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THE HYDROGEN LINE IN ABSORPTION
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ABSTRACT

21-cm absorption spectra have been obtained for twelve radio sources, using conventional techniques.
Six of these sources were also studied with a hydrogen-line interferometer. Differences in the profiles
obtained by the two methods give information on the structure and temperature of the H 1 clouds seen
in absorption Estimates of the angular sizes of four clouds based on these differences lead to an average
diameter of 13 parsecs. In some cases it has been possible to find an upper limit to the temperature of
the clouds somewhat lower than the generally assumed 125° K. A temperature of 60° K is suggested,
giving densities of 20 atoms/cc and masses of 103 M © for the absorbing clouds.

I. INTRODUCTION

As part of a general program comprising both the determination of distances to radio
sources and the study of galactic structure, 21-cm absorption measurements were started
at the Owens Valley Radio Observatory in 1959. One of the observatory’s two 90-foot
paraboloids was used with a frequency comparison receiver having a band width of 6
kc/sec to study a number of galactic sources (Radhakrishnan and Bolton 1960). Two
main difficulties were encountered in this investigation: one was the determination of the
expected profile, and the other was the accurate measurement of large optical depths.
Subsequent improvements in technique, dealt with in the next section, have made it
possible to obtain reasonable absorption profiles for about a dozen radio sources. The
detailed results and discussion thereof are presented in succeeding sections, and the rest
of this section is devoted to a brief review of some of the previous work in this field.

The first observation of 21-cm absorption was made by Hagen and McClain (1954),
who found that if a comparison-type radiometer was tuned to a peak in the hydrogen
spectrum and the antenna swept through the position of a strong radio source, there was a
sharp decrease in the observed intensity at the position of the source. It soon became
clear that the interstellar hydrogen in front of the continuum source was producing an
absorption line in the spectrum of the source similar to those formed in the optical range
by interstellar calcium and sodium. In a later paper Hagen, Lilley, and McClain (1955)
first outlined the two now well-accepted methods of obtaining an absorption profile with
a single antenna and treated the theory and physical significance of the observations in
detail. From measurements on the radio source Cassiopeia A, made with a 5 kc/sec band
width, it was shown that a cloud model for the distribution of the interstellar hydrogen
was necessary to explain the striking dissimilarities between the absorption profile for the
source and the emission profile obtained in neighboring directions. A minimum distance
for the Cassiopeia source was also determined following a method outlined by Williams
and Davies (1954).

Using a 25-meter paraboloid and a 5 kc/sec band width, Muller (1957, 1958) obtained
absorption profiles for five strong sources of small diameter. He was able to reduce the
error in determining the expected profile by scanning across some of the sources at con-
stant galactic latitude. Muller’s results amply confirmed the earlier NRL evidence of
cloud structure in the hydrogen and showed that the r.m.s. velocity in the clouds was,
in general, much higher than expected from thermal broadening alone, indicating mass
motions inside the clouds. One of the three major components in the Cas A spectrum was
found to have a surprisingly high optical depth of v = 4.

In addition to absorption in the spectra of discrete sources, there are also self-absorp-
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tion effects. Heeschen (1955), Davies (1958), and Radhakrishnan (1960) have all re-
ported evidence of the absorption of background emission by hydrogen clouds at tem-
peratures well below the usual 125° K found from emission observations. There would
seem to be little doubt that extended 21-cm absorption studies offer the most promising
way of investigating the temperature, density, and velocity distribution of the inter-
stellar medium.

II. THE TECHNIQUE OF ABSORPTION MEASUREMENTS

The formulae for describing single-dish absorption measurements were first given by
Hagen ef al. (1955). If we turn the antenna in the direction of a source which has hydro-
gen clouds around it, the response of a frequency-comparison receiver is given by

Re(AT(») ) —Tas{1 —exp[— ()]}, ¢))

where (AT (»)) is the mean brightness temperature of all the H 1 clouds in the beam of the
antenna weighted by the antenna pattern (this is often called the expected profile); T4

() (b

Fi6. 1.—Drift-curves in right ascension of (a) Cassiopeia A and () Westerhout 51 showing absorp-
tion. The upper trace is the output of the narrow-band (6 kc/sec) frequency comparison receiver, and
the lower trace is the output of a broad-band d.c. radiometer. The temperature scales are roughly
equivalent in the two channels in both figures. The change in background temperature with position
in the sky is more marked in the case of W51,

is the temperature of the source weighted in the same manner; and 7(») is the optical
depth of the clouds between us and the source—e="(*) is averaged over the source dis-
tribution at the frequency ». The intrinsic temperature of most radio sources outside the
solar system is 10000° K or more, while the brightness temperature of H 1 regions is of
the order of 100° K. The effect of the source absorbing line radiation originating from
behind can therefore be shown to be about 1 per cent or less of the source intensity. We
have consequently neglected this effect.

In Figure 1 are two curves showing absorption in the spectra of Cassiopeia A and
Westerhout 51. They were obtained with a frequency-comparison receiver which pro-
duces a downward deflection (upper irace) at the position of the source in the presence of
absorption. The lower traces are from a continuum receiver and serve mainly to indicate
the position of the source.

In comparison-receiver observations, the line-receiver deflection corresponding to the
full-source intensity, T4, must be found by some auxiliary method, since the receiver
responds to 74 only in proportion to the amount it is absorbed. For large optical depths
a small error in the determination of this deflection (caused perhaps by a small gain
change) will cause a large error in the value of 7.

A more straightforward solution to the determination of 7 in these cases is to observe
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with an unswitched, single-sideband, narrow-band receiver (Fig. 2). The output of the
receiver is now given by

Rec{AT(») )4+T4exp[— 7(»)]. (2)

If we tune the receiver to a frequency outside the range of line emission or absorption
(Fig. 2, a, d), the response to T4 can be measured by sweeping the antenna across the
source. The absorption will be measured as a reduction in the source response for certain
frequencies (Fig. 2, b, ¢, ¢). Where there is considerable absorption, the remaining re-
sponse to the source will not be large, and small gain changes will have only a negligible
effect. Where there is little absorption, however, we are again taking the difference of

ot Nt i,

(a) (b) (c)

(d) (e)

F16. 2.—Dirift-curves at different frequencies taken with a single-sideband d.c receiver showing
absorption. Upper trace in each figure is the movable 6 kc/sec channel and the lower trace the fixed
5 Mc/s channel. The top figures show Cassiopeia A (a) unabsorbed, (b) partly absorbed halfway down
the deep line, and (c) at the bottom of the deep line. The bottom figures show the Omega Nebula (d) su-
perimposed on the H 1 emission from the galaxy and (¢) in a deep absorption line.

two large quantities, and the effect of small gain changes will be to cause a relatively large
error in 7. This form of receiver is, of course, subject to the usual instability of output
zero level associated with d.c. receivers. We have therefore used the switched receiver to
find weak absorption and the unswitched receiver to measure accurately deep absorption
features.

To obtain 7(v), which is the true absorption spectrum of the radio source, it is still
necessary to separate the source from the background of hydrogen emission within the
beam of the antenna. The latter is often many times larger than the angular dimensions
of the continuum source. The two usual methods of deriving (AT (»)) (the expected
profile) are both based on interpolation between neighboring regions of the sky. In the
frequency-scanning method, profiles are taken with the antenna tracking each of a num-
ber of points around the position of the source in question, and these profiles are then
averaged together to obtain a mean. In the other method dealt with above, the receiver
is set at a fixed frequency and the antenna beam moved across the position of the source
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in right ascension or in declination (Figs. 1 and 2). The recorder trace is then interpolated
across the position of the source, to give the value of the expected profile at that particular
frequency. In the case of Cas A (Figs. 1, ¢, and 2, g, b, ¢) the interpolation seems straight-
forward, as the background is varying very slowly, whereas for W51 (Fig. 1, 5) and M17
(Fig. 2, d, e) the rapid change in the background is quite evident. The important point to
bear in mind is that, with either the frequency-scanning method or the drift-curve meth-
od, the expected profile has to be interpolated between regions at least a full beam width
away. Thus the high resolution that is expected from absorption measurements—that of
the diameter of the source—cannot be fully realized.

The problem of the expected profile was also approached with two new methods. In
the first, a frequency scan taken with our 90-foot antenna at the position of a source was
compared with one taken at the same position with a 25-foot antenna. A small diameter
source would produce about a tenth of the temperature in the smaller antenna as it
would in the larger one, and the absorption features in the observed profile would be pro-
portionally weaker. It was assumed that the difference between the two profiles would be

Cavity
Crystal First Crystal
Mixer Local Osc Mixer
IF Amp IF Amp IF Amp
30 Mc/s 30 Mcss 30 Mc/s
Second
Mixer Local Osc Mixer
Tunable
Filter Filter
6 4 Mc/s Multiplier 64 Mc/s
Af=6Kc Af=6Kc
Detect Time
etecior Constant
Time Chart
Constant Recorder

. F16. 3.—A block diagram of the hydrogen-line interferometer. For a single-dish d.c. radiometer opera-
tlori,.olne of the two halves of the interferometer was used with an ordinary detector replacing the
multiplier.
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essentially the absorption spectrum of the source times a scale factor. As might be ex-
pected, this method proved unsuccessful. The smaller dish averaged variations in the
emission background over a region ten times the solid angle subtended by the smaller
beam of the larger antenna, and this was apparently somewhat different from the back-
ground right at the position of the source.

The other approach, which proved very fruitful, was to use the two 90-foot antennas
together in an interferometer arrangement (Radhakrishnan, Morris, and Wilson 1960).
They were separated by 300 wavelengths along an east-west base line and were connected
together as indicated in the block diagram of Figure 3. The interferometer had two out-
puts, a broad-band total-power output and a narrow-band multiplier output from a
6 kc/sec channel. The position of the narrow channel within the broad band could be
varied by tuning the second local oscillator. Both outputs were displayed on the same
chart (Fig. 4) and correspond to the single-dish line and continuum traces as seen in Fig-
ures 1 and 2. The bottom trace shows a gentle attenuation from left to right due to the
effect of the accumulating path difference with increasing hour angle on the wide band
width but is otherwise of constant amplitude. The top trace shows drastic variations in

BF =65k |
7C =/0s |;

ITHE
Af=5Mey |
TC=Ss N

F16. 4—An interferometer measurement of part of the absorption spectrum of Cassiopeia A. Upper
trace shows the narrow-band multiplier output as the receiver is tuned through the two deep lines
caused by clouds in the Perseus arm (Fig. 6, A) Lower trace is the broad-band total-power output,
showing a slight effect of band-width attenuation with increasing delay in one arm of the interferometer.
Noise level is seen at extreme right, where the antennas were moved off the source.

amplitude as the narrow-band filters are tuned through the frequency range of the two
deep features in the absorption spectrum of Cassiopeia. The signal-to-noise ratio can be
estimated from the right-hand end of the top trace, where the antennas were moved off
the source.

The principle behind the interferometer method is the following. The amplitude of the
fringes produced by a small-diameter source at any frequency is independent of the
spacing of the antennas, until the lobe separation approaches the size of the source and
the interferometer begins to resolve it. The background emission, on the other hand, hav-
ing in general a lower brightness temperature than the source and a structure gross com-
pared with that of the source, is resolved out and produces no fringe pattern. If the
interferometer is swept in frequency through the hydrogen spectrum, the narrow-band
fringes will have an amplitude proportional to the transparency of the hydrogen in front
of the source at each frequency. If 4 is the amplitude outside the hydrogen band, then
A, = A= is the fringe amplitude at frequency ». Thus 7(») is directly determined and
the expected profile made redundant. For a point source, any observed difference be-
tween the single-dish and the interferometer absorption profiles can be due only to an
error in the single-dish expected profile caused by structure in the emission roughly coin-
cident with the source position. From the differences between the two profiles, one may
determine the nature of the structure, and this is what we have done.

According to the simple picture outlined above, the multiplying interferometer inter-
polates and subtracts the background between regions a lobe separation apart, thus pro-
viding greater accuracy than when dealing with regions at least two beam widths apart,
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as in single-dish techniques. If antenna movement permits, the lobe spacing can be de-
creased arbitrarily for point sources, giving greater and greater accuracy in finding the
true absorption profile. However, two factors complicate the interferometer method and,
at the same time, increase its potentialities. The first is that hydrogen emission alone will
produce fringes having an amplitude and phase appropriate to the spatial frequency
components in the brightness distribution to which the interferometer is sensitive. As far
as is known, no high-resolution investigation of the fine structure of the hydrogen emis-
sion has been done so far, mainly for lack of suitable instruments. The second factor is
that most of the strong sources in the galaxy begin to be resolved even at moderate in-
terferometer spacings of a few hundred wavelengths, and great difficulties are introduced
into the interpretation of the observations.

The observed fringes are the vector sum of the fringes produced by the emission alone
and those produced by the source modified by the absorption. Hence any change in the
apparent absorption profile with resolution can be explained, in general, either in terms
of a structure in the hydrogen in front of the source or in the emission anywhere within
the primary beam. To extract the maximum amount of information, one must compare
the brightness distribution over the source at all frequencies of interest with that outside
the hydrogen spectrum. However, one must still interpolate the expected profile across
the source, in order to determine the true absorption. Thus, if there is structure in the
hydrogen emission within the solid angle subtended by the continuum source, then, in
principle, it will not be possible uniquely to determine the distribution of r and T’ by
absorption studies.

Appropriate equations for the quantities measured with the interferometer method
are given in the Appendix.

No attempt was made to measure the phase of the interferometer fringes or its change
as a function of frequency. In the reduction and interpretation of the results presented
here, very simple models have been assumed. Discrepancies between single-dish and
interferometer spectra are explained in terms of single clouds situated in front of the
source. A suitable combination of angular size and brightness temperature was chosen to
fit the observations.

III. THE OBSERVATIONS

The true absorption profiles, obtained as described above, were corrected for the finite
band width of the receiver by the chord correction method of Bracewell (1955). For those
sources with a very complicated absorption spectrum, the profile was plotted on a scale
linear in optical depth and was divided by eye into separate features with plausibly
shaped profiles, always with the restriction that the sum of the individual profiles must
yield the observed profile. As an example of this sort of plot, the interferometer profile for
the source M17 is shown in Figure 5. This procedure is quite susceptible to error when
the features are closely blended, and we have tried to indicate this in our estimated er-
rors. The width of shallow lines is especially difficult to judge when they occur near deep
lines.

The errors quoted were estimated from the consistency of various observations of the
same feature. The difference between adjacent values may have less error than the curve
as a whole. For this reason we feel justified in including kinks in our profiles of height
about equal to the estimated error. The errors do not include systematic effects caused,
for example, by local variations in the hydrogen emission. There has been no attempt to
reduce this type of error by, for instance, taking drift-curves in declination. The absolute
error in frequency measured by the receiver probably amounts to about 2 kc/sec. How-
ever, the reading error from the curves may be much greater, especially in the case of the
blended features. The error in the half-widths of the lines is almost entirely due to im-
proper separation of blended components and to uncertainty in the maximum optical
depth.
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We have not ourselves directly observed the expected profile; however, in order to
indicate the hydrogen emission in the region of interest, an approximate expected profile
is included. For the strong sources—all those observed with both the single dish and the
interferometer and for W51—the expected profile was taken by B. Hoglund at the Chal-
mers Institute of Technology. These profiles were obtained with a small dish (7.5 meters
in diameter) pointing at the source position. In this case the source makes a small con-
tribution to the antenna temperature, so that the absorption, which at most amounts to
the antenna temperature of the source, is nearly negligible. The profiles were taken with a
band width of approximately 30 kc/sec and are presented uncorrected for band width.

The following figures (6-11) present the results of our observations. The top part of
each figure is the expected profile, the second part is the profile obtained with the single
dish (35" beam width), and the third, the profile as obtained with the interferometer (12
east-west lobe spacing). In the cases where the band-width correction amounts to an

Mz
200
160 —
Dol
50 —
00 / I |

I
40 00 -40 -80 -120 -160

F1c. 5.—The interferometer absorption profile for the Omega Nebula plotted on a scale linear in 7
for separating the components.

appreciable part of the estimated error, the uncorrected profile is also included as a
dotted line. The estimated error in the profile is indicated on the figure. As the percentage
error depends on the amount of absorption and on the number of observations made of
the source, several error bars may be indicated on each profile, each applying to the
nearby portion of the profile at about the same height as the error bar. Where there is
only one error bar, it applies to the entire profile.

Table 1 lists the sources observed. The first column names the source. “W’” and “3C”
refer to the Westerhout (1958) and the third Cambridge survey (Edge, Shakeshaft,
McAdams, Baldwin, and Archer 1959) catalogues. In the second and third columns are
given the positions in the new galactic co-ordinates. The fourth column gives the optical
identification of the object, where such identification exists. We have also listed a dis-
tance derived from the identification in the same column. In the fifth column is the in-
tensity of the source as observed with a single dish, expressed as a ratio to Cas A. The
sixth and seventh columns indicate the approximate angular size of the object and the
fringe visibility with an interferometer of 300 wavelength east-west spacing. In the eighth
column are the frequencies searched for absorption. The ninth and tenth columns pertain
to the determination of the distance of the source. In the tenth column is listed the
kinematical distance of the most distant feature in the absorption spectrum, and in
the ninth column is given the frequency at which this feature occurs. (The frequencies
and distances are found in Table 2.) The eleventh and twelfth columns list the frequency
and kinematical distance of the nearest feature in the emission profile which does not
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appear in absorption. The source is’not necessarily in front of the emission feature, as
there may be a gap in the hydrogen through which the source appears. This apparently
occurs for some of the emission in the direction of the Cygnus source.

The individual features are listed in Table 2. The first column lists the source, and the
second and third the center frequency of the absorption feature and the corresponding
radial velocity. The next three columns present the single-dish results. The fourth column
lists the maximum optical depth in the feature, along with the appropriate error. The
fifth column indicates the full width at half optical depth, expressed in kilocycles per

TABLE 1
SOURCES OBSERVED FOR ABSORPTION
FRE- NEAREST
IN- APPROX QUENCIES Mjf;goggifggl‘ UNABSORBED
OpticAL IDENTIFI- | TEN- FRINGE SEARCHED FEATURE EMIssioNn
SOURCE i b1 | catioN TypE Dist | sITY (kc/sec) FEATURE
(kpc) I/I
Cas
Size Vis | From| To |kc/sec| r (kpc) |kc/secir (kpc)
1) (2) 3) (4) (5) (6) m] ® ) (10) 1) | (12)
Cas A . 111 51|— 0 22| Supernova 3 100 5’ 0 75| —100| +400| +229| 3 8 4460 7 5
Cygnus A 76 50|+ 5 75| Galaxy . .| 061 174 0 90| —200{ +4600| +446| 10 9
Crab Neb 184 53| — 5 79| Supernova 111036 4’ 0 75| —100| + 50 A Y
Orion Neb. 209 08{—19 26| Em Neb 05017 7 0 45| —120] + 60| — 38| 0 47 — 49| 0 62
Omega Neb 14 95|— 0 72| Em, Neb M17,
NGC 6618 0 23 6.5 04 | —230{ +130{ —124| 2 6 —190| 37
Sgr A 0 — 0 15| Galactic, cen-
ter 82042 1%% 0 22| —-200{ 4360 .. .
3C 123. 170 58(—11 41 0 025|<1’ 100 — 80 + 80| — 22 0 S
CTB 31. 267 88— 1 06 0 064 30'X 15" — 50| + 50{ — 23] 09 — 80| 23
CTB 34t 335 76|+ 2 37| . .. 0 059) 0°8 — 50{ +500
CTB 39 349 76/+ 2 50/ Em. Neb
NGC 6334 0 055} 12/ — 80| +300] + 27 038
w22 353 23|+ 0 43| Em. Neb
NGC 6357 1 016 | 36’ —125| +125
W28} 6 36/|— 0 12 0 058| 15X 48’ —150{ +250 .
W43 30 70|+ 0 83 0 082| 15/ —600] +150( —445 g g,
Ws1 49 10|— 0 40 010 | 18 —500( + 50| —260| 4 4,
63 +220f 13 4
W75 81 55|+ 0 36 0 035 2° — 65 0] — 54 12 +100] 4 5

* The source consists of two components The size 1° is a?propriate to the single-dish observation With the interferometer,
almost all the source is resolved out except a core of about 35

+ There appear to be no absorption features in the spectrum of CTB 34 with optical depth greater than 1 in the range observed.
CTB numbers are from Wilson and Bolton (1960)

1 W28 probably has an absorption feature between —20 and —40 kc/sec, with an optical depth less than 0 8

second. The sixth column gives [rdv, where the integration is carried out over the fea-
ture in question. To obtain the number of atoms per square centimeter in the line of
sight, one multiplies this number by the constant 3.88 X 10!7 T. We prefer to give this
quantity instead of the number of atoms in the line of sight because the temperature of
these clouds is not well known. The next three columns give the same information ob-
tained with the interferometer. The last column of the table gives the kinematical dis-
tance to the cloud forming the feature. All the above kinematical distances are based on
the rotation curves derived by Schmidt (1956). In the ambiguous cases, both possible
distances are given. If one seems much less likely than the other, it is inclosed in parenthe-
ses. Table 3 continues Table 2 for those sources observed only with the single dish.

a) Cassz'opeia A

The absorption profiles for Cassiopeia A are shown in Figure 6. The most obvious
features in the spectrum of this source are the three very deep and narrow lines, two of
which have velocities corresponding to the Perseus arm and one the Orion arm. There are
several other features of much lower optical depth at intermediate frequencies. There is
some suggestion that the strong features may be resolved into finer structure. Muller
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TABLE 2
ABSORPTION FEATURES OBSERVED WITH THE INTERFEROMETER
SINGLE Di1sE INTERFEROMETER
SOURCE FRrEQ VEL. 7
(kc/sec) | (km/sec) (kpc)
Max 7 Width| Int = Max 7 Width | Int 7
(1) 2) 3) 4) (5) ) ) (8) (9) (10)
Cas A — 36 + 76| 008 +0 06 157 16|0134+0 05 24 28 0
+ 4 — 08 198 + 12 15 33 2 0040 12 17 35 01
+ 28 — 59| 018 + .06 157 26 . .. . .. .. 06
+ 64 —13 5 005 + 06| 30? 141]009+0 05 127 14 10
+180 —380) 310 + 2 31 98 2 53+0 25 32 79 30
+229 —48 3 |>4 7 ~16*|~ 88 341+04 22 74 38
CygA |— 14 +30| 025 &+ 06| 45 11 029+0 06| 50 16 038 34)
+ 54 —11 4 0 0840 06 27 28 47
+ 95? —20 1 . .. 0 0410 06 ? 10 54
+344 —726| 009 £ 06 187 18] . .. . .. 92
+403 -85 1 022 +£ 06 28 63|018+0 06| 23 46{101
Crab +446 -9 1 005 + 06 ? 071]003+£0 06 ? 051009
ra
Neb [+ 3 —06| 021 08 15 371024+0 07 13 46
— 10 + 21 0 53?%+ 3 ..
— 20 + 42 0682+ 3 . .. .. . . e e
— 15% + 32 070 &+ 10| 25 18 0 72+0 07 20 12 e
— 28 + 59 . .. . 0 5?+0 4 ? 5?
— 48 +10 1 15 + 4 13 22 105+0 2 13 16
- 3
Orion
Neb [— 38 + 80 0 60+0 25 9 91 0 47
— 24 + 51 24 412 14 | 43 027
—06
- 19 + 40 127 + 25 27 46 e R B 0 22
- 11 + 23 . 12540 35 10 16 0 11
- 1 + 02 .. . .. . 1063+0 25 10 76 0
+ 4 — 08| 036 + 15 13? ST . . .. .. . 0
+ 14% — 30 015 + 10 (=10 201|025+0 15 12 6 0
Omega
Neb |+ 24 - 51 0 25?2+ 15 AU R 0 (15.8)
- 7 + 15 078+ 4 217 18?7 .o .. . .. 0 16(15 6)
— 348§ 4+ 72 170 + 28 35?1 56 17710 22 35 72 0 73(15.1)
— 73 +15 4 14 + 5§ 25?| 35?7 0 82+0 30 | 307 | 23? 164 2)
—100 +21 1 32 H4o 25 80 161+0 20 17 29 210137
- 9
—124 +26 2 092 +0 3 30 27 054+0 3 30 15 2 6(13 2)
Sgr A ..|+253 —53 4 105+0 15 | 20| | 30 ce s
+142 —-300 013+006 | 407 | 4 4 Ce.
+106? —22 4 .| 0 10+0 07 ..
+ 5 - 11 30 +6°7 62 190 | ..........
— 73 +15 4 .1 045+0 15 36 15 | ...,
—105# +22 2 0 25+0 07 60 88| . ...,
3C123 |— 22 + 46 1 65+oo7 28 50 0
-0

* Uncertain because of saturation corrections

. 1 For thesingle dish, this is the average of the two features listed above, which are too close to separate individual widths and
integrated optical depths

5 1 This is a broad wing on the profile and may consist of several blended features Thus the estimated width has little sig-
nificance

§ With the single dish, this feature appears as if it might be double.
|| The width at half optical depth The shape is very different from the usual The core gives a much narrower width.
# A broad wing with no symmetrical shape; the estimated width has little significance.
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(1958) finds a small component on the slope of the deep line at +180 kc/sec. We find
indications of asymmetry in the slope near the bottom of the line at +4 kc/sec, which
suggests that there may be fine structure in this feature. An observation with a narrower
band width would probably decide this question.

The most striking difference between the single-dish and interferometer profiles is the
almost infinite optical depth in the line at 4229 kc/sec as observed with the single dish.
This was investigated with some care; several records were averaged together in an at-
tempt to detect the residual radiation from the source. One of these records is shown in

TABLE 3
ADDITIONAL FEATURES OBSERVED ONLY WITH THE SINGLE DISH
Freq. Vel. . r
Source (ke/sec) (km/sec) Max 7 Width Int. 7 (kpc)
CTB31 .... . + 10? — 2.17 0 31?10 4 ? ? 0
23 + 49 15 _|_(;o7 33 51 09
CTB39........ - 20 + 42 0 60 +0 35 61 36 0 (@617
+ 27 — 5.7 15 +(1) 0 19 39 0.8 (15 3)
—06
W22........... — 54 +411.4 165 4+ 18 35
—0.4
— 23 + 4.9 24 4o 15 46 ... cieiiiie..
-10
+ 6 - 13 30 4+ 20 75 oo,
—-15
+ 60 —12.7 093 +0.25 21 20 |.. ... .......
W43........... — 58 +12.2 22 4o 23 56 10, 14 2
~1.0
—103? 421 7? 020 +0 25 ? ? 1.6, 13 6
—396 +83 6 065 4+0.7 50 33 5.3, 99
—04
—445 +93 9 056 40 7 60 29 59, 93
—04
Wstl........... - 34 + 7.2 >135 <12 297 04, 10 3
— 60 +12 7 10 +gS 28 33 07 100
—-04
—225 +47 5 080 406 26 22 32 175
-0 4
—260 +54.9 0.55 +8 5 27 16 4.4, 63
-03
Wis... ... . — 15 + 3.2 |........ == 50 08, 16
- 54 +11.4  |..... e =40 12

Figure 2, ¢. After the small corrections for imperfect image rejection by the cavity and
for the finite band width had been applied, the remaining contribution from Cas A was
found to be —0.008 + 0.012 of the unabsorbed source. This indicates essentially infinite
optical depth. Even allowing an error of one and one-half times the probable error, the
optical depth is greater than 4.7. However, with the interferometer, the optical depth is
observed to be 3.41 + 0.4. That the interferometer profile does not go to zero at the bot-
tom of the deep line is shown quite clearly in the record reproduced in Figure 4. This is not
an instrumental effect, as the same or 1dent1cal cavities and filters were used with the
interferometer as with the single dish.

The discrepancy cannot be explained in terms of resolution of the source, as the source
still had 75 per cent of its unresolved intensity. This, then, must be an effect of neighbor-
ing background at this frequency which is resolved out by the interferometer. The most
likely explanation, due to Bolton, is that there is a cold cloud in the antenna beam which
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is being resolved out by the interferometer and that this cloud is probably causing ab-
sorption in both the source and the background radiation. In order that it may be re-
solved by the interferometer, it must be greater than about 7’ in size, and, in order that
its narrow line should not stand out in the emission spectrum nearby, its angular size
must be somewhat smaller than the beam width of the single dish. This requires its
diameter to be not greater than about 30’. Taking a diameter of 20" and a distance, cor-
responding to the velocity, of 3.5 kiloparsecs, we find the size to be about 20 parsecs, or
roughly of the same order as that estimated from the optical interstellar lines (van de
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F16. 6.—The expected profile and the derived absorption profilesfor Cassiopeia A, showing the differ-
ences between single-dish and interferometer measurements. Single-dish beam Wldth was 35', and inter-
ferometer lobe separation was 12’ east-west. The expected profile only (f0p) is in degrees Kelvin. The
absorption profiles are normalized with respect to the unabsorbed source intensity. The uncorrected
absorption profile is shown as a dotted line where band-width corrections are appreciable. Where several
error bars are indicated, each applies to the portion of profile at about the same height.

Hulst 1958) The cloud causes a drop in the main beam temperature of the single dish of
about 9° K. Assuming this drop to be due to the cloud alone, it must have a temperature
of less than 60° K. If, however, the observed drop is due only to a large vacant space in
the interstellar hydrogen the temperature in the cloud could be somewhat higher. If we
take the temperature to be 100° K, there are 2.9 X 10% atoms/sq cm, which in a 20-
parsec cloud is 47 atoms/cc. Alternatwely, if the temperature is only 50° K, these figures
become 1.5 X 10% atoms/sq cm and 24 atoms/cc, respectively.

The same argument can be advanced for the other deep line in the Perseus arm, where
we again find a difference between the residual interferometer and single-dish intensities.
For the deep line in the Orion arm, however, the optical depths measured with the single
dish and with the interferometer are almost exactly the same. This implies either that the
absorbing cloud is at much the same temperature as the nearby background emission or,
because of its small distance, that it is so large that it fills several beam widths and the
edges slope off so gradually that they are not noticed. Both causes may contribute.
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b) Cygnus A

Because our present observations were primarily concerned with the measurement of
features of large optical depth, the weak lines in Cygnus A were observed only with low
accuracy. The absorption profiles are shown in Figure 7. The difference between the
single-dish and the interferometer results are not clearly significant. Using the inter-
ferometer, the feature at 345 kc/sec appears weaker than when it is observed with a
single dish. The feature at 55 kc/sec, however, is stronger when observed with the in-
terferometer. These differences, if real, can be explained on the basis that the first is
caused by a cloud of beam-width size which is colder than the background, the second by
one which is hotter than the background.
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F16. 7.—The expected profile and the derived absorption profiles for Cygnus A, showing the differ-
ences between single-dish and interferometer measurements. Single-dish beam width was 35, and inter-
ferometer lobe separation was 12’ east-west. The expected profile only (fop) is in degrees Kelvin. The
absorption profiles are normalized with respect to the unabsorbed source intensity.

The total integrated optical depth of the features in this source is much less than for
any of the other sources near the galactic plane. This is undoubtedly related to the fact
that at optical frequencies there is a hole in the galactic absorption at about the position
of the Cygnus source.

¢) The Crab Nebula

The distance to the Crab Nebula is well known from optical measurements to be
about 1100 parsecs. Thus, although their location near the anticenter prohibits getting
kinematical distances for the clouds causing the features, their distance has a rather small
upper limit. The profiles are presented in Figure 8. The most striking features are the
sharp and narrow line at —48 kc/sec and the broader feature at about —15 kc/sec. The
changes in detail in the latter feature between the interferometer and single dish may not
be significant. The single-dish observations suggest that the line is doubled with com-
ponents at —10 and —20 kc/sec, but the difficulty of resolving two such closely spaced
components is such that one could not estimate a width or maximum optical depth re-
liably for each component separately. The feature observed with the interferometer at a
frequency of —28 kc/sec is probably real, but again it is difficult to separate from the
nearby strong features.
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In several places in this profile we seem to see fine structure with widths less than
about 15 kc/sec. The deep, narrow line at —48 kc/sec appears to have a width of only 12
or 13 kc/sec. These widths are almost compatible with the thermal Doppler broadening
of the atomic hydrogen. The half-width of the thermally broadened hydrogen line is
0.215 T2 km/sec or 1.02 T%/2 kc/sec. Thus a line formed in hydrogen at 100° K would
have a half-width of 10.2 kc/sec. With features so sharp, the profile becomes somewhat
uncertain because of the large band-width corrections. However, the differences between
the single-dish and interferometer profiles are real, as the same filters were used for the
two methods of observation and there is consequently no difference in the rather uncer-
tain band-width correction to be applied to the lines.
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F16. 8.—The expected profile and the derived absorption profiles for the Crab Nebula, showing the
differences between single-dish and interferometer measurements. Single-dish beam width was 35, and
interferometer lobe separation was 12’ east-west. The expected profile only (fop) is in degrees Kelvin.
The absorption profiles are normalized with respect to the unabsorbed source intensity. The uncorrected
absorption profile is shown as a dotted line where band-width corrections a1e appreciable Where several
error bars are indicated, each applies to the portion of profile at about the same height.

In this case also, there is probably a cold cloud of about beam-width size which causes
the antenna temperature of the area of the source to be about 12°K cooler than the
surrounding area. We may argue in the same way as we did for the deep line in Cas A.
As the distance cannot be greater than 1100 parsecs, the diameter of a cloud 20’ in extent
would be only 6 parsecs. If it were at a temperature of 50° K, there would be 3.2 X 102
atoms/sq cm, or 16 atoms/cc, numbers very similar to those obtained for Cas A.

d) Orion Nebula

The single-dish profile in Figure 9 appears to have two components, one at —19 kc/sec
and one at +14 kc/sec, with maximum optical depths of 1.27 and 0.36, respectively. On
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the other hand, the interferometer profile appears to consist of several very narrow com-
ponents. The interferometer indicates that much more of the source is absorbed than is
suggested by the single dish. It should be noted that the observed single-dish results
would be obtained from the interferometer profile if the component at —24 kc/sec were
decreased in optical depth by 1.2 and the other components kept much the same. If we
call upon the same simple model to explain these observations as we did to explain those
of the other sources, then the —24 kc/sec feature must be caused by a bright cloud of
beam-width size.
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Fic. 9.—The expected profile and the derived absorption profiles for the Orion Nebula, showing the
differences between single-dish and interferometer measurements. Single-dish beam w1dth was 35, and
interferometer lobe separation was 12’ east-west. The expected profile only (f0p) is in degrees Kelvin.
The absorption profiles are normalized with respect to the unabsorbed source intensity.

The difference between the single-dish and the interferometer profiles corresponds to
an increase in single-dish antenna temperature of 8° K. Added to the emission tempera-
ture in that direction, this gives a minimum temperature of 55° K for the bright cloud.
This cloud must be very much smaller and denser than those producing a related effect in
Cas A. As the distance cannot be more than 500 parsecs, the cloud must be smaller than
about 5 parsecs in diameter, and its density must be at least 50 atoms/cc.

It is interesting to note the extreme narrowness of the features in the interferometer
profile. Still further resolution into fine structure is suggested at the limit of the frequency
resolution of our observations. The fortuitous resolution of an apparently smooth feature
into narrow components suggests that, in this case at least, the clouds consist of small
wisps of the order of size of a few minutes of arc, moving with a velocity of a few kilome-
ters per second with respect to each other and internally broadened only by thermal
motions.

€) Omega Nebula

As the Omega Nebula is rather large, part of the changes between the interferometer
and the single-dish profiles may be due to the resolution of the source. The fringe visibil-
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ity is down to about 0.36 at a spacing of 300 wavelengths. The absorption profiles are
presented in Figure 10. The most obvious features are the very strong ones at —34 and
at —100 kc/sec. There is a great deal of barely resolved detail in the profile. Four lines
are clearly seen, and two more are suggested. The single-dish profile suggests a possible
doubling of the feature at —34 kc/sec. These components are not narrow, as in the case
of the Crab and Orion Nebulae, having widths of the order of 20 or 30 kc/sec.

The —100 kc/sec line is much weaker with the interferometer than with the single
dish. The difference is of the order of 0.15 of the source intensity and can be explained on
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Fic. 10.—The expected profile and the derived absorption profiles for the Omega Nebula, showing
the differences between single-dish and interferometer measurements Single-dish beam width was 35,
and interferometer lobe separation was 12’ east-west. The expected profile only (Z0p) is in degrees Kelvin.
The absorption profiles are normalized with respect to the unabsorbed source intensity. Where several
error bars are indicated, each applies to the portion of profile at about the same height.

the basis of resolution; however, this would require that the radiation from that part of
the source resolved out by the interferometer be almost totally absorbed. If the above
anomalies, corresponding to a single-dish antenna temperature of about 9° K, are caused
by resolution of the cloud and not the source, they would indicate a cloud temperature
of not more than 75°. The kinematical distance is 2.1 kiloparsecs. At that distance a 20’
cloud would have a diameter of 12 parsecs, and at a temperature of 50° K there would be
5.6 X 10% atoms/sq cm, or 15 atoms/cc. It should be noted that the line as seen with the
interferometer is somewhat narrower than as seen with the single dish. This probably
implies that there are large-scale motions in the cloud, with a typical length of at least 5
or 3 parsecs.

From the absorption profile of the source we may estimate the distance. The last com-
ponent of the absorption is situated at about —124 kc/sec, corresponding to a distance of
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2.6 kiloparsecs, in the Sagittarius arm. We thus conclude that the Omega Nebula prob-
ably lies in this arm and is at a distance of not less than 2 kiloparsecs and probably not
more than 4 kiloparsecs. Of all the nearby early-type stars listed by Sharpless (1959) and
by Stephenson and Hobbs (1961), only one has a known photometric parallax, and its
distance is only 660 parsecs, so we may conclude that this is undoubtedly a foreground
star and that the actual nebula is considerably more distant.

f) Sagittarius A

The observations of Sagittarius A are presented in Figure 11. Our single-dish observa-
tions did not extend beyond +100 kc/sec. The two prominent features in this spectrum
are the very deep line at zero velocity and the absorption line caused by the hydrogen in
the 3-kiloparsec arm (Rougoor and Oort 1958, 1960) at a frequency of 4256 kc/sec. It
is very difficult to find the expected profile in the case of the zero-velocity line, because of
the cold cloud in front of the source, first discovered by Heeschen (1955). As we have not
determined the expected profile ourselves, we reproduce Muller’s diagram from the Paris
Symposium. The top curve (dotted) is a provisional expected profile. The bottom curve is
the observed profile found by Muller at the position of the Sagittarius source (Fig. 12).

Our profile is depicted as going negative, since, when we observe the source with the
d.c. radiometer, the source actually appears negative, having about the same angular
diameter and about the same position as the continuum source. If we reduce these records
by the same procedure as that adopted for the other sources, we get negative values for
the antenna temperature contributed by the source. A right-ascension drift-curve across
the source near zero velocity is reproduced in Figure 13. This was taken with the d.c.
radiometer, and a drop in the record indicates an actual decrease in antenna temperature.
This negative source is not real but must be explained in terms of incorrect interpolation
of the expected profile from the surrounding regions. However, we have drawn the nega-
tive curve to make these observations compatible with those of the other sources ob-
served.

Because of the comparatively large distance to the Sagittarius source and since the
features due to clouds in circular motion would be superimposed at zero velocity, there
may be several clouds contributing to the wide feature. The brightness temperature at
the position of the source at zero velocity is probably no greater than 80° K, and this
implies that the hydrogen causing the absorption is at least as cold.

The feature at +256 kc/sec is also extremely interesting, as it is much narrower than
the single-dish measurements made by Muller (1956) and by Rougoor and Oort (1960)
suggest. According to Rougoor and Oort, the line has an optical depth of 0.5 and a width
of 50 kc/sec. Our measurements indicate a maximum optical depth of 1.05 and a width
of, at most, 20 kc/sec. The width quoted is the full width at half-maximum optical depth
and does not have quite the same significance as the other widths given, since the shape
of this line is more nearly a dispersion profile than a Gaussian. If only the core of the line
is examined, it appears even narrower than the 20 kc/sec quoted. The broad wings could
be explained on the basis of radiation from the extended source which is not completely
resolved out. The difference in width of the two profiles indicates that there is large-scale
motion in the hydrogen, with a typical length of at least 10’ or 15 parsecs. This could be
caused by the change of projected expansion velocity across the face of the source. Fur-
ther investigation with the interferometer should indicate whether this motion is sys-
tematic or random. S

g) Weak Sources

In addition to the sources discussed above, we have observed various other sources,
with the single dish only. These were, for the most part, much weaker than the sources
dealt with above, or had rather larger angular sizes. The results are presented in Figures
14-19 and in Table 3. The expected profiles, except for W51, were obtained by interpola-
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F1c. 11.—Absorption profiles of Sagittarius A taken with the single dish (f0$) and the interferometer
(bottom).
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F1c. 12.—Profiles in the direction of Sagittarius A, reproduced from Muller (1958) by kind permission
of the publisher. The dotted curve is a provisional expected profile, and the lower trace the actual ob-
served profile at the position of the source.

F1c. 13.—A right-ascension drift-curve across Sagittarius taken with the d c. receiver. The narrow-
band filter was tuned to a frequency close to zero velocity, and its output actually drops at the position
of the source.
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tion in the Leiden (Muller and Westerhout 1957) or Sydney (Kerr, Hindman, and Gum

1959) catalogues.
The very-small-diameter source 3C 123 has been observed with the interferometer

B. G. CLARK, V. RADHAKRISHNAN, AND R. W. WILSON

only. The single-dish results could differ only by the incorrect interpolation of the ex-
pected profile. It would be very difficult to obtain a single-dish profile because of the low
antenna temperature (5° K) produced by the source. This source was observed primarily
to indicate how weak a source the interferometer could conveniently detect in absorp-
tion.
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F16. 14.—The expected and single-dish absorption profile for CTB 31 (CTB numbers are from Wilson
and Bolton 1960).
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F1c. 15.—The expected and single-dish absorption profile for CTB 39
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W51 is an extended source, but it is still possible to sort out the absorption from the
local structure. With larger sources, it becomes almost impossible to interpolate the
expected profile.

The profile for W75 is very uncertain because of the large angular size of this source.
The expected profile must be interpolated over large distances in order to observe regions
free from the influence of the source. A drift-curve through the source taken with the
switched receiver is shown in Figure 20. The line record is at the top and the continuum
trace at the bottom. The size of the source is about 2°. Each of the vertical marks is 11
minutes of time. One vertical division corresponds to about 1° K on the continuum record
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1955)16 16.—The expected and single-dish absorption profiles for W22 (W numbers are from Westerhout
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F1c. 17.—The expected and single-dish absorption profiles for W43
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and 1.4° K on the line record. That the source appears to be negative at the bottom of the
line in Figure 19 is the result of incorrect interpolation of the expected profile. There
must be structural features in the local hydrogen of roughly the same order of size as the
source and which have a temperature difference of the same order as the brightness tem-
perature of the source. Another large source, Vela X, is so confused that our present data
do not allow the sorting-out of absorption and local structure. On all these sources the
quoted errors are indicators of the internal consistency of the observations and do not
allow for such systematic effects.
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F16. 18.—The expected and single-dish absorption profiles for W51. The dotted curve shows the
absorption profile uncorrected for band width.
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F1c 19.—The two weakest sources seen in absorption. 3C 123 (leff), a very-small-diameter source,
was obseryed with the interferometer only The very-large-diameter source W75 (right) was observed
with the single dish only. The source appears negative at the bottom of the line as a result of incorrect
interpolation of the expected profile (Fig. 20).
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IV. DISCUSSION

We note, first of all, that in those sources which were observed with both the inter-
ferometer and single dish the deep lines caused by distant clouds generally appear shal-
lower with the interferometer than with the single dish. On the basis that deep lines tend
to be formed by cold clouds, this finds a ready explanation. The many cases we have of
small dips in the emission coincident with the source are therefore due to a selection
effect. We have used the sources to locate the frequencies of high optical depth and then
have very carefully investigated the background at these frequencies, using the inter-
ferometer observations to remove the effect of the source, and thus have found the cool
cloud. One would also expect to find narrow-band-width, beam-width-sized depressions
of about 10° K in the emission in regions other than in front of a source; we have merely
used the sources as convenient locators of these depressions.

1]

il

= =
SE= == =
= EE==: e
e
ESESsSs======—c="c=—=r=
= === S=E=EEEsTS =

Fic. 20 —A drift-curve showing signs of absorption in W75, taken with the frequency-comparison
receiver. The source is about 2° in diameter. If the background is interpolated as shown in the dotted
line, the indicated absorption exceeds the source intensity and leads to the unlikely result of Figure 19.

The second general similarity that we wish to point out is the presence of a moderately
deep feature near zero velocity in all the sources observed. This suggests that we our-
selves may be situated very near, or perhaps within the edge of, one of these very dense
clouds. The depths of these features remain the same as viewed with the single dish and
with the interferometer, implying that there is no great change in the emission over
regions of beam-width size. If we are inside, the cloud must be sufficiently heterogeneous
to change from an optical depth of 0.3 to 2 in the 25° between Cygnus A and Cas A.

The data presented in Tables 2 and 3 are probably incomplete for weak source features
of optical depths less than 1. However, it is interesting to note the trend. There is a
fairly slow rate of decrease in numbers with increasing optical depth. There are about
half as many features with optical depths between 2 and 3 as with optical depths between
1 and 2. Our data are not inconsistent with the proposition that such a law—the number
halves for every unit increase in optical depth—might hold for optical depths greater
than about 1.

The widths have a fairly broad distribution, with a median about 22 kc/sec. There is a
scarcity of lines with widths between 35 and 50 kc/sec. This leads one to believe that the
wide features would be resolved into blends of narrower features if they were examined
with sufficient accuracy. There is a slight tendency for lines of greater integrated optical
depth to have a somewhat larger width. This may be real or may be due to the blending
of weaker components to form the strong ones, which then appear to have larger widths.
If real, it indicates that the variation in optical depth is probably due to mass variation
from cloud to cloud, since, if it were due to temperature variation, one would be forced
to the unlikely conclusion that colder clouds have greater random velocities.

The space density of these clouds appears highly variable. There are three components
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with = > 0.5 in front of Cas A at about 3.5 kiloparsecs, probably the same number in
front of the Crab Nebula at a distance of about 1 kiloparsec, and none in front of Cygnus,
which is an extragalactic source. There are probably more of these objects in the spiral
arms than in between, but we do not have sufficient data to sort out this effect properly.
We shall estimate the space density of these clouds averaged over the local galactic disk.
To do this, we discard the many observations of features at about zero velocity, since, as
stated above, these features may all be caused by the same cloud, in which case only one
should be counted. One is primarily left with two features in Cas A and four in M17 with
well-known distances. From these kinematical distances and allowing for the short
lengths discarded at the beginning of the path, we find that a line of sight intersects a
cloud with = > 0.5 about once in 1.2 kiloparsecs.

There are four features which appear differently in interferometer and single-dish
profiles, whose kinematical distances are well known. Their average distance is 2.3 kilo-
parsecs. If the difference is due to the absorbing cloud possessing an angular size averag-
ing 20’, the clouds have average diameters of the order of 13 parsecs. Thirteen-parsec
clouds spaced at 1.2 kiloparsecs fill about 0.011 of space. It is also interesting to note that
the expected distance of the nearest cloud is about 52 parsecs. At this distance the cloud
would subtend about 15°.

The average integrated optical depth of the absorption lines with 7 > 0.5 is 41 kc/sec.
For a cloud temperature of 50° K, this corresponds to 8.0 X 10% atoms/sq cm, or about
20 atoms/cc for 13-parsec clouds. At this density, each cloud would have a mass of
102 M ©. This is of the order of 0.2 atom/cc averaged over all space and is a significant
portion of the galactic hydrogen. The numbers are uncertain to a factor of 2 at least,
because of the uncertainty in the temperature.

V. CONCLUSION

To sum up, we have investigated the absorption spectra of several radio sources with a
hydrogen-line interferometer. The results indicate that, while single-dish measurements
are correct in broad outline, they are likely to be incorrect in detail, especially near the
bottoms of deep lines, because of small-scale variations in the hydrogen emission. These
variations tell us the typical sizes of the clouds. With this number we can find gas den-
sities in the clouds. The kinematical distances to the clouds give the densities of the clouds
in space. From the kinematical distances, the measured optical depths, and an assumed
temperature, we determine the average amount of hydrogen in the clouds and find it to be
an appreciable portion of all the hydrogen in the galaxy. We cannot yet answer the ques-
tion as to whether most of the hydrogen might be present in the form of clouds or even
whether the hydrogen seen in absorption is the same as that seen in emission.

More observations are needed in two main directions. With low-noise, solid-state re-
ceivers, many weak point sources can be searched for absorption with the interferometer.
This will yield much better data on the expected optical depths, space densities, and in-
tegrated optical depths. By properly estimating the temperature—perhaps by observing
the brightness temperatures of optically thick clouds—these data will give information
about the density of hydrogen found in the clouds and may answer the question of
whether the emission is due to the cloud hydrogen alone or whether it is necessary to
postulate a hot continuum to supply some of the emission.

The second direction is a detailed study of the distribution of the hydrogen across the
face of the strong sources. An especially rewarding source to study in this way would be
Sgr A, in an attempt to untangle the complicated physics and dynamics at the center of
the galaxy. A careful study of Orion A may yield information about the nature of the
tiny wisps which appear to be causing the separate parts of the absorption feature. It
may perhaps be possible to find the hydrogen temperatures by measuring the thermal
broadening of these features. Research in both these directions will continue at the Owens
Valley Radio Observatory.
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APPENDIX I

INTERFEROMETRIC OBSERVATIONS

The response of an interferometer has been described by many authors. The formulae in this
section will be based on a discussion by Moffet (1961). We shall use a celestial co-ordinate system
(%, ¥) which reduces to Cartesian co-ordinates in the vicinity of the source. Let the x-axis be
parallel to right ascension at the source centroid and the y-axis parallel to declination; x and y
are measured in radians and are approximately given by x = (@ — ag) cos dg, ¥y = 6 — 0o.

The line between the vertices of the two antennas when they are pointed in the same direction
is known as the base line of the interferometer and is measured in wavelengths. If the base line is
projected onto the («, ¥) co-ordinate system, it will have components s, in the x direction and s,
in the y direction. The response R of the receiver will be

RxRefexp [1¥ — 2mi s, Qt] [T (x, ) Vi(x, ¥) Va(x, y)
(3)
Xexp [2wi (s, + s,9) ] dwdy},

where @ = sidereal rate, ¢ = sidereal time, ¥ = instrumental phase, T'(x, y) = celestial bright-
ness temperature distribution, Vi(x, y) = voltage response of one antenna, and Vi(x, y) = volt-
age response of the other antenna. When the two antennas are identical and track the same point
in the sky, the product Vi(x, v) Va(x, ) can be replaced by the power response of one of the
antennas, 4(x, ¥). The integral in equation (3) is now only a slow function of time as sz and s,
change. If normalized to 1 for s, = s, = 0, it is known as the “complex visibility function”
(Bracewell 1958).

It is clear from expression (3) that if a sufficient number of measurements are made at dif-
ferent values of s; and s, a complete two-dimensional Fourier transform of the function T (x,
y) A(x, y) can be obtained. This transform can then be inverted to recover the function
T(x, v) A(x, y) with resolution limited only by the maximum s;and s,. For sources much smaller
than the antenna beam, T'(x, v) 4(x, v) will be negligibly different from T'(x, v).

In the case of hydrogen-line observations, this procedure is complicated by the additional
dimension of frequency. The time involved in deriving complete brightness-distribution maps
for each frequency may be prohibitive, but useful information can be derived from much simpler
observations. At this time, observations have been made using only one base line (300 \ east-
west). Projection effects caused variations in s, and s;, but the changes were too small to be any-
thing but an inconvenience.

Since the observations are so limited at present, it will be necessary to make two rather strong
assumptions. The first is that the structure of the radiation from H 1 clouds is such that the con-
tribution to the integral in formula (3) from this radiation is negligible. This can come about in
either of two ways. Either the individual clouds are so large compared with the lobe spacing that
they separately contribute nothing to the integral, or, if they are small enough to contribute, the
total flux from each cloud will not be large because of the low surface brightness. The sum of
several clouds in the beam contributing at random phases wi ] therefore be small. If H 1 clouds
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have a finite size, it is clear that this assumption must be valid for all base lines that are suf-
ficiently large. With this assumption, equation (3) becomes

RxRel{exp [#¥ —2mis,Qt] [fT.(x, y) A (%, y)exp[— 7 (v, %, ¥)]
Xexp [2mi(szx+ syy)] dxdy},

where 7(», x, ) is the optical depth distribution due to all hydrogen between the sun and the
source and T,(x, ¥) is the source brightness-temperature distribution.

The second assumption is that 7(», x, v) is constant over the source. With this assumption,
formula (4) becomes

Roeexp[— 7(»)]Re{exp [1¥ — 27 s,Qt] [T (x, y) A (%, y) (
5)
Xexp [2mi (szx+ s,y) 1 dxdy}.

It is seen from formula (5) that the brightness distribution is now independent of frequency and
that the absorption profile is independent of s, and s,. The absorption profile can be measured by
sweeping the frequency of the receiver and measuring the fringe amplitude. If s; and s, change
during the measurements, corrections can be made by interpolating from the source visibility
function measured at frequencies close to, but outside, the absorption range, since T,(x, ¥) is a
slow function of ». Of course, after measurements are made at significantly different values of s,
and s,, the last assumption can be dropped, and the distribution of absorption across the sources
can be found by using formula (4).

(4)
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