 kHz bandwidth show strong HI
absorption features at +4 and 11 km/sec with 75 near unity.

(ii) Orion Nebula

The presence of wideband emission at 1665 MHz over the range —16 to
436 km/sec makes the Orion nebula unique among the 30 sources. The feature has
been verified by 16 separate sets of profiles at 1665 MHz observed in September
1965 and February 1966. Its central frequency is at +8 km/sec.

Neutral hydrogen measurements were made (by R.X.M.) with similar equipment.
The “expected” profile peak intensity occurred at +8-5km/sec radial velocity.
The overall line width —18 to +41 km/sec approximated to that of the OH feature.
The absorption was unresolved at 10 kHz bandwidth. The maximum, 7 =1-0,
was at radial velocity +2-5 km/sec. (Clark (1965) distinguished features at +2-5
and +4-5 km/sec.)

Circular polarization of the OH line is just measurable in two of the
narrow peaks.

(iii) RCW 38

Line intensity ratios for the absorption at -+1-3 km/sec are close to those
given previously (McGee et al. 1965); 2-2 :2-8 : 1 for 1665, 1667, and 1720 MHz
respectively. No observations were taken at 1612 MHz. The positions of the
continuum maximum and the maximum OH absorption are coincident.

Observations indicate OH-line emission of intensity 3-4°K at —9 km/sec
at 1665 MHz, and 1-8°K at —8-5 km/sec at 1667 MHz.

(iv) 1308—62

Observations were initially directed towards RCW 74. However, the radio
continuum maximum was found about 14’ arc away at 13b08m38s, —62°20'-1
(1950-0). Appreciable emission at the 1665 MHz line was detected over a band of
radial velocities —43 to —34 km/sec at points east of the above position. The
results of position-finding observations are consistent with two point sources of line
emission 5’ arc apart; one with radial velocity —35 km/sec at 132 09m 58s, —62°21'-6,
and the other with radial velocity —40 km/sec at 132 09m 18s, —62°23"-1.

Dr. B. E. Westerlund of Mount Stromlo Observatory has kindly supplied us
with prints of an Uppsala—Schmidt plate centred on RCW 74. No HII region is
visible either at the position of the continuum maximum or that of the OH-line source.

This is some support for a distance of either 8-5 or 3 kpc derived from the
kinematic model. We believe that the distance of 3 kpc, on the outside edge of
the Sagittarius arm, is the more likely. The OH sources would then be 4-5 pc apart.
The separation of the OH emitters from the position of the continuum maximum
would be 10 and 3-5 pc at —35 and —40 km/sec respectively. The significance of
the separation of the continuum and OH emission peak positions is complicated
by the complexity of the continuum source itself. Its apparent peak position depends
on angular resolution.

No significant amount of OH absorption was observed at 1665 MHz but
opacities up to 0-1 occur for the 1667 line over the band of radial velocities from
—46 to —37 km/sec near the position of peak emission at 1665 MHz.
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(v) 1608—561

Position finding was used to locate the maximum of the 1665 MHz line
emission at 16008m39s, —51°21-3 (1950-0) or approximately 3'-5 away from the
continuum maximum at 16208m14s, —51°18'-4 (1950-0). This separation is
11 pe for a distance of 10- 5 kpe.

The maximum values of the absorption features near —99 km/sec were
observed at the position of the continuum source.
One set of observations was made at 1667 MHz at 162 08m 14s, —51°19-1

(1950-0). The absorption features near —99 km/sec were approximately equal to
those at 1665 MHz but an emission feature near —91 km/sec was 2-5 times weaker.

(vi) 1617—50

The maximum of the 1665 MHz line emission was found at 16h17m16s,
—50°27'-6 (1950-0), and angular distance of 3'-9 from the continuum maximum
16817m 068, —50°31'-0 (1950-0). For a distance of 4 kpe the separation is 4-5 pe.

The line profile displayed absorption dips at —b58, —48, and —45 km/sec
and two peaks of emission at —55 and —52 km/sec. It is possible that the true
absorption may be masked to some extent by the emission features.

A check observation was taken in one position (16h17m41s, —50°28'-8) at

1667 MHz. Absorption dips at the same radial velocities and of similar intensity
to those at 1665 MHz were present. Emission lines were scarcely above noise.

(vii) NGC 6334

The HII region which is relatively close to the Sun (1-3 kpc) has been discussed
in considerable detail by Gardner, McGee, and Robinson (1967).

In this case two sources of OH-line emission are separated from each other
by 16’-5 arc or ~ 6 pc. They are situated along a line of galactic latitude and spaced
approximately equally either side of the continuum maximum. The OH absorption
is centred on the continuum maximum.

(viii) Sagittarius A
The entry in Table 1 merely gives some of the important features of the

absorption profile, which has been discussed elsewhere (e.g. Goldstein et al. 1964;
Robinson ef al. 1964).

(ix) Sagittarius B2
Observations at 10 kHz resolution were confined to a band covering the radial
velocity range -+60 to -+80 km/sec approximately. OH emission was observed

on all four lines (1612, 1665, 1667, and 1720 MHz). The profiles have been given by
McGee et al. (1965).

Position finding located the maximum 1665 MHz line emission at /11 = 0°40’,
bIl = —0°2'-2, which is coincident with the position of the thermal source observed
at 6 cm wavelength by Broten et al. (1965) and that of the more northerly component
of a double source observed at 10 cm by Cooper and Price (1964). At 18 cm the
components are unresolved and the continuum maximum appears displaced in
longitude from the OH position.
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(x) W 49

Results of observations at higher angular and/or frequency resolutions are
available (e.g. Palmer and Zuckerman 1966; Rogers et al. 1967).

Continuum observations at 18 em (by F.F.G.) have shown that the source
is a double; one component is well away from the line emission source at 192 08m 50s,
+09°02’-0 (1950-0) and the other at 19207m57s, 4-09°01"-8 (1950-0).

We find the OH-line emission at 19207m42s, -1-09°01’-3 for radial velocities
+6-0 and +21-5 km/sec and 19207m508, +09°01'-3 for radial velocities +13-0,
+16-3, and +18-1 km/sec. These are approximately 2’ west of the corresponding
two positions found by interferometry by Rogers et al. (1967).

At a distance of 13-5 kpe the OH sources are 6 pc apart and about 10 pc from
the continuum source.

V. DiscussioNn oF REsuLTs
(@) Absorption Lines

OH absorption has been detected in the directions of 26 of the 30 sources.
No absorption was seen in the directions of the Crab nebula, 30 Doradus, the Orion
nebula (already seen to have peculiar emission), and W 49. However, in the last case
it is possible that the intense emission may mask weak absorption. The great majority
of the present sources exhibit absorption at two or more radial velocities.

It should be borne in mind that the present sources were selected on the basis
of the strength of their thermal radiation. Other types of radio sources should be
investigated before we can draw conclusions about the galactic distribution of OH.

(b) Opacities

The apparent opacities range from 0-4 to less than 0-002. There are now
enough data for a comparison of the opacities for OH and neutral hydrogen in several
positions in the galaxy. Six of the OH measurements can be compared directly
with the H-line absorption results obtained by Clark (1965). The ratios of opacities
tom/Tu are listed in Table 3. Where line widths were measured in both cases the
ratios (o7)om/(o7)m are included; this ratio is directly proportional to
(Nou/Nu)-(Ta/Tor). Here o is the dispersion in kilohertz when a Gaussian shape
is assumed, N; the surface density of molecules or atoms, and 7'; the relevant
excitation temperature.

It can be seen in the table that, although the greatest ratio of rom to g is
in the 440 km/sec component of Sagittarius A, there is no systematic variation in
the ratio with distance from the centre, as suggested by the early observations of
Sagittarius A and Cassiopeia A (Robinson ef al. 1964).

(c) Emission Lines
OH emission lines were observed at 1665 MHz in 14 of the sources. There
was no obvious correlation of OH emission with the intensity of the continuum.
Some intense HII regions, such as RCW 38 (T, = 115°K) and 5-Carinae (7. = 110°K),
produced no emission at this frequency, while the relatively weak RCW 36 (T = 17°K)
produced 5-4°K of anomalous OH-line emission.
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(d) Line Half-widths
From the absorption lines observed with 10 kHz filters, for 31 cases of apparently
simple features, the mean half-width is 3-1+1-2 (s.d.) km/sec, or 2-5 km/sec when
corrected for the instrumental bandwidth (equivalent to 1-7 km/sec).

For 21 simple cases of emission, as seen with 10 kHz resolution, the mean width
is 2-740-8 (s.d.) km/sec, or 2-0 km/sec corrected.

(e) The Relative Positions of OH with Respect to the Thermal Sources

In Section IV the positions of the radio continuum maxima and the positions
of maximum OH emission and absorption were discussed for a number of individual
sources. In many cases of emission lines the OH maximum was found to be displaced
from the 18 em continuum maximum. (The angular distances are given in Section
IV and amount to several parsecs for the distances assumed.) For the few cases
that have been investigated, the OH absorption maximizes at the same position
as the continuum.

For three cases of double OH emission maxima the component separation
was a few minutes of arc (equivalent to 2-10 pc at the estimated source distances).

(f) Radial Velocities of OH and Recombination H Lines

Fifteen comparisons may be made in Table 1 between the radial velocities
of OH-line components (six in emission and nine in absorption) and those of the
126 « H-line observed at 3249 MHz by McGee and Gardner (1967). The 126 « lines
are quite wide, ~ 32 km/sec half-width. The average difference between the 126 «
velocity and that of the nearest OH feature is ~ 2 km/sec, which is about equal to
the measurement errors of the 126 o peaks. Since the recombination lines are
generated in the HII regions themselves, the above comparison supports the idea
that the OH emission and some of the absorption frequently occur close to the
HIT region.

(9) Radial Velocities of OH and HI Lines

It can be seen in Table 3 that good agreement exists between the velocities
of OH and HI absorption line components. The neutral hydrogen values in Table 1
are comparatively few in number and cover large ranges of velocity. The general
impression gained is that considerable quantities of OH gas are spread throughout
the neutral hydrogen clouds in spiral arms.

(k) Polarization

The polarization data for the OH emission (Table 2) should be regarded as being
of a preliminary nature. The bandwidth of 10 kHz smooths the polarization
components, many of which are known to have half-widths of less than 1 kHz.
However, the degree of circular polarization r approaches 1 for many components.
The sense changes from component to component but no recognizable pattern has
been detected in any of the profiles studied.

No polarization was found in the strong absorption lines from RCW 38, the
two absorption components in NGC 6334, or the wide absorptions in Sagittarius
B2 and Sagittarius A.
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In general the degree of linear polarization was low. The highest value,
p = 0-45, was observed in 1308—62. In this source the sense of the circular
polarization was right-handed over all components.

VI. Location or OH Croubs

Each feature listed in Table 1 is believed to represent a ‘“‘cloud” of OH gas,
each with its own peculiar radial velocity. In almost every case the velocity is
compatible with differential galactic rotation, and thus we may use a kinematic model
to locate the clouds. Figure 1 shows an attempt to do this.

The diagram shows (1) contours of radial velocity in the galactic plane derived
from the circular orbit model of galactic rotation, ‘northern hemisphere”, discussed
by, for example, Kerr and Westerhout (1965); (2) dotted outlines, representing the
distribution of neutral hydrogen as positioned by the same model; (3) catalogue
numbers and longitude lines of the radio continuum sources.

When the radial velocity and direction of a cloud place it inside the circle
of zero velocity of the model, ambiguity of position exists and some additional
information must be used to resolve the ambiguity. In several cases optical distances
to HII regions have been estimated independently. Again, if an HII region has been
photographed and catalogued it is probably within a few kiloparsecs of the Sun.
Further, it is plausible to regard the continuum sources of larger angular size as being
nearer. Finally, absorption would be expected to occur between the HIIL region
and the Sun, while, as shown in the preceding section, OH emission usually emanates
from points in the vicinity of HII regions. The order of positioning emission and
absorption features gives a clue to locality. Source 1608 —51 is such an example.
We have placed the OH clouds at the larger distances because then the emission
cloud is beyond the two absorbing clouds. In addition, a study of neutral hydrogen
line profiles in the same direction can give an indication of which is the most
likely position.

Having decided on cloud positions by one or more of the above methods
it appears that with the exception of the galactic nucleus source, Sagittarius A, all
the sources with higher aerial temperature lie within 2 kpe of the Sun.

In Figure 1 the locations of the emission line clouds are shown by full circles
and the locations of the absorbing clouds by squares. Distances to the nearest half
kiloparsec are listed in the final column of Table 1. In addition to that for the 30
sources, radial velocity information was extracted for 8 more sources observed
elsewhere (Robinson and McGee 1967).

It must be concluded from Figure 1 that many clouds of OH gas are dispersed
through the main spiral arms of neutral hydrogen as well as through those associated
in some way with HII regions.

Fig. 1.—The position of OH clouds projected onto the galactic plane. The squares represent

absorption components, the circles, emission components. Contours of radial velocity derived

from the circular orbit model of galactic rotation are included. (Dotted outlines represent the

distribution of neutral hydrogen.) The catalogue number and direction of each continuum source

are marked. The open squares and brackets represent possible positions taken from profiles
observed elsewhere. The Sun—galactic centre distance is 10 kpe.
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VII. CoNcLUSION

The preliminary survey of galactic sources shows that OH gas may be detected
in absorption in the directions of most radio sources near the galactic plane.

Although the' sample available was fairly small, it appears that the ratio
of OH to HI is less in the outer arms and is much increased near the galactic nucleus.
However, the ratio varies somewhat randomly in the inner arms (Carina, Cygnus,
Sagittarius, and Norma-Scutum) rather than displaying a progressive increase
towards the centre.

The comparison of radial velocities of OH and recombination H lines leaves
little doubt that both emitting and absorbing clouds frequently occur near HII regions.

Polarization measurements of the stronger sources indicate high degrees of
circular and low degrees of linear polarization.

The work has underlined the need for more OH measurements at increased
frequency resolution and sensitivity. Combination of these data with data from
H-line absorption and excited hydrogen emission should add greatly to our knowledge
of the interstellar medium.
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