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ABSTRACT

The brightness distributions across five intense radio
sources have been investigated in the hydrogen line absorp-
tion features. 1In some cases there has heen found a vari-
ation of the absorptlion across the face of a source, which,
with the kinematical distance to the cloud in question,
allowed a typical length to be estimated, which In turn
allows estlimations of densities and masses. Densities range
from a few atoms per cubic centimeter, to, in the case of
a small cloud in front of Orion A, as much as 700 atoms per
cubic centimeter. Masses range from a few solar masses up
to perhaps a thousgsand solar masses in the eloud ecausing the
deep line 1in Cas A.

The absorption profiles of the bright sources were
analysed into Gaussian components, allowing parameters to
be quoted for individual clouds, and, in & few cases, allow-
ing an interesting upper limit to the temperature to be set
from the dispersions of the separated components.

The absorption fzatures iIn several other sources were
briefly investigated, including thress absorption spectra
never before published, and new upper limits for the
absorption of apparently unabsorbed sources were set 1ln six
caseas., This materlal 1ls briefly snalys=d statistically,
from which it i1s concluded that the distribution law for

central coptical depths is approximately eJ% , and that
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a line of sight, on the average, intersects L.l clouds per
kiloparsec in the galactic plane. There is some evidence
that the density is about twice this in the local spiral
arm.

Som2 evidence 1s presented in favor of a "reisin
pudding” model of the interstellar medium, in which clouds
with temperstures of less than a hundred degrees supply
all absorption, and most of the hydrogen line emission,
while an appreciable part of the emission profiles is due
to a hot intercloud medium of neutral hydrogen, at a tenp-
erature bf several thousand degrees, and a density of about

one half atom per cubic centimester.
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INTRODUCTION

The history of astronomy has bezn greatly influenced
by +the early beginnings of the science in the study of the
clearly visible stars, and only recently has it become ap-
parent that many of the larger features of our galaxy and
of the universe are shaped by forces too subtle %tc act on
such dense objects as stars. Even the general exXistence of
interstellar matter was doubted until the work of Shapley,
Hubble, Trumpler and QOort in the esrly 1930's demonsirated
the importance of interstellar absorption, and this was not
clearly systematized until the work of Schalén and many
others in the decade following 1936 succeeded in deriving
considerable information about the nature and numbers of
the particles causing the absorption. However, prior to the
advent of radio astronomy, most of the effort directsd to
the understanding of interstellar matter was expended on the
more readily visible emission nebulae, and to & lesser de-
gree, the reflection nebulae, than on the general or average
conditions between the stars.

Radin astronomy meant two things for the study of
interstellar matter. Firstly, ionized hydrogen could be
detected to distances that the absorption bound optical
astronomy could not reach, and rezlly peculiar nebulae could

be isolated by the presence of synchrotron radiation
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detectable in their spectra. But tThe more imporiant con-
tribution was the study of the 21 cm line of neutral hydro-
Zzen. This was first detected by Ewen and Purcell after a
suggestion by van de Hulst, and their lead was quickly
followed in Lelden and in Sydney. The double nature of the
emission line in some directions was quickly found and at-
trivuted to the spiral structure of the galaxy. By follow-
ing the change of brightness with projected path length 1n

a spiral arm, van de Hulst, Muller, and dort: found that the
brightness temperature extrapolated to infinite path length
is 125° K, which, under certain assumptions, is the harmonic
mzan temperature. This value is two and a half times the
estimate glven by Spitzer and Savedoff2 of the temperature
of the interstellar medium, which is guits close consider-
ing the uncertalnties of the calculation. Both Lelden3

and Sidneyh soon published maps of the hydrogen distribu-

1 van de Hulst, H. I.; Muller, C. A. and Oort, J. H. BAN,
12, 117, (1954)

2 Spitzer, L. and Savedoff, M. 2. ApJ; 111, 593, (1950)

3 van de Hulst, H. I.; Muller, C. A. and Oort, J. H. BAN,
12, 117, (195k) T
Kwee, X. K.; Muller, C. A. and Westerhout, G. BAN, 12,
211, (195k4) -
Westerhout, G. BAN, 13, 201, (1957)
Schmidt, M. BAN, 13, 247, (1957)

b Kerr, F. J.; Hindman, J. V.; and Gum, C. 5. Aust J Phys
12, 270, (1959)
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tion over the face of the gelaxy, using & model of galactic
rotation to convert wvelocity into distance.

The hydrogen line in absorption was first cobserved by
Hagen and McClain® and it was gquickly noticed that although
the absorption spectra Were‘clearly related to the emlssion

spectra, there was not the simple relation

T =z -logll- Tb/l25°)

to be expected from & homogeneous nedium at 1250 K. The
absorptlon spectra have rather narrower peaks than the e-
mission profiles, and in some cases these lines are not much
broader than the thermal Doppler profile of hydrogen at 125°
X. This discrepmncy was explmined in terms of the cloud
model of the interstellar medium, the general emission in
the vicinity of the source to be due to the aggregate e-
mission of many clouds like the few directly in front of the
source, which cause the absorption.

The ovbservation of absorption was taken up by several
observers. It was used by Davies6 to estimate the distance
to galactic objects from the total absorption in front of
them (in view of the chance of entirely missing clouds for
great distances inherent in the cloud model, and the known

spotty distribution of hydrogen, this is & somewhat risky

> Hagsn, J. P. and McClain, E. F. ApJ, 120, 368, (195h4)

6 Dpavies, R. D. M. N., 116, kk3, (1956)




b
procedure), and gn excellent collection of profiles was pub-
lished by Muller!. Clark, Radhakrishnan, and WilsonB (hence-
forth referred to as CRW) proposed that the sxamination of
the brightness distribution over the faces of the sources
would be of interest, and although the observations which
prompted this have now proved to be in error, there was yet
other infTormation awvailable in the interferometer investi-
gations of the sources, and this thesis is an extensicn of
the investigation revported there.

After that paper was published, absorption profiles,
uncorrected for the expected proflle, have appeared in
various discussions of the Zeeman effect in the 21 cm 1line?,
A most useful collectisn of the deeper profiles has been
produced by Slater and Verschuur, which presents proflles
obtained with the Manchester 250 foot telescope with a re-
ceiver of 3 kc/s bandwidth and a resolution of the spectra
into Gaussian components. The features presented are the
Orion Arm profile in Cas A, and the spectra of Taurus A and
Cygnus A. There has also been one attempt to direectly

measure the brightness distribution at the bhottom of an

7 Muller, C. A. ApJ, 125, 830, (1957)
Paris SGymposium (Ed. R. Bracewell), S. U.
Press, (1958)

8 Clark, B. G.; Radhankrishnan, V.; and Wilson, R. W. Apd,
135, 151, (1962)

9 Dpavies, R. D.; Verschuur, G. L.; and Wild, P. A. T. Nature,
196, 563, (1962)

bavies, R. D.3; Shuter, W. L. H., Slater, C. H.; Verschuur,

G. L.; and Wlld P. A, T. MN, 126, 353, (1963
Weinreb, 5. ApJ 134, 1179, Trgee? » (1963)
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gbsorption line, with a 80 ke/s bandwidth and the 8!5 x 5°
beam of the Pulkova telescopelo. This investigation noted
that the absorption at zero velocity in Sagittarius A was
uniformly distributed over the face of the source, but that
the scan taken at the center frequency of the 3 kpc ex-
panding arm indicated %hat ons of the components of the
source, at a distance 16' from the center source, was not
covered by the absorbling matter and thus viewed belween
clouds, or alternatively, was not associated with the ga-
lactic center at all.

That an investigation of the brightneses distributions
would be veluable 1s indicated by the fact that the clouds
observed with an effective beam the size of the source,
about 5', are still very different from what is seen with
the moderate beam of a twenty-five meter parabola, 36°'.

If there are to he many c¢louds in one beam area, there is

a rather good chance to catch the edge of a cloud, or at
least a tapering off, in a fiftieth of this area. The
leverage may be further decreased by observing individual
clouds in 2mission close by at intermediate latitudes where
ong obtains much the same sort of spatial resolution as by
observing clouds in front of a source at several kiloparsecs

distance.

10 Ryzhkove, N. F.; Egorova, T. M.; Gasachinskii, I. V.;
and Bystrova, N. V. Soviet Astronomy--Ad (translation) 1,
12, (1963) T
(lgéq%gorova, T. M. Soriet Astronomy--AJ (translation)7, 290,

3
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Various estimates of cloud diameters have been made.
For instance, van de Hulstll estimated an average cloud
diameter of 18-35 pc by the method of noting the correla-
tion distance of hydrogen emission, as observed with a 25
meter paraboloid, in the Perseus and Orion arms of the
galaxy. These numbers are suspiciously near his beam width,
and may therefore have large selection effects against
smaller clouds. Blaauw, Takakubo, and van Woerdenl® found
a cloud diameter of about 2-1/2 - 6 pe, which, howvever,
appears somewhat sensitive to the model adopted. Narrow
featurss in emission can often be traced for two or three
degrees in the intermediate latitude catalogue of wvan
Woerden et al.13 wpich, if the typical distance is three
or four hundred parsecs, corresponds to about 15 pec.

Optical data tend to give a similar range of cloud sizes.

11 van de Hulst, H. C. (1958) RMP, 30, 913, (1958)

12 Blaauw, A. Interstellar Matter in Galaxies, (Ed. L.
Woltjer) Benjamin Press (1962)

13 van Woerden, H.; Takakubo, X.; end Braes, L. L. E. BAN,
16, 321, (1962) —




THE OBSERVING TECHNIQUE

2.1 The Receilvers and telescopes

The observations to be discussed in this thesis were
all made with the variable spacing interferomster of the
Qwens Valley Radio Observaitory, which consists of two
ninety-foot equatorially mounted paraboloids. The spacings
emploved were 200 feet north-south, 100 feet, 200 feet, and
LoO feet east-west, and a short run at 280 feet at azimuth
135°. The dates of these observations are given in Table 1.

Table I. The Observations

Dates, inclusive Spacing Receiver Zenith
Fringe
Spacing
Nov.22 -- Dec. k4 200' N-8 A 12’
1961
Dec. 6 -- Dec.10 283" NW-SE A 815
1961
Mar. 1 -~ Mar.ll 100" B-W B ol
1962
May 27 -~ June 7 200" E-W B 12!
1962
Jan. 8 -- Jan.1llh 400" E-W B 61
1963

Two different receivers were used in this observing
program. They are denoted in Table I as recelvers A and 3.
A block diagram of receiver A is presented in Figure l.lh

The variable frequency local oscillator is shown 1n Figure 3

1% see also Read, R. B. ApJ, 138, 1 (1963)
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The input noise from the antenna was first run through a
Piiter cavity to reject the image. These cavities had e
loss of less than one decibel, but, because the signal and
image were so closely spaced, the image was rejected by
only about 16 db. The noise output from the cavity was then
mixed with the local oscillator in a crystal mixer and the
resultant signal was amplified at 10 megacycles. Alter the
initial amplification, the power was divided into tTwo
channels, one of which was a conventional multiplying inter-
ferometer receiver with a bandwidth of about 4 Mc/s, and
tune other was a narrow band line interferomster, with the
bandwidth restricted to 6 ke/s by means of crystal filters.
Both channels were stabllized with their own AGC. This re-
ceiver had a single sideband system noise temperature of
about 1100° X. 1Its prime disadvantage was the incomplete
rejection of the 1440 Mc/s image, which could not be more
thoroughly rejected without a large sacrifice in loss in
the filter cevity, and hence in the system noise of the re-
ceiver.

Receiver B eliminates this problem. The image 1is ac-
tually rejected at IF frequencies. A block diagram of the
recelver 1s shown in Figure 2. The local oscillators are
run at freguencies differing by two megacycles, and hence
the IF frequenciles differ by 2 Mc/s, The image of the re-

ceiver with the 10.7 Me/s IF lies at 1LL1.8 Me/s, which
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enters the IF of the other antenna at 12.7 Mc/s, and is thus
well rejected by an 8.7 Mc/s image rejection filter. In the
line receiver, the frequency 1s changed after the initial
amplification, by mixing with the two megacycle difference
signal of the local oscillators. Thereafter, the line
channel 1s as in receiver A. The broadband receiver is
handled somewhat differently. The 8.7 and 10.7 Mc/s IF's
are multiplied directly in order to produce two megacycle
fringes. These fringes are then amplified and phase de-
tected against the two megacycle difference signal to pro-
duece fringes at the natural fringe rate.

Without the need for a cavity ia front of the erystal
receiver, the noise figure was slightly better than that of
receiver A, about 1000° system temperature, and the image
rejection was vastly better, being in excess of 27 db. The
broadband receiver was an unimproved experimental design,
built to see if the system would work at all, and several
features in it decreased signal to noise ratio (improper
tuning of the 8.7 and 10.7 Mc/s filters, use of a dstector
rather than a true multiplier to produce the 2 Mc/s fringes,
phase detecting against a clippecd difference signal at 2
Mc/s instead of multiplying by a sine wave), and this form
of receiver is intrinsically Je less sensitive than that
used for the line receiver. However, it still retained a

sensitivity several times that of the narrow band receiver,
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and hence was entirely adequate for the observations re-
ported here, where it served only as an interference monitor
and a guide to receiver sensitivity.

The method of measuring the image rejection was as
follows: the receiver frequency was set to a frequency near
the bottom of the desp line in the spectrum of Cas A. The
fringes at this point are due to roughly equal contributions
from the highly absorbed source and from the highly rejected
image. However, the signal and image have different Ffringe
periods, ceusing beats in the fringe system. The average
Tringe amplitude 1s one contribution, and half the differ-
ence betwveen maximum amplitude and minimum amplitude is the
other. If the fringes at winimum amplitude are in phase or
in antiphase with the broad band fringes, the larger com-
ponent is respectively residual signal or image.

The local oscillator traln is shown in Figure 3. The
first element in the train is a 53.602 Mc/s ervstal con-
trolled oscillator with a stability of about 10-7 per hour.
The frequency was adjusted by means of a Collins permes-
bility tuned oscillator, which has a frequency stability of
about 10-2 per hour and a center frequency of 700 kc/s.

The twec oscillators were combined in a single sideband
mixer, whose output was sampled for frequency display on a
Hewett Packard scaler whose frequency standard was, in the

June 1962 and January 1963 observations, derived from a
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standard oscillator of stability greater than 10-9 per day,
and otherwise whose standard was checked against the fre-
guency of WWV twice daily to an accuracy exceeding 5 x 10‘8.
From the single sideband mixer the oscillator went to a chain
of frequency multipliers and thence to the entennas. The
local oscillator power at the antenna is supplied by & kly-
stron oscillator phase locked to the sum or difference of

the high frequency reference and a one megacycle low fre-
quency reference (Read, 1963). An appreciable response at
harmonics of 700 kc was Ffound in the final output of the

PO T T U T P - P fy PR L e
Mui bipLiCl Lilcd Lkl y VWuu

She vime coanstant of the phase lock
system should prevent them Irom sppearing in the loecal os-
cillator power supplied to the receivers. For recsiver A,
both klystrons were locked on the difference of 1432 Mc/s
and 1 megacycle, and for receiver B one klystron was locked
on the sum and one of the difference of the two frequencies,
and the 1 Mc/s oscillator output was doubled in frequency to
supply the 2 Mc/s local oscillator differencs frequency.
Observations could be made by setting ithe local oscil-
lator to a fixed frequency and observing the resuvlting fringe
amplitude, or the Collins variable oscillator could be driven
by a synchronous motor, to provide frequency scanning st
rates of 75 ke/s/hr or 150 kec/s/hr at 1420 Mc/s. On those
observations taken by frequency scanning an additional un-

certainty occurs in the frequency, in that the Collins
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osecillator had an appreciable nonlinesarity of frequency out-
put with shaft position, and this function was replaced with
a linear interpolation at intervals of about 2 kc/s, which
introduced errors of up to 10 cps at 700 kc/s or 270 cps

at 1420 Mc/s.

The crystal filters at 10.7 Mc/s appear quite stable,
there being no detectable shift in mean frequency {to with-
in 200 cps) from December 1961 +to January 1963. However,
in receiver B the image rejection filter, of 50 kc/s band-~
width, could change the mean frequency if it were not pre-
cisely centered on the frequency of the crystal filter.
Estimates of this effect indicate that it should be less
than 200 c¢ps. The pass band of the crystal filters is
nearly sguare, though with & ripple of adboul orme db, and
has a median frequency of 10699.93 + 0.10 kc/s. It is dis-
played in Figure bea.

From the figures on oscillator and filter stabilities
it was estimated that the final frequency uncertainty of
the receiver was about 350 cps at 1420 Mc/s. Ar eattempt to
measure the stability by observing the steep slopes in the
spectrum of Cas A indicated that there were no scans with
frequency errors as large as 1 kc/s, and that the average
frequency stability is better than + 0.5 kc/s, confirming
the extremely high frequency stability calculated for the

recelver.



Gt

a. Filter Pass Band

b. Filter Phase

696 698 10700 702 704
Frequency (k¢/s)—

Fligure 4, Crystal Filter Characteristics,.
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AGC i3 applied fto the receiver at the stage immedi-
ately before the multiplier. This removes gain flucitu-
ations of the amplifiers and lends a great deal of sta-
bllity to the receiver. Howsver, 1t makes the gain dependent
on hour angle as varying asmounts of stray radiation strike
the ground. This effect is the same in the hroad and
narrow channels. Also, the gain in the narrow channel
varles wlih the frequency 1n the absorption spectrum as
the source power may make up an appreciable part of the
total noise power in the receiver, which is being held
consctant by the AGC. Thig effeect must be corrected for.

In the 6 kc¢/s channels, the varying delay to different
parts of the sky is’unimportant, as the longest basellins
was only 400 nanoseconds, whereas one would expect a delay
difference of several mlcroseconds would be necessary to
produce an appreciable effeect Iin such a narrow bandwidth.
However, in the broad band monitor channel the sffeets of
delay can be very important. In receiver A this had a
bandwidth of about 4 Mc/s, and in receiver B it had a
bandwidth of about 100 ke¢/s. For this reason, the delay
was tracked with a lumped constant variable delay line.
Before each set of observations, the center delay (white
light fringe) of the interferomster was determined and also
the functional form of the loss of correlation with change

of delay.
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2.2 The Qbservations and Reductions

For the observations the antennas were pointed at the
source with an asccuracy greater than about 2', and +tracked
it across the sky while observations were made of fringes
at various fixed frequencies, or, more commonly, while the
receiver frequency was scanned through the absorption
feature under study. The frequency of the local oscillator
was réad from the digital scaler and recorded on the chart
once every twenty minutes or oftener. Sidereal time markers
were auntomatically put on the rscord once per sidereal
minute. The delay was adjusted back to delay center every
25 nanoseconds of delay for receiver A, and every 50 or 100
nanoseconds for receiver B.

The amplitudes were read from the records by drawing
in the appfopriate fringe maxima and minima smoothly with a
pencil, connecting the adjacent minima with straight lines,
and measuring the amplitude of this smooth curve at fringe
maxima. Fringe times were measured about every twenty
fringes, and interpolation sufficed to give accurate times,
and hence frequencies. For convenience in this interpola-
tion, a computer prbgram was written which calculated the
fringe times for various spacings and lobe rotator condi-
tions. It provided for each fringe such auxiliary data as
time constant corrections, frequency correction for the

rotation of the earth, and the frequency at either of two
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scan rates. TFrequencies were corrected for the earth's
motion about the sun and the sun's motion toward the apex
by the tables of McRae and Westerhoutld, oorvrections were
also applied for the component of the earth's rotational
velocity in the direction of the source {(up to 1600 cps),
but not for the motion of the earth about the earth-moon
barycenter (up to 60 cps). The time constant correction to
frequency is shown to be

l
Cr1rze

wa
in Appendix I. (C is the rate of frequency scan, t the time
constant, and « the fringe frequency.) With the 10 second
time constant employed for these observations and & scan
rate of 75 kc/s/hr this correction is less than 200 cps,
and was neglected except in the case of the deep and narrow
lines in the spectrum of Cas A, which are extremely sensi-
tive to frequency.

The amplitudes read from the records were corrected for
time constant, 10§3, and then plotted agasinst frequency.
These plots of individual scans vwerethen examined for un-
usual features, such as a change in profile with hour angle,
or any other gross deviation from the other profiles taken

at that spacing. If such was found, the record was con-

%5 I}acRaeJ D. A. and Westerhout, G., Lund Observatory,
1956)
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sidered separately and not added into the general mean.

The quantity of interest is the fraction of unabsorbsed
source intensity remaining, which I shall call R, as this
varies ounly because of distributional effects over the face
of the source. In order to derive this percentage, one must
know what fringe amplitude the unabsorbad source would pro-
duce at any instant. Most frequency scans went well beyond
the absorbed area, so that a good sample of the unadsorbed
source was found at either end of the scan. If these am-
plitudes agreed to within four or five percent, a straight
line (linear in frequency and hence time) was drawn connect-
ing the ends of the scan. The residual, R, was taken to be
the ratio of the observed fringe height to the height of this
line. If the amplitudes at the ends of the scan did not
agree ( more likely due to changing resolution with hour
angle than actual change in gain of the receiver), or if,
for some reason or other, the amplitude were determined at
only one end of the scan, then the observations with the
broad band receiver were used to determine the amplitude
of the unabsorbed sourece. The broad band amplitudes were
read from the record, corrected for time constant and delay,
and piotted on the samevgraphs as the narrow channel points,
after multiplication by a constant to make the broad band
points coincide with the average of the narrowband points

at some frequency vwhere the source was unabsorbed. The
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broad band channel was not corrected for image, which was
quite appreciable in both receiver A and receiver B.
Hoﬁever, at 200 and Loo feet east-west, most scams covered

a sufficient range of delay that the sinusoidal beat between
signal and image could be observed clearly and the effect of
image diminished by choosing the points where the signal and
image were in quadraiture. With receiver A the delay was
tracked sufficiently often that variation due to this cause
was somewhat reduced. If the scan had unabsorbed source
recorded at both ends, any differences between the curve
derived from the broad band observations and the two obhser-
éaﬁgnsof the unabsorbed source (these were always small)
wvere interpplated linearly.

The fixed frequency observalions were made using aop
electromechanical integrator to phase detect and integrate
the fringes output from the receiver {(Morris, Clark, and
Wilson, 1963). This device consists of an analogue com-
puter which produces a sine wave of the same frequency as
the source fringes. The fringes are multiplied by this
sine wave in & resolver and then are integrated in a
mechanical integrator. The mechanical integrator was read
every ten to itwenty minutes. If the source was not clearly
detected in twenty minutes, the phase of the analogue com-
puter was measured relative to that of the broadband record,

in vrder that several such iIntegrations may be combined



-1

coherently even 1f there is 3 gmall error in the mechanical
analogue'computer. The numbers thus obtained were then
corrected for time conétant and divided by the unabsorbed
source amplitude in the same manner as the frequency scans.

A plot was then made at very large scale containing
the values of R as computed above for all frequency scans
and fixed frequency observations at a given spacing. IT
the scatter was large enough to confuse the general picture,
the individual scans wére first smoothed by averaging of
adjacent points, or else all points from all seans within
# glven Trequency range, usually 2~l/2 kc/s, were averaged
and plotted. In either case, a smoothed mean line was
drawn on the large scale plot and taken to be the observed
ahsorption spectrum.

This observed spectrum was then corrected for the AGC
effect. Befors each series of observations, the response of
Cas A as a fraction of nolise was measured with a square law
detector for each antenna. The AGC controls the receiver
gain to keep the total noise constant. The power gain 1s
thus proportional %o

AT, + 15 )
where Tr and Ts are the geomectric mean of the receiver
temperature and the scource antenna temperature respectively.

The AGC correction, after returning to a percentage bhasis,
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ig thus a factor of

(Tp+ Tg RY/ AT+ T)
for receiver A and

(Tr #5117 (T 0 75)

Tor recelver B.
A erude bandwlidth correction was applied to the data

by the method of Bolton arnd Westfoldlé, in those cases Wiere

the curvature of the spectrum and the accuracy of the dats
seemed to warrant it. It is interesting to note the eftects
of bandwidth on a single Gaussian. The reciprocal of the
exact cernter frequency bardwidth correction is plotted
againgt dispersion or halfwidth in Pigure 5. WHe sce thet
the Gaussian is virtually unaffected by the bandpass filter
until it becomes as narrow as 3 kec/s dispersion, 7.5 kc/s
halfwidth. It becomes gquite Impossible to recover from the
presence of noise something as narrow as 1-1/2 ke/s dis-
persion or 3 ke halfwidth. 7.5 ke¢/s halfwidth corresponds
to about 55° K. 1In the case of large optical depth, the
bandwidth correction becomes more difficult after the
axponentiation.

Of possibly equal importance is the broadening of the
profiles themselves causing them to lose detall. As a

g=neral rule, it is wvery difficult toc separate two Lines of

?Ggsg?lton, J. G. and Westfold, K. C. Aust J Sci Res, 3, 19
; J
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like depth and dispersion if they are separated by less than
the sum o their dispersions. This is especially true if
the lines are deep, and thus the center reglon is quite
noisy and uncertain. Many of the lines listed here as
single may actually be blends of two or more components.
There is some guestion about the physical significance of
such close pairs, as the apparent division may actually bde
some small variation in the turdbulent velocity within one
region, rather than two spacially separated regions. There
is really po physical reason for the cloud profiles to have
a ncat Geussian shape, and indeed in the case of Cas A there
is excellent evidence to the contrary.

Some of the profiles were provided with a least squares
resolution into Gaussians by computer. The program was &
modification of the Los Alamos general curve fitting program
written by Moore, Zeigler and McWilliamsl’, The program
iterates small changes in the parameters by Gauss' method
to eventually produce a least squares fit. The principle
modilflicatlon was a device to irsure convergencs. This was
done by taking the calculated parameter change vector, AF,
and searching briefly for a factor ¢ such that P +q AP mini-
mizes the mean square crror. This guaranteed convergence,

but, due to oscillatiors, the convergence was sometimes very

17T Moore, R. H. and Zeigler, R. K. Los Alamos Scientific
Repors LA2367 (1960)
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slow, especially 1if two components were well blended. The
parameters generally converged to less than 0.1% changs per
iteration after about 25 itsrations.

Errors arise in the amplitudes from two basic causes.
These are the thermal noise in the receiver, and the gain
instabilities and related uncertainties involved in es-
timating the fringe amplitude of the unabsorbed source at
any time. In the strong sources the first is chiefly im-
portant near the bottoms of the lines, and the second does
not enter for the weak sources. In the course of an attempt
to detect the Zeeman splitbtling of the hydrogen 1line, a
large number of twenty minute integrator records were taken,
mostly with receiver A, on what is essentially noise. A
histogram of the frequeney of occceurrence of a given inte-
grator output plotted against the absolute value of the
output is shown in Figure 6, along with a Gaussian of the
same second noment. It is seen that the noise is, indeed,
essentially random, and that in twenty minutes it amounts
to about 0.003 of the unresolved Cas A. In a single fringe
it amounts to about 1% of the unabsorbed, unresolved Cas A.

The gain and other instabilities associated with
drawing the basellne are always of the order of 3% of the
source, on a single record. Averaging helps somewhat, but
probably not as much as on random noise, gince some of the

difficulties keep the same Fform from day to day {for instance,
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crystal current may depend on 10O frequency, and noise figure
depends somewhat on crystal current). I take the following
form to be a reasonable representation of the error in a
profile at three kc/s intervals, and consisting of the
average of three scans:

AR= 0.02R + 0.0I/8 (1)
Wwhere §_is the unabsorbed source strength as a fraction of
unresolved Cas A. This may be locally reduced by the
integrétor records.

In gddition to the above effects there may be
systematlc errors due to the method of reading the fre-
quency seans. It is well known that the fringe height
read from the record tends to be overestimated at small
signal levels, even to the extent of reading s finite fringe
height when no signal is present. In an attempt to minimize
this effect, fringes in phase with the broad band record
were sought, and bvoth positive and negative fringe heights
were preserved for averaging. However, this personal effect
is probably still present to some extent, and thus at the
bottoms of lines when the signal to noise ratioc approaches
one, the mechaniecal integrator records are much to be pre-
ferred, as they are rezsonably impartial.

These errors in the profile are related in a very
complicated way to the errors in the parameters describing

the components of the profile. In those cases where there
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was computer fitting of the profiles, the computer supplied
an error based on the assumption that the errors for the
various points are'random and uncorrelated. In some cases
this was inereased to allow for the correlation introduced
by drawing a smooth curve through the points and taken to be
the actual error. Otherwise, the errors quoted for the
parameters are estimates of the gmount of deviation allow-
able without havipng the model excesd the given limits on
the observed profile by a significant amount. The mean
square error as a function of the parameters of the
Gaucoian componcnts will in general have several local
minima, so that it is entirely possible that the true
resolution 1s quite different from the one guoted here.
Phases were read from most of the high quality records
taken with receiver B and from some of the records taken
with receiver A. The method of reading the phases was to
approximate the linear parts of the two fringe sides with
straight lines where they c¢ross the zero line. The center
of the fringe was found from these lines as described in
Read (1963), except that, in this case, each fringe was
read individually rather than the mean about the meridian.
A similar procedure was applied to the continuum, and the
guantity read was the difference between the continuum phase
and the line phase, expressed in seconds. This quantity,

even for a fixed frequency observetion, may change with
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time for the following reasoné:

1) Part of the phase lag in an unabsorbed source is
due to &an intrinsic diSplécement of one pen relative to the
other on the chart record--this part will remain constant in
seconds--and part is due to differing line lengths in the
l1ine and broadband receivers--this part will remain a con-
stant number of degrees of phase shift. As the finge period
varies with the hour angie, the sum of the two is constant
in neither seconds nor degrees.

2) A slight difference in average frequency in the
line and broad band channels results in a relative phase
shift at large distances from the central fringe of the
interferometer. For receiver B this was a small effect--
the effective frequencies were the same to within 100 ke/s,
which meant that the effect was very small in the distance
from the Interferometer central fringe that these observag-
tions were taken. 1In receiver A,'however, the broad
channel had a mean ffequency of 9.2 Mc/s at IF, 1.5 Mc/s from
the narrow channel, though with this recelver delay was tracked
sufficiently often to greatly reduce the effect of this dif-
ference.

3) An intrinsic change in the receiver phase with time
may occur only in the latter part of the receiver as the two
channels shared the same mixers and IF preamplifiers. There

ware many fairly narrow tuned ecireuits in hoth channels of
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receiver B, and if any of these had been slightly detuned,
the phase could be somewhat temperature sensitive.

However, all the circuita net shared by the two channels
were located in a temperature stabilized laboratory,

which should minimize the effect. This effect was thought
to be small because the day to day stability of the rela-
tive phase was rather good, varyihg no more than two seconds
from average through a single observing period, and this
could have been due to so prosaic a cause as bending of the
recorder. pens during servicing.

Because these effects are somewhat cumbersome to
éeparate and correct for, the phase observations, like the
amplitude observations, were reduced by interpolating =
bascline between unabsorbed frequencies in the source,
Observations far from the meridian, where the fringe period
changes rapidly, were for the most part, not reduced for
phase, so the difference in relative phase from one end of
the scan to another usually amounted to only one or two
seconds ¢of time. The difference between a straightline
interpolation between the ends of a scan and the measured
relative phase is taken to be the true relative phase.

Phase measurements are subject to two types of band-
widfh correction. The first is the usual sort, similar to
that applied to amplitudes, and i1s due %to an intrinsic

variation of phase over the bandpass in the radiation as it
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arrives at the antenna, resulting in a smearing of detail.
For the most part this is a correction smaller than noise,
and has not been taken into account 1n this investigatlon.
The other type of bandwidth correction is due to variation
of instrumental phase as & function of frequency within the
bandpass. This effect was measured vy feeding a signal
generator irto the two erystal filter channels with phases
differing by ninety degrees, and correlating the signals
output from the filters. The resuliting curve of phase ver-
sus frequency is displayed in Figure 4b. All important
phase deviations occur at very small signal levels, so they
make little ehange in the relative phases measured unless
the center of the filter is well blanked out by very heavy
awsorpbion. Tuhe only place where this correcition becomes
significantly large is the deep line in the perseus arm
Teature in Cas A, where it is estimated that it might amount
to about 150, rather smaller than the observed phase, but
this guaniity is dependent on the exact shape of the ampli-
tude spectrum at this point, which in turn is rather poorly
determined because of its own bandwidth corrections and the
generally poor signal to noise ratio at the bottom of the
deep line. Because of this uncertainty, the effeet was not
corrected for, dbut arguments presented when the scurce is

discussed will indicate that the effect is not very important.
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Measurements of phase with receiver A are sxiremely
unreliable because of the large residual image encountered,
which 1is difricﬁlt to correct for. Wilth recelver B and a
200 foot east-west baseline, a long record containing
several sections of unabsorbed Cas A at the same frequency
was analyzed to find the scatter in phase observations an a
strong source. The observations were found to agree to
within about half a second. From the known amplitude un-
certainty at small signal levels, the following form is
suggested for the phase error:

A¢ = 1°2-+ 0°5/SR \ (2)
where S is the unabsorbed source strength ss a fraetion of
Cas A.

2.3 The Theory 23 the Observations.

Following the discussion of van de EBEulst, Muller, and

8
oortt , We see that the absorption coefficient of neutral

hydrogen is inversely proporiional to the temperature,

(=85 MWV o & by
T 9,87 v2kT

Converting to frequeney units and calculating the numerical

value

ki) = —-_T-—- (3)

18 yan de Bulst, H. I.; Muller, C. A., and Oort, J. H. BAN,
12, 117, (195%4)



-33-

where n(¥,v) is the local density of atoms centered on
frequency v, at point ¥, ang,

178 = 388x 107 skess .
The local emissivity per unit volume is

n(t,»} 8
independent of temperature. The solution of the 2quation
of transfer for an antenna of finlte beamwidth, observing
HI in emission, is thus

o0

Tgl¥} = I ;0 8 nl#») e-”” d? dQ /Slogam ()
beom ?_"
ot
sight

where ¥ is in the direction associated with the element of

solid angle 48 , and

. ( Aoty d
rir,v) IO ) r (5)
on
line
&ghi

When Ta(v) is interpolated to the regicn of the source, it
is called the expected profile. The interferometer strongly
discrimirates against this quani{ity because of resolution.

A series of records were taken of poslitions contalning no
continuum source with the interferometer at & spacing of

100 feet east-west. For 18 regions on the galactic ridge
within 30° of the anticenter the frequency was scanned

over about 75 ke/s near the peak of the profile in the
Leiden catalogue. 1In no case was the emission detectable.
The upper limit to the back ground radietion in the antenna

beanm is gbout 0.02 of Cas A.
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The quantity observed in ordinary absorption measure-

ments is

j e—rﬁm

source

d‘(}' /‘Q' source

where T, is the vector to a given part of the source. By
using ‘the resolving power of the interferometer, one can
seek to unfold-thé integral and obtain A

If we make cerdain assumptions:

1) The structure in the hydrogen in the plane of
the sky is larger than the antenna bheam.

2) Variations in n(®,v) are uncorrelated with
variations in T(?), and occur in an optical
distance much shorter than one,

then we can directly solve the eguation of transfer in a

layer of thickness r.
= n —I—>
T =B ar <T
|
I

Tq=<___'s-__'>(i:e-il =<—; (- R) (6)

Actually, the absorption prorfile does not bear a proportional
relationship to the emission profile, so at least one of
thooe two assumptions breaks down.

The model advanced by Hagen, Lilley, and MecClain in-
volved the breakdown of 1), In this pilecture, there are few

clouds in front of the source, so the expected profile
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directly in front of the source is different from that

seen by the finite beamwidth of the antenna, which is made
up of many contributions 1like that from in Tront of the
source. In this model, we should expect that at very large
distances the absorption lines will become shallower as the
eloude no longer cover the whole source, and at very small
distances the clouds will fill the beam of the antenna, and
the emission profile will resemble more closely the absorp-
tion profile. The most distant absorbing cloud studied here
is that in front of Cygnus A at a kinematical distance of 12
kpe. It would be interesting to learn if this cloud covers
bbth of the components of the double Cygnus source, but the
present observations Were not executed with sufficient care
to determine this. On the other hand, the emission profiles
in the Orion arm bear no more resemblance %o the absorption
profiles then in other cagses, though in this casge the clouds
certainly 1ile within a kiloparser, and some other caseg lis
several times farther away.

Assunmption 2) can be violated in several ways. Perhaps
the simplest is a model in which the velocity disgspersion is
a s8trong function of the temperature, snd there are not many
clouds in front of most sources. The absorption spectrum
will.have a profile with peak width characteristic of the
cold hydrogen, whereas the emission profile will tend to

reflcet the dispersion of the hot material.
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The distribution of r on the plane of the sky is chiefly
important in that it supplies a typical dimension of the
eloud if a distance ta the cloud can be estimated. For this
limited purpose one may obtain a great deal of information
without performing a full synthesis of the absorbed source
brightness distribution and dividing it by the unabsorbed
source distribution. Any variatibn of profile with base-
line, or any variation of relative phase with frequency
indicates a change in optical depth across the source, and
hence that & typical angular length in the cloud is about
the angular diameter of the source., FProm the specific
nature of the change in question, a reasonable model with
one or two free parameters shguld supply almost as good an

estimate of typiecal length as would a complete hri

htneag

3]

distribution on the plane of the sky, since variations in
the line of sight cannot be determined in any case.

Thus, these measurements contain almost all the avail-
able information about typical lengths.

I shall celose this section by noting three guestions
which should be kept in mind in the ensuing discussions,
though one 1s unable to answer them with any degree of
certaiaty at the presenl time.

1) What is the temperature in the hydrogent 1Is 1%
all at about the same temperature, or is it necessary to

invoke a two component model? This guestion will be dis-
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cussed in Section 4.2, but muét walt for a complete answer
on an antenna with a beamwidth small encugh to directly in-
vestigate the qﬁestion whether the expected profiles of the
sources are indeed the sum of many profiles wilih peasks as
sharp as those of the absorption spectra.

2) In the gap between peaks in the profiles, the
absorption is often many times less than in the peaks. If,
indeed, this corresponds to physical separation of the clouds,
what force keeps the clouds stable, and effectively prevents
them from expanding into this open space?

3) What relation do these rloudsg baar Lo objects sean
optically, such as dark nebulae, Bok globules,.the gas
formirg the interstellar lines, or the dust producing the

interstellar polarization?
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III
DESCRIPTION OF THE OBSERVATIONS

Five sources were observed at all baselines in an at-
tempt to determine details of the surface brightness dis-
tribution seross the face of the source: CasseoPéia A,
Taurus A, Sagittariua A, Orion A, and the Omega Nebula.

The charascteristics of these sources are listed in Table II
for convenient reference. Table ITA gives the intensity,
size, and distance. Table IIB gives the fringe visibilities
at the wvarious spacings employed in this investigation. The
fluxes and east-west visibilities have been taken from
Lequeuxl9, and the north-south vigibilities are approximate
measureg from the broad band reecords of the present in-
vestigation. These are rather inacourate as inadequate
calibration sources were taken near the time of observation;
however, they serve as the rough gulide to fringe visibility
needed here. Each of these sources will be discussed in de-
tall below. TIn addition to the five sources which have teen
studied intensively, sixteen others, of which ten show ab-
sorption spectra, were observed at one baseline only, with
widely varying limits of sensitivity. These weaker sources

will be discussed briefly at the end of this section.

19 1tequeux, J. Ann @‘'Ap, 25, 221, 1962
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Table II The Five Intense Sources

A&. Bource Distance Intensity Size
kpe I/ICyg A
Cas A 3.4 1.62 hih
Tau A 1.1 0.59 bt
Sgr A 10.0 0.68 3i5%
ori A 0.5 0.27 7!
Omega Neb 0.4%0 615

B. Fringe Vigibilities. Below are given %the meridian
fringe visibilities and effective baselines in wavelengths

for the various sources.

Basceline 100" 200" Loo! 2001 o83
Source \ E-W E-W B-W N-3 NW-.SE
Cas A 143 D87 576 267 396
97 .75 .40 rdrd .63
Tau A 143 287 576 275 ho3
.94 i .36 .78 .65
Sgr A 143 287 576 158%% 313
.27 .20 .08 .20 .16
ori A 143 287 576 212 360
.63 Sk .28 .55 a2
Omega WNeb 143 287 576 171 337
67 .34 .15 Jhy .21

* The source consists of two components. The 3!5 given
here ig an inner core in & haloc of diameter about 1°9- If
the large source is subtracted out, the fringe visibilities
in the table below should be multiplied by 3.k,

*¥% (On the meridian, ithe north dish is shaded by the south
one at the declination of Sgr A. (bservations were there-
fore made east and west of the meridian at hour angles
centered about 2h20M, approximately. The two different
figures for fringe visibility are for the east and west
hour angles respectively.
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3.1 ‘The Perseus Arm Feature in Casseopeia ﬁ.

The absorption profile of Cas A is distinguished by
having two separate regions of absorption arising 1in 41if-
ferent spiral arms and well separgted in frequency. The
optical depth between the two regions falls to less than
0.01. We may therefore consider each feature sesparately,
with no difficulty of separating the two components. The
feature arising in the Perseus arm again has two minima,
both guite deep, with an absorption of 50% in the maximum
of the profile between the two minima. In the following
discussion, these two minima will be referred to as the
"broad line"™ at 176 ke/s, and the "deep line™ at 228 ke¢/s
(see Figure 7). There are in addition several sudden changes
of slope or inflectlon points which may indicate The pre-
sence of other components. Two of these were pointed out
by Muller (1958). The most obvious one is an inflection
point located on the low freguency shoulder of the line at
about 157 ke/s, indicating the presence of a component in
the profile at about 155 kc/s with an optical depth in the
neighborhood of 0.3.

The broad feature is at least double in nature. There
is a very well marked inTlection point near the botitom of
the line, and a faint change of slope suggestive of another
component on the high frequency side of the line. However,

one wishes %o be a bit cauticus about the interpretation of
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such features. The thermal broadening, for any reasonable
temperatﬁre, is sufficient to produce a line width of at
ieast 5 kc/s between hall optical depth points. Thus, the
entire Perseus srm feature covers only about twenty-five of
these typical widths. Since it takes three parameters to
describe a cloud (maximum optical depth, center frequency,
and dispersion) one would expect that any distribution of
veloeity over ithe matter iIn the region in question could be
reasonably well represented as about eight Gaussian compo-
nents. As we shall see, we approach this limit rather elosely
without even altltempltling to fit all the small, barely signi-
ficant deviations in the profile, but instead keeping a
generally reasonable choice of parameters.

In interpreting blends, there is a tendeney on the part
of the observer to consider that a spectrum line is localized
near the point where it produces its maximum effect in the
observed spectrum. For instance, if a shallow, broad com-
ponent is concentric with a deep, narrower component, one
may be tempted to interpret this as three lines, a deep
narrow one in the center and two shallow narrow ones on its
wings. In marginal cases, this sort of interpretation is
extremely difficult. In this thesis the broad, Perseus arm
feafure in the spectrum of Cas A is interpreted as a narrow
feature added to a broad, deep line which produces most of

the integrated absorption in the area. This interpretation



Lo

is preferred because the phase measurements indicate that
the absofption-on either side of the extreme minimum of
the profile is located at about the same right ascension,
whereas the radiation appearing at the bottom of the pro-
file comes from quite a different location.

If one fits reasonable Gaussians to the twe peaks in
the optical depth profile, one quickly finds that there is
a considerable area above the sum of the Gaussians between
the two lines. It is fairly clear that there is some
hydrogen with central frequencies within this range, but
the resolutlion into separate componentis is very difficult
if not impossible. At present it appears impossible to fit
this residue with but a single Gaussian; however, a small
change in the parameters used to desgeribe the two main
peaks might allow one to do this because the differences
from a single Gaussian are rather small comparsd with the
depths of the two main components.

It is clear that the deep line in this feature is very
deep. The optical depth was given as 2.0 by Hagen, Lilley,
and MeClain®9, L by Muller (1958), and greater than 4.5 by
Shuter and Verschuur. The values given in CRW were > 4.3

single dish, and 3.6 with the interferometer. This last

20 Hagen, J. P.; Lilley, A. E. and McClain, E. F. ApJ, 122,
361
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measurement now appears Lo be erroneous. The present series
of measurements, taken with essentiaily the same inter-
ferometer, and a receiver improved by the use of crystal
rather than L-C filters, indlcate that the optical depth

at the bottom of the deep line is indeed very high. Let us
consider, for instance, the 200 foot east-west observations,
which is the same spacing reported in CRW. The fringes at
the bottom of the line were integrated for a total of about
eight hours. The residual intensity observed in this time
was about 0.007 £ 0.0015. Correetion for the effect of
bpandwldth is very difficult because in the region of interest,
the profile is very noisy, and the bandwidth correction is
rather dependent on the exact profile. However, a bandwidth
correction was estimated on the basis of a Gaussian in
optical depth fitted in the frequencies of the v = 2 points
and in the height of the peak. After an iteration one finds
from this model that the residual, correcied for bandwidth,
is 0.00L. The further correction for the effeect of AGC
brings this figure down to 0.0033. With the estimated error
for the uncertainty in the bandwidth correction added +to that
for the noise, this figure is a marginally significant 0.0033
+ 0.0020. In any case, this averaged opbtical depth is
certainly greater than 5.0. The data for 100 feet east-west
agree with this to within the ohservational error of about

0.002. There was insnfficient integration time taken with
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the LOO foot east-west baseline to detect the residual with
any certéinty,-but it was certainly not much greater than
this guantity.

The observations taken at 100 feet and 200 feet east-
west agree very well with eaeh other. Therefore, to in-
prove signal to ncise ratio the two sets of observations
were averaged with appropriate weights. The 200 foot
observations have the greatest weight in this average as
there were mofe scans of higher gquality. This profile was
taken to be the basic, short spacing profile, to which all
other spacings may be referred, and which was the basic data
in the attempts to fit the line profile with a set of model
clouds.

The aboorption profiles for thie source arc presented
in Figure 7. Figure Ta is the expected profile, taken from
CRW, which was derived from observations with a small an-
tenna, in which the source contributes very 1little to the
antenna temperature. These profiles average over a nuch
larger region then necessary, but they are adequate for
this iInvestigation as they are useful only to indicate from
the emission what hydrogen is avallable to absorb the
radiation from the source, and do not play sny lntegral
part in the analysis. Figure 7b is the short spacing east-

west profile as dsscribed above.
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Figure Tc is the profile observed with the 400 foot
east-west spacing. It is clear that there is a large 4if-
ference between this aﬁa the small spacing profile In the
vieinity of the feature at 155 ke/s. This is mostly due to
the fact that the broad, deep line is somewhat narrower at
this spacing, allowing the weak component to stand out more
clearly, although the weak component itself is actually
slightly deeper. The narrovwing of the broad component im-
plies that in the wings of the line the source appears
smallar than the unabsorbed source, while remaining about
the sume slze at the center.

The 200 foot north-south observations were taken with
receiver A and thus suffered from a large amount of image
in the receiver, and so the line bottoms cannot be compared
in detail with the east-west observations. However, when
one allows for the error possibly introduced by the image,
the observed profile nowhere differs significantly from the
short spacing profile. The diagonal NW-SE baseline was also
used with receiver A, and in addition suffers from the dis-
gdvantage that the rescvlution is changing rapidly near the
meridian where most of the observations were made. Within
the limitations set by thesec considerantions, the profile
taken with this separation also agrees with the short

spacing profile.
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The phase, or rather the right ascension measured along
the profile at ‘the 200 foot east-west spacing is presented
in Figure 7d. The ordinate of the Tigure is in seconds of
time. The dotted portion of the curve is the part which is
completely uncertain because the source is essentially
totally absorbed and hence the signal to nolse ratio is too
small to determine the phase at all. The two lighter lines
surrounding the dark phase curves are the limits of error
according to equation (2) BSection 2.2. Inasmuch as there are
real effects of differential phase lags beitween the two
crystal rilters, perhaps some argument is needed that the
éxceedingly grosg features in this diagram are not merely
observational errors. All frequency dependent phase effects
introduced in the recgiver and not found in bthe radiation
coming from the sky must introduce a phase shift, and hence
a right ascension shift inversely proportional to baseline.
However, all effects present in the gky will ecorrespond to
a frequency dependent right ascension shift, roughly inde-
pendent of baseline. The phase measured at 400 feet east-
west is shown 1iIn Figure Te. It is seen that the right as-
cension shifts are about the same in the two cases, while
the phase shifts are about twice as large in the case of
the 400 foot observations. As a further check, the 100
foot east-west observations were reduced Ffor phase. At

this spacing, the natural period of the Iringes of Cas A
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is 183 seconds, whiech was considerably longer than that of
most other fringes in the observing program, so a phase ro-
tation inbroduced by a‘oué RPM synchronous motor was added
to the natural fringe rate to produce & fringe rate of Ls
seconds, about the same as the natural fringe period at 400
feet east-west, LAE_1/2 seconds. The phase shifts were much
smaller than those found on the 400 foot records. When the
phase shifts were translated into right ascension, they were
again found %o give about the same curve as the 200 foot
measurements give, though with considerably worse accuracy,
gince a given displacement of the fringe now corresponds to
a much larger shift in right ascension.

It is informative to plot the phase against R. This is
done for the 200 fool east-west spacing in Figure 8., The
tieck marks are placed on the curve every two kc/s frequency
change. The inner curve gives the phase behavior at the
bottom of the broad component, and the large outer loop
describes the Pehavior In the deep component. The two
straight lines bounding the curve are approximately the
curves which would result if an opague blind were being
drawn across the source, and hence, for this spacing, repre-
sent the maximum possible phase shifts obtainable. It is
seen that the observed curve occuplies & large fraction of
this maximum. Therefore, a very efficient mechanism for

obtaining phase shifts must be at work, and these necessarily
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involve Ffairly large opbticsal aepths.

The phase shifts from the north-south and NW-SE base-
lines were used only with grest caution beecause of the ex.
treme sensitivity of the phase to the correction for the
image. The error in phase may be as great as

A¢ = tmage/Signai
In the region of interest the observed fringes may consist
of about three quarters signal and one quarter image,
which could correspond to a phase shift of nearly a minute
of arc, a quite considerable part of the source.

In order to achieve some sort of uanderstanding of the
eifects present in this profile, I shall present a model,
which, though it does not precisely reproduce the observed
profile in both amplitude and phase, at least demonstrates
qualitatively the effects present, and, in most cases, can
be modified in a number of different ways to produce the
exact observed profile. The model consists of six clouds,
several of which are resclved by the interferometer in ways
described below. In calculating the models, only the sim-
plest clouds sufficient to qualitatively produce the ob-
served effects were used. The.reason for this is the
previously mentioned difficulty in the number of parameters
in the model being nearly as large as the number of inde-

pendent pileces of information.
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For the purpose of caleculating the model, the bright-
ness temperature across Cas A was taken to be a simple
rectangular distribution in one dimension2l. In the fre-
quency dependencies quoted below, a parameter X is defined
on the Tace of Lhe source, wilith x being poslitive to the
east and x = + 1 corresponding to the edges of the source,
which was taken to be a rectangle of length 4.4' go that a
unit of x ecorresponds to 212,

The error in the assumed brightness distribution should
not affect the parameters of the fitted model too much. The
small extension on one side may appreciably change the phase
in the neighborhood of the bottom of the deep line, but not
too mueh. Any detail of sufficiently high angular frequency
to escape Lequeux's observations would be smoothed out un-
less the interstellar clouds show structure of the same order
of size, which appears unlikely in view of the smoothness of
clouds several times nearer than these in front of this and
other sources.

In the following disecussion, kinematicql distances to
the varlous clouds have been quoted. These were computed

from the rotation curves of Schmidt22 yith the abscissa

multiplied hy 10.0/8.? tn refleet subsequent improvement in

21

see Lequeux, J. Ann d'Ap, 25, 221, 1962

22  g3chmidt, M. BAN, 13, 15, (1956)
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the value of the distance tc the galactic center. The
masses, M, and escape velocities, Vos &iven below are

computcd on the basis of a spherical cloud model with the

line of sight through the center. That i1s, if the typical

length is L, the mass has been taken to be

M=1.3 T MNy 2 <0002t fedr Be T Mg 7)

where the factor of 1.3 allowé for 30% helium by weight in

the interstelliar medium, and Mp and H

hydrogen atom and the surface density of hydrogen, respective-

are the mass of the

ly.

- Ve= Jz—lh_d—g (8)

A computer program was written which supplied the
residual B and the phase given the following parameters Tor
each componesat: depth, dispersion, center frequency, linear
variation of central optical depth across the source, and
linear variation of velocity across the source, Because of
the limited amount of information available, a more elabo-
rate set of parameters was not made available. A set of
models was produced by this program, and the one best
fitting the 200 foot ecast-west amplitudes and phases is
presented below.

I shall now consider each of the c¢louds in turn.

1) In the model profiles to be presented in Figure 9

this c¢loud was Laken bto have the following profilé:
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T({f,x} = {0.25 - 0.10 x} exp [-(f-|55)2/ 2-(5.9)2]
From noting the change in fit with the observed profile it
is ﬁossible to estimate the errors in these parameters.
They are as follows: central optical depth v, = 0.25 + 0.15.
 Variation in opticél depth 0.10 ¥ 0.15. This small vari-
ation in optica; depth was inserted because of the tendency
of the phase measurements o fail out from the broad band
line somewhat more slowly than one would expect from the
model for the broad line. Actually, the situation is some-
what more complicated. This 18 indiecated by the difference
between the 200 foot and 40O foot profiles in this area. It
is seen from a casual inspection that the step in the profile
et this point is much more noticeable on the 400 foot
spacing profile. This arises from two causes: firstly, the
protfile Ior the broad deep Teature is somewhaf narrowver,
which will be discussed with that feature, and also, the
155 kc/s feature is actuallﬁ deeper. This more separated
profile suggests that a more appropriate optical deplh for
this component is O.4. The second aspect, that the 155 kc/s
Teature is déeper, is slightly variable with hour angle.
Most abservations were relatively near the meridian, and
.produced a curve falling well below %that obtained at 200
feet., However, a single observation at 3h30m hour angle

falls well above the 200 foot curve, and an observation at
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1h hour angle seems to be to some degree intermediate.
Since the curve can actually go both below and above the
200 foot curve,.it is easier to explain the effect by the
rotation of the effective basaline than by the change of
its length with hour angle. If, for instance, the absorp-
tion is a bar, iying across the source in & position angle
near 140°, tne source near the meridian and earlier than
the meridian would appear double with a transform which
drops faster than that of the unabsorbed source, and hence
the line would appear deeper than at zero baseline. At
large positive hour gngles, the fringes would run perpendi-
cular to the absorbing band, so the strip scan would appear
slightly smaller than the unabsorbed source. This inter-
pretation ls rather uncertain, as the effecet can be ox-
plained in several other ways as well. Even granting the
basle explanation, the uncertainty in the position angle of
the absorbing bar is at least 20°, and no estimate can be
made of the optical depth of the bar, or of its extent,
gsave noting that it must cover more than a quarter of the
gsource. Within this description, any reasonable distri-
bution of density is capable of giving the observed result.
The center frequency is 155 % 2 ke/s, and the dis-
persion is 5.9 + 1.5 ke/s. This dispersion corresponds to
thermal broadening at a temperature of 190° X, but the un-

certainty 1ln this figure is about 80°., The integrated
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optical depth is 2.6 + 1 ke/s. If we take the temperature
to be 100° K, this corresponds to 1.0 x 1020 atoms per
square centimeter in bthe line of sight. The kinematical
distance of the feature is 2.6 kpe. If the bar picture
of the absorption is approximately . correct, a typical dis-
tance in the eloud is slightly less than the diameter of the
source, say 3'. At a distance of 2.6 kpc, this is 2.3 psc =
7.3 x 1018 cm. The density is thus in the neighborhood of
12 atoms/cc, with an uncertainty of a factor of two. The
mass of LThe cloud is 3.5 Mg. The velocity of escape from
the surface is 0.15 km/s, whereas the speed of sound is
about 1 km/s; therefore, the cloud is unstable against ex-
pansion, unless there 1s another source of pressure. For
reference, the above parameters are computed also Tor a 10
parsec cloud. The density becomes 3 atoms/qc, the mass is
55 solar masseé, and the escape velocity is .31 km/s.

2) The second eloud in the model has the following
frequency profile:

t(f,x) = (2,4 - .80x) exp [' (f - 180/ 2 (II..3)2]

With estimated erroxrs, the paraméters are as follows:
 central optical depth, 2.4 + 0.2. Variation of optical
‘depth 0.8 .+ 0.2. Center ffequency 180 + 1.0. Dispersion
11.3 + 1.0 ke/s. In this case lhere deflniltely appears to

be a variation of optical depth over the source indicated by
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the considerable phase shifts as one scans through this

line in frequency. Since the phase shifts go in the same
aifection on elther sidé of the very bottom of this broad
feature, it has been interpreted as a broad feature with a
narrow feature superimposed near the peak absorption. Any
other interpretation would involve at lcast threce components
instead of two. It is of some interest to know the direction
of the gradient in optical depth; the right ascension com-
ponent of the gradient is given by this observation with an
east-west baseline. The equivalent quantity for a north-
south baseline would give the absolute direction of the
gfadient, but the observations are somewhat unreliable due
t0 the presence of large amounts of image. Making appro-
priate corrections Tor image one Iinds that the shift is
rather small--about 0!2 + 0!2, whereas the shift at 200 feet
east-west is 0!65 near 189 ke/s. Thus the gradient is
néarly due eact-west, with the greatest optical thicknessrto
the vest.

Because of this gradient in the optical depth, the
absorbed source appears smaller than the unabsorbed source,
and hence the line bottom should not appear to be as déep
at large spacings as at small ones. Near the bottom, the
gradient in the third component roughly ecancels this ten-
dency, but the line sides should rise, making the line

narrower at large spacings.
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The kinematical distance is 2.9 kpe. IFf, as the phase
megsurements suggest, the scale of length in the cloud is
slightly greater than the source size, say &', the cloud
is aboul 7 pe in size. The integrated optical depth is
£8 + 10 ke/s, which at a temperature of 1009 ¥ is 2.6 x 1021
atoms/ 8q cm in the linc of sight. This correaponds to the
rather high density of 120 atoms/ce. The total mass of the
cloud is 1.4 x 1030 grams, or 680 My- The escape velocity
at the surface is thus 1.3 ¥m/s, which is comparable with
the velocity of sound, but 1s stlll rather smaller than the
2.4 xm/s observed velocity dispersion. The cloud is at best
temporarily stable without an extermal source of pressure.
If the denslity is uniform the potential energy is 1.3 x 10LL6

ergo and the kinetic cnergy is 7.8 x 10h6ergs,

3) The third cloud in the model has freguency profile:
i, F 2
¢t {f,x) =(0.7+0.,525x) exp|-(f-177{72-(3.6)

The errors on the parameters are as follows: central optical
depth; 0.7 + 0.3. Variation of optical depth 0.525 + 0.2,
The variation of optical depth is necessary to produce the
obgerved local minimum in the phase plot at the frequenecy

at which the amplitude plot has its minimum. Center fre-
quency 177 + 2 ke/s. Dispersion 3.6 + 1.0 ke/s. This dis-
version corresponds to a thermal doppler broadening Irom

hydrogen at 70° K. The large uncertainty quoted on the
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dispersion comes from the fact that the dispersion is
rather critically dependent on the shape of the profile in
the region of the plateéu near the bottom of the line, and
this portion of the profile is quite dependent on the band-
width correction. However, we see from Figure 5 that a
3.6 ke/s Gauesian is only 10% reducecd in the present band-
pass. If one chooses to interpret the profile as two neigh-
boring lines which produce the strong inflection point
rather than narrow and broasd components at about the same
frequency, the depth and dispersion of the line centered
near this frequency go up considerably. The phase curves
oﬁserved with the north-south interferometer do not appear
to be double peaked, which perhaps indicates that the
gradient of this component also lies roughly east-west.

The kinematical distance of this cloud is 2.9 kpe.
The rather small integrated optical depth, 6.3 ke/s,

20

corresponds to 2.4 x 10 atoms/sq em at 100° X, or

1.7 x 1020

atoms/sq cm at 70° K. If we again take a
cloud size of T pe, we obtain a density of about 11
atoms/cc, and a total mass of abouf 64 My, . The escape
veloecity at the surfaece is only 0.39 km/s, much less than
the veloelty of sound.

k) This cloud and the next are more or less chosen to

fill in the gap in the optical depth profile which would

be left by the other features making the deep peaks on
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either side. Because of the deep features, these components
are more or less completely swamped. It is especially dif-
Tleult to estimate the'diSPersion ol the component in these
circumstances. For this component, there is a small change
~in slope which may mark it out, but the deviation from a
gsmooth slope in the side of the broad deep componecnt is only
about 4% of the unabsorbed source. This may be the same
component noted by Muller at 200 ke/s. I find the optical

depth to be given by

© (f,x) = 0.40 exp[4f498F/24&5F]

The errors are as follows: central optical depth 0.40 % 0.15.
Center frequenecy 198 f_h‘kc/s. Dispersion 8.5 + 3 ke/s.

In addition t0 these Errors iﬁ appears likely that there 1s
anbther arrangement of the components‘which would producel

a4 mean square error comparable with the present one, but
whiceh has these two center components in drastically 4if-
ferent positions or strengths.

The kinematical distance is 3.2 kpc. The integrated
optical depth is 8.5 ke/s, which at 100° K. is 3.3 x 102°
atoms/sq em in the line of sight. There is no information
available about the scale of length, but if we take 10 psec,
this produces densitigs of about 11 atoms/cec and a total
mass of about 180 My, though this mass could be wildly

vrong becaunc of lack of knowledge about the scale length.
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5) It is entirely possible that changing the para-
meters associated with the neighboring components could
make this one vanish entirely. However, it seems simplest
to use this weak component to make up an excess of optical
depth left over when all others are subtracted. Very
little can be said about the parameters of the cloud.

Those used in the present model are

T (f,x) = 0.35 exp[-(f—213)2 /2-(6.2)2 ]

The errors glven below are those whlch can be assvclated
with this interpretation; a grossly different interpreta-
tion might change any one by 100%. Central optical depth
0.35 + 0.15. Center frequency 213 + 6 ke/s. Dispersion
6.2 + 3 ke/s. The integrated optical depth is 5.4 + 3 ke/s,
corresponding tc 2.1 X 10720 atoms/sq cm in the line of
sight, at 100° K. With a 10 pe typical length, this be-

comes T atoms/ec and a total mass of 115 M The kine-

0°
matical distance is 3.6 kpec, although the distance to the
source is given by Minkowski to be 3.4 kpc.,
6) This éloud is the most remarkabls one studied.

The fact that the phase is fadically different on the high
frequency side of the line from that on the low frequency
side indicates that the aBsorbing material is in systematic
motion acrcss the face of the source. The extremely high

optical depth in the center of the line indicates that the

cloud is & particularly thick and massive one, and also
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considerably restricts the range of models, since any model
must cover all of thelsource to rather high optical depths
at the center frequency of the line. The parameters adopted
for this model are given below, the adopbted opbical depth

being:

2 2
r{(f,x) = 8.7 exp[-(f—227.54-61}x) /2-(7.0) ]

The value of the central optical depth and the gradient in
average velocity are determined by the residual radiatioh
at center frequency and the shape of the phase curve.
Given a velocity gradient, the cenitral optical depth is
well determined by the center frequency residual; however,
a large range of gradients, each with its own centrsl op-
tical depth, gilves much the same curve of phass versus
frequency. Thus the uncertainty in both of these parameters
is large, although there are fairly tight restrictions omn
one given the other. It is clear that the optical depth is
certainly greater than the negative logarithm of the central
fregquency residual, which guarantees it to be greater than
5.5. It is en%irely possible that there might be "lumps™
in the absorption where the optical depth is much higher
than the 6.7 given above.

The amplitude curve given by this model differs con-
siderably from a simple Gaussian with an appropriately

broadened dispersioﬁ, and indeed fits the observed profile
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rather better than the simple Gaussian. The simple
Gaussian modsl tends to require a wezk component on the
high frequency side of the profile, at abhout 248 ke/53
which is rather less necessary with the non-Gaussian model.
It is to be noted that, although the phase curve of the
model resembles that observed, 1t is far from an exact fit.
The asymmeltry might be due to sither a change 1n density
distribution across the source or a deviation of the
veloelty change from 8 simple linear law. The latter ex-
pleanation is probably corresct, as the observed phase curve
apparently cannot be produced by a linear or step change
in optical depth across the face of the source. The effect
of a nonlinear velocity distribution on the curves has not
been investigated.

The north-south cbservations‘have been reduced for
phase in this case, though the corrections for the image
wvere made only approximately. The range of hour angles
is rather restricted, usually to within an hour of the

meridian, though one scan was taken at an hour angle of

+ 3h. The asymmetric part of the phase change appears to
vanish and change sign at about -lha This corresponds to

a position angle of the perpendicular to the dispersive
motion of about 10°, The symmetrical part of the phase is
not very large, at least less than 1', the large uncertain-
ty being due to the presence of Image, incompletely cor-

rected for. This indicates that the total absorption is
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more or less uniform across the face of the source. Thus,
at the moment we have no direect information bearing on the
size of this cloud.

The uncertainty in the various parameters of this line
are about as follows: Central optical depth 6.7 ff.g R
The central optical depth could be gquite high, depending
on the law assumed for the variation of the velocity
with position. Center frequency 227.5 + 0.7 kc/s. Dis-
persion 7.0 + 1.0 ke/s. The error in the dispersion is
somewhat correlated with those in the change in velocity
with position and in central optical depth., The veloeity
gradient is 6.0 + 2 ke/ 2!2, The kinematical distance %o
the feature is 3.8 kpe, which is greater than the 3.4 kpe
given by Minkowsky for the distance of the sourcs deter-
mined by its expansion velocity and proper motion. This
difference in welocity would correspond to a peculiar
motion of only 4-1/2 km/s. Taking a distance of 3.4 kpe,
the velocity gradient of the model, 0.57 km/s/min, is
0.57 km/s/pe, which is an angular velocity corresponding
to a period of revolution of 11 million years, compar-
able with the likely period of existence of the cloud.
With this sort of period it seems unlikely that the cloud
is in a true, stable rotation. An alternate explanation

might be the passage of a shock wave through the cloud at

an angle with the line of sight, so that part of the cloud
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has been accelerated to a new velocity, preferentially on
one side of the source. Since the phase deviations are more
extreme on the low frequency side of the line, going east,
and it is more natural to associate this more extreme de-
viation{with a uarrover line, one could even suggest the
direction of the shock wave as going away from us and west-
ward rather than towards us and eastward.

The integrated optical depth is about 117 ke/s, whieh
is somewha’t uncertain because of the uncertainty in the
central optical depth. It should be noted that the inte-
grated optical depth in this case 1s not obtainable simply
by taking the logarithm of the observed curve and integrat-
ing with frequency, because the optical depth varies across
the source. The cloud has a diameter of at least 5 pe, in
order to cover the entire source. Table ITII below lists
some of the parameters for clouds with diameters 5, 10, and
15 pe. This cloud may be stable against disruption by in-
ternal pressure, but is probably unstable with respect to
centrifugal forces. Thus, In this model we hava met no
clouds which are unqualifiedly stable.

The observed curve for 200 feet east-west is compared
with that given by the model in Figure 9. Figure 9a is the
curve glven by the model, and Figure 9b is the difference
between the observed curve and the model curve. The fit is

to an error of better than 2% in most places. The remaining
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Table III

the Perseus Arm Feature in Cas A
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large deviation is at 249 kc/s, and could be mostly ex-
plained by adding another component, though this should
show up on the LOO foot profile if it were really there.

A silmilar comparison is presented in Figure 10 for
the 400 foot amplitudes. Figure 10a contains the curve
given by the model, with the observed curve given as a
light line when it deviates noticeably from the model
eurve. Figure 10b is the difference curve. Since the
parametars of the model were chosen to explain the am-
‘plitude and phase of the 200 foot observations, the k400
foot observations disagree somewhat with the predicted
curve. The narrowing of the deep line on the high fre-
guency side is fitted fairly well, but the line does noi
rise as prediected on the low Ffrequeney side. An insertion
of an optical depth gradient in the weak line in the centar
of the profile might remedy this dsfect, The broad line is
predicted to be somewhat narrower than the width at 200
foot spacing,_but not g0 much as the observed curves, so the
155 ke¢/s component is not so obvious.

Figure 11 shows the comparison between the observed
and predicted phases. Figure 1lla is for 200C féet east-west,
and Figure 11b 1s for 400 feet. The heavy line is the model
phase and the light line is the observed phase. The main
deviation of the phases from the expected is the asymmetry

of the curve about 227-1/2 ke/s, whicech is presumably a
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reflection of some asymmebtry of the veloclty wvariation
across the face of the source, and the narrower wldth of
the phase peak at 223 ke¢/s. This is probably related to the
fact that the helght of the maximum between the components
does not change;as predicted.

It is of interest to at least note the results ob-
tained by Weinreb and Barrett23 in thelr observations of
the OH line in abscrpbtlion in this source., This is inter-
esting for two reasons. Firstly, 1t should enable us to
separate the mlcroturbulent velocities from the thermal
velocities, since the thermal velocities of 0H are a fac-
tor of four smaller than for H. Secondly, the varistion
of the ratio 75/t should convey some information about
the state and history of the cloud. If the OH concentratbtlon

is uniform in all space, then the ratio would in-

Ton /TH
dicate merely the kinetic temperature of the hydrogen since

the =

OH is roughly dependent only on radiation temperaturs

and independent of the kinetic temperature, whereas the ty
is inversely proportional to the kinetic temperature,.

The width of the deep feature given by Welnreb and
Barrett is 4.5 km/sj alrz2ady somevhat broader than the
corresponding feature in the hydrogen line profile, which,

in my model, would have a width of 2.6 km/s. Indeed a

23 Weinreb, S.; Barrett, A. H.; Meeks, M. L.: and Henry,
J. C. Nature, 200, 829, (1964)
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width of 4.5 km/s strikes the observed profile at about the
T = 1.7 point, clearly much further down than half optical
depth. If this measurement is correct, it is an indication
of variation of temperature or abundance of OH within the
cloud. The feature at 37 km/s is even more puzzling.
Firstly it is not clear which of the clouds near the 181
kc/s this O0H feature is associated with, and secondly, it
is cuiious that the other OH feature is apparently associ-
ated With a relatively minor feature in the H spectrum.
Clearly, more ekamples of OH lines are needed to examine
the correspondence, If the situation is even more complex,
as reported by Dieter and Ewan2u, then the meaning of the
Ol observations is not clear at all. One would expect OH
10 be more or less corralated with the H distribution even

if the ratio did vary somewhat from area to area.

3.2 The Orion Arm Feature in Casseopeia A

The Orion arm profile is considerably simpler than the
Perseues arm profile in several respects. Firstly, the op-
tical depths are smaller, so that they can be measured
accurately, and secondly, there 1s apparently no phase
shift assoclated with the absorption, which one would ex-
pect since the clouds causing this feature are about three

times nearer than those causing the Perseus arm feature.

2k Dieter, N. H. and Ewen, H, I. Nature, 201, 279, (1964)
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The situation is complicated by the presence of several
weak lines of central opitical depth about 0.1, which are
gither abesent in the Perseus arm feature, or else are suf-
ficiently centrally loceted that they are unrecoveradle
from the extremely deep features.

As in CRW, it is somewhat difficult here to properly
fit the weak lines since the recelver gain instabilities
enter inm full force in this determination, as well as the
resolution corrections, errors in time constant correction
and similar terms. Even after summing several scans, the
profile is undetermined to about two percent. Ths observed
profile covers about 13T kc/sJ which is about 25 bandwidihs.
I found it necessary to fit the profile with six Gaussian
components, thus having 18 free paramebers, very close %o
the number of bandwidths in the profile. In fact, this
sort of behavior is fairly general, ths more detail one
itooks for, the more one finds. After the computer Tfitting
of the profile, the RMS error is about 1.4 times the
theoretical error, but it would appear impossible to approach
the theorstical erroxr with only five components.

The values for the parameters of the six components
fitted to this profile are listed in Table IV, along with
the values reportsd in Muller, CRW, and Shuter and Verschuur,
for comparison. Also listed are n, and M which have been

H
computed for T, = 100° K and 10 parsec clouds. A plot of



T0T18B8T985AUT USS8II--)

INUYO§IB8A puUB I2nYZ--AS

I292WOIRIILQUI-~92UT YSTC °TBUIg--@8 UOSTIM PuU®B ‘usuustayeypsy ‘JIeTD--M¥D
‘ISTTnKH--W :sI028313s0AU]

6°2T T°6 L'21 €31 | LOo*O 60°0 6G0°0 LO°O L 14 ®9 66
0°g HT1'0 g 22
22 €90 ¢'6
L€ €L'0 1L
€2 T ¢*q
2L 1°9 T4 00'2 @6°T 69T 4 K
8°6G 0% ™H'T ST 6°T - T-
€9 0T'0 0°91-
16 2°0T H©°9 ¢*6 60°0 €T°C @00 QO0'0 9°LE- 9€ - 1%
. *quf as *qur as
T 0 AS RY¥D H 2 AS nud H 0 AS M¥D I
, 0 o.-. oﬁ
gt 8°2c 6°0 €2 2% ¥ 6°8T1 20° * L0'0 1 ¥ &°46
66 G- ¢ T°T 92 €T * 0°Q 20" F #T'0 ST * g°ee
002 2°'g 9°2 8°'9 g'1T F L€ 7* ¥ €L'0 2T * T°L
0EH 638 6°.L h*oe L0 # g6 €+ IH'1T g2'e ¥ 6°T -
1€ 0°2 29°0 9°1 2 ¥ €9 go* *# 010 22 ¥ 0°9T-
ATl 62 gL°0 02 € * 16 20" * 60°'0 € * 9°LE-
o oT
Oy 20/ c \om g /ox #/o% g /oy
W mﬂ , mz ap hw & o, O.H

‘¥ sB) IO wnigosdg syg UT ssanaweg WIY UOTIO AL 9Tasl



-5 -

the absorptlon spectrum is shown ia Figure 12. TFigure 12a
is the expected profile, taken from CRW, and Figure 12b

the observed absorpition profile. A amall scale plot of the
spectrum of Cas A showing both features is presented in
Figure 13.

The phases observations indicate that there is no
phase change across this profile in excess of 10" in an
east-west dirsction. This implies that the deep lines do
not vary linearly in optical depth across = diameter of
the source by 20%. This smoother behavior would indeed be
expected 1f the clouds in this featurs ars the sams size
as those in the Perssus arm feature. This lack «f phase
change, however, sets 1little restriction on the weakx lines,
and even the possibility that they are optically thick
regions covering a small part of the source is not excluded
by the observations.

The deep line is at least double in nature, with a
very well marked inflection point 2t the bottom, and ap-~
preciably different slopes on the two sides. It is some-
what surprising that thz only two components of apyreciable
optical depth are found within 6 kc¢/s of each other if the
dispersion of cloud velocities is near the 8 km/s found by

Kwee, Muller, and Westerhout2?, Therefore, it may well be

25 Kwee, XK. K.; Muller, C. A. and Westerhout, G. BAN, 12,
211, (1954) -
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that this splitting is a streaming motion within a single
cloud rather than two or more spacially separated clouds.
The parameters of the two lines sre not very well determined
because of their strong interaction. Shuter and Verschuur
find three lines within the deep feature, and there is. a
very faint change of slope at the position of their third
component in the present data. However, the maximum dev-
iations from the fitted profile are less than 2%, so the
present data alone would not suffice to claim the existe®nce
of the third component, especially with the reasonably small
RMS error the present resolution into components provides.
We should note at this point that the deviations of
this profile from the expected profile are in as great disg-
cordance ag in the cace of the Perseus arm feature, at
least three times further away. If the spatially discon-
tinuous character of the clouds give 1rise to the difference
between the emission and absorption profiles, one would
expect that either the emission in the Orion arm should be
breaking up to resemble the absorption profiles more
closely, or that the Persesus Arm profiles should not show
deep absorptions because of the Ffailure of the clouds to
cover the source. This is a qualitative Iindication that
the hydrogen seen in emission may indeed be at a differsnt--

higher--temperature than that seen in absorption.
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It is interesting to note thst with an assumed temper-
ature of 100° K the total amount of hydrogen hetween hers
and Cas A is 9.4 x 1021 atoms/sq cm, mostly in the Perseus
arm. This corresponds to an average density of 0.87 atoms/
ec, which 1is somewhat greater than the averags usually
given from emission work, though not significantly so,
considering the uncertainties,.

3.3 Taurus A

Taurus A is identified with the Crab Nebula, the rem-
nant of the supernova of 105k AD, and is located at a dis-
tance of about 1100 parsecs. It lies very close to the
anticenter, and therefore it is impossible to derive kine-
matical distances to features ia its spectrum, but one
knows that the hydrogen dis ccrtainly local, as the nebuls
itself 1s only a 1little more than a kiloparsec away. The
absorption profile has two strong peaks, with the stronger
and narrower being located at about +10 km/s, which must,
of course, be a peculiar motion as the component dus to
differential rotation is essentlally zero.

The profile does not vary significantly with baseline,
so the various baselines have been averaged to¢ improve
signal to noise ratio. The 200 foot east-west observations
were most heevily wsighted. The average profile is given in
Figure 1lb, There are no phase shifts greater than about 20

seconds of azrc,
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Table V. Components of the Spectrum of Taurus A.
To To o § v dv Ny ng M
ke/s ke/s ke/s 1020/ cp? [ee My
-51.6 % 1.0 .85 + .08 6.0 + 0.3 12.9 5.0 16 270
-50.5 £ 0.8 .58 + .08 2.72+ 0.3 .1 1.6 5 86
-37.9 = 2 14+ .03 3.7 + 1.4 1.2 0.5 1.5 25
-18.7 + 1.1 .82 + .10 10.7 £ 0.8 22.0 8.5 27 460
-10.7 + 1.1 .12 + .10 3.4 ¢ 1.1 1.0 0.4 1.2 21
5.9 £ 3.5 .07 + .03 6.0 + 2.5 1.0 0.4 1.2 21
fo To o
M CRW SV C M CRW sV c M CRW SV c
o~ SD  Imnt. SD Int.
2
-51.0 1.05 3.2
-51.6 .86 6.0
-k -48 k7.0 1.9 1.56 1.05 1.30 4.8 5.5 5.5 2.9
-50.5 .58 2.7
-ko0.0 0.43 2.5
-34,0 -37.9 0.34 L1h 3.4 3.7
-28 -26.0 _ 0.5 0.55 3.k
-18.5 - 20 -20.0 -18.7 .6 0.68 0.60 .82 6.6 3.5 10.7
0.72 : 10.6 8.5 _
-14 -10 -12.5 -10.7 .6 0.53 1.00 .12 | 6.6 h.2 3.4
- 5.0 0.40 3.5
3 3.0 7.8 0.21 0.2k 0.26 .07 6.4 5.5 L.0 6.0
19 .07 8.0
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The puzzling part of this speétrum is the maximum
optical depth of the feature near -50 kc/s, This gquantity

as observed by the various observers is given below:

M CRW SD CRW Int. SV Present
Investigation
1.9 1.56 1.05 1.90 1.31

There is thus some indication that the interferometer sees
a shallower line than single dishes, but the explanation
is not clear. The 250 foot telescope has more resolving
power than the 100 foot spacing interlferometer, yet there
is no apparent change of profile with baseline in the
present investigation. Perhaps the explanation lies in
the bandwidth corrections. However, the bandwidth cor-
rections to the present data would have to be quadrupled
to account for the discrepancy.

There is considerable difficulty in resolving this
profile into Gaussian gomponents, as there appear to be
several of them and they are very narrow. A beginning
approximation of the profile of about the form shown below
was arrived at.after several attempts to fit the profile

with Caussians by hand compubation:

£ To o
60 0.1k 3.5
-50 1.43 k.1
-38 0.16 3.5
-23 0.60 9.2
-12 0.50 6.4
3 0.15 7.1
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The component at -60 accounts for the wing on the red edge
of the profile, and the two features in the -17 kc¢/s com-
ponent are nearly equal in depth, and not too different in
dispersion. When this initial guess was submitted to the
computer for improvement, it converged to a solution re-
sembling this for about ten iterations, when it became un-
stable and sought a new pattern, which is given in Table V,
with errors and comparison with other observers. The
feature +to note in this analysis is that the negative fre-
guency toe of the profile has been explained by & broad
component with approximately the same Ffrequency and optical
depth of the much narrower component producing the peak of
the -50 kec/s line. This solution seems to have a mean
square error about half the theoretical wvalue and about
one third that of the solution based on the initial guess.
There are suggestions in several profiles that com-
ponents of nearly equal optical depths tend to be located
at the same frequency. This same solution of narrow com-
ponent superlmposed oo & broad componenlt was used for the
broad line in the Perseus arm feature of Cas A. It may
well be that these close doublings repre2sent the passage of
a shock wave through the cloud, or fairly large scale in-
ternal motions within the cloud rather than the accidental

superposition of physically separate clouds.
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Some of the dispersions of the Gaussian components for
this profile seem to be excessively small. The 2.72 ke/s
dispersion found for the narrow part of the deep line cor-
responds to a kinetic temperature of only 41° X, a third of
the generally assumed value for the cloud temperatures. At
this narrow width, the bandwidth corrections may not be
proparly made, and certainly many uncertainties are present
in the process of interpreting the profile as Gaussisan
components, but a temperature as high as 125° K appears to
be excluded by the observations.

The integrated optical depth in front of this source
is 42.1 ke/s, corresponding to 1.64 x 1021 atoms/sq cm at
100° K. This number may be substantially reduced if the
temperature is indeed very low. This surface denslty gives
an average density of 0.47 atoms/co between us and the
source, which is quite reasonable, or ever @ bit low, for
paths through this spiral arm.

3.4 gagittarius A.

The source Sagittarius A 1Is interesting on seversal
grounds. TFirstly, it is located at the center of the
gaelaxy, and hence on the model of ecircular motion, all the
hydrogen between the sun and the centsr will fall together
at zero fraquency, resulting in an extremely high optical
depth. Secondly, the three kiloparsec expanding arm ap-

pearse in absorption in front of the source, and hence the
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absorption profile tells something about the parameters of
this expansion. And thirdly, it is interesting because the
interfTerometer contributes greatly to the study of its
spectrum since the expected profile is so complicated that
it is difficult and time consuming to produce it with a
pencil beam insbtrument.

The source was observed with the usual baselines, with
one exception. With the 200 feet north-south baseline, ths
south antenna casts a shadow on the north one when the
source is viewed on the meridian. Therefore, the source
was not observed on th2 meridian, but for a rangs of hour
angles on elther side of the meridian, centered on about
2h20m, and running about 40™ either way from this center.
Al the eastern apparlition, bthe fringes lle approximately
perpendicular to the galactic equator, and &t the western
apparition, they lie approximately along it.

The original report of the threes kilaparsec expanding
arm by Rougoor and 00rt26 gave an optical depsh of about
0.5. Both CRW and the.present investigation, although
they disagree somewhat about the shape of the line, agree
that the optical depth is slightly greater than 1. Fuarther-

more, there seems to bea no appreciable change of this depth

o

5 Rougoor, G. W. and Oort, J. H. Paris Symposium (Ed. R.
N. Bracewsll) 8. U. Press (1958)

--------- Proc Nat Ac Sci, 46, 1, (1960)
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with baseline. It is certaluly identical to within 5% for
the 100 fest east-west, 200 foot east-west, and 200 foot
north-south baselines, and these have been averaged to im-
prove accuracy. With the 400 foot east-west baselines, the
source is so resolved that noise reduces the accuracy to
about 10%, but to within this error the line still has the
same depth. The composite profile is presented in Figure
15b. The 2xpected profile in Figure 15a ies taken from
Muller (1958). It is seen that the profils appears to coun-
sist of two components, one a weak wing on the previously
reported single component. There is no evidence for the
peculiar shape reported in CRW and the profile appears to
agree rather well with a Gausslan.

The paramcters of the two components ars as follows:

£ To o frdv
254,8 + 1.0 1.08 + 0.06 13.7 + 0.7 37
201.5 ¢ 3 0.10 ¢ 0.04 5.1 + 3 1.3

The total integrated optical depth in this Tfesature is 38
kc/s, which at a temperature of 100° corresponds to 1.5 x
lO21 atoms/sq cm. If the arm is half a kiloparsec through,
this is an average density of 0.9% atoms/ce.

The source does show a measured phase effect with fre-
quency. The observed phase curves are shown in Figure 1l5c.

At the long=zr east-west baselines, less phase effect is

found than at 100 feet sast-west. Thus the effect 1s
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probably assoclated with the large component of the source,
which is already well resolved at 100 feet. The observa-
tions taken with the north-south base-line at western hour
angles also indilcated the presence of a phase effect of
about the same size as that at 100 feet east-west. Since
this affaet is changing with the resolution of the source,
it may be premature to associate the lack of phase effect
at the eastern apparition with the fringes being parallel
to the displacement of the source, but if this is indeed
the case, then the absorption appesrs heavier in position
angle 135, approximately perpendicular to the galaciic
equator. The maximum apparsnt displacement of the source
is about 1!5. The degree of change in absorption that this
calls for 1is highly uncertain because of the difficult
resolution effects. If the lover optical depth reported by
Muller 1s due to a hole in the absorption covering the
extznded part of the sourcz, then this hole could also pro-
duce the observed phase shift, and be of large enough
dianeter that it would be resolved at the 200 foot baseline.
Egorova {1963) reports that the source coming about
1™ earlier than the center source does not appear to be
absorbed a2t the center frequency of the 3 kpe arm. This
should cause a position shift to the north-east, rather than

to the north-west as observed.
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Thz feature near z2ro velocity presumably results fron
the superposition of many clouds lying in the seven kilopar-
secs between the sun and the three kiloparsec arm. One
would thus expect the optical depth to be wvery high. It is
indeed high, being greater than 3. After two hours of
integration at zero frequency with the 200 foot eecst-west
baseline, a non-significant resul® of R = 0.028 + 0.016 was
obtained. R + 0.028 is an optical depth of 3.6. Observa-
tions at + 20 kc¢/s indicated somewhat shallower optical
lepths, of about 2.5 to 3, depending on the exact frequency.
also with marginal significance.

The profile is shown in Figure 16b., The expected pro-
file in 16a is taken from Muller. The general picture is
the single vory deep feature with Tour little lines on thse
wings. The 450 clouds at negative frequencies were smeared
into a simple wing in CRW, though upon re-examination of the
records, the peak structure appears. Because of the fact
that the deep feature is a closz superposition of many
clouds, it is Impossible to attempt to separate it into
Gaussian compocnents. Since Blaauwel reported that a more
appropriats law for the motions of individual clouds is 8
simple exXponentisl, it might be worthwhile to atitempt to

fit the feature with A exp %— . Figure 17 shows - log R

27 Blaauw, A. BAN, 11, 459, (1952)
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plotted against frequency, with an exponential (x's) snd =a
Gaussian (o;s), both fitted in frequency and slope at v =
1.0. The observed slopes appear to be too steep at high
optical depths to fit a Gaussian, while the A exp %
formula produces reasonable agreement. The values of A and
7 A = 22, and n = 13 kc/s are, howvever, highly un-
reasonable. The optical data which suggested the exponential
form gave an 7 of something like 5 - 8 km/s, two or three
times this value. And if the optical depth follows +this

law on in to the centsr of the line, then Bolton, van Damme,

Gardner, and Robinson2®

, and Weaver and Williams29, ob-
serving in the 0H line, would probably have found a greater
optical depth, and certainly a& narrower line. If this law
does obtaln, then the integrated optical depth would be

570 ke/s, which, at 100° K, gives an average of 1.0 atoms/cc,
assuming that a#l1ll this hydrogen lies in the seven kiloparsecs
between the sgn and the 3 kpe arm. This figure is again
somewhat high, indicating that the exponential law must

break down somewhere before the center of the line. This in-

tegrated optical depth is at least 280 ke/s, giving an

average density of at least .5/cc. The value n = 13 kec/s

28 Bolton, J. G.; van Damme, K. J.; Gardner, F. F.; and
Robinson, B. J. Nature, 201, 279 (196k)

29 Weaver, H. F. and Williams, D. R. W. Nature, 201, 279,
(1962)
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is & direct measure of the steepness of the sides of the
line, and supplies a typical bandwidth, irrespective of the
behavior of optical depth for > 3. This value is more
typical of single components in absorption than of an
emission profile.

The phase effects near this line are very complicated
and are illustrated in Figure 16c. Firstly, it is clear
that the center of gravity of the source moves north-west on
the positive frequency side, by a rather large amount, pos-
sibly 2'. This of necessity must refer to the large com-
ponent, a8 this lies off the center core of the source.

This movement is roughly perpendicular to the galactic
plane. The effect at negative frequencies is not so clear.
Each of the two weak lines appears to have a different phase
shift associated with it, and in addition there is possible
a resolution sensitive effect on the edge of the deep line.
The only thing that one may deduce about the source from
these phase shifts, is that while the absorption is rela-
tively constant over a component of the order of 4' in
diameter, it may vary quite markedly within the antenna
beam, 36°'.

Since there are seven kiloparsecs of clouds all lined
up on the same frequency, one would expect that there should
be quite a large number of clouds in the deep feaéure,

enough so that it becomes difficult to see why it should
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differ so much from the expected profile, if indeed the
expected profile is made up of the emission of many clouds
like those in the absorption profile. Since the width of
this feature {(to R = 1/2) is about 90 kc/s, and this is at
least three times the usual width of a single cloud ab-
sorption feature, there must be at least three clouds i1in
the feature. From the frequency data in Section 4.1, one
finds that cone would expect 17 clouds of cpiical depth
greater than one half, or a total of twenty-nine clouds.
This number is getiting large enough that the difference in
the widths of the absorption and emission features is be-
coming statistically significant. The width of the emis-
sion to half maximum points is 220 kc/s, two and & half
times the width of the avsorption feature.

The center fregquency of the deep feature is about +1
kc/s. This is undoubtedly somewhat colncidental, as the
local standard of rest is not known to such accuraczy.
However, the general principle that the great mass of
hydrogen between here and the center displays no relative
motion with respect to the local standard of rest should
supply some constraints to the model of radial streaming
of hydrogen in the galaxy. For instance, of the four models
considered by Braes (1963), only the one involving only
circular motion of the hydrogen predicts that this line

should be centered at zero. Becauee'of the uncertainty of
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the number of clouds involved in this feature, it is im-
possible to set & limit to the distance that this center
frequency might be displaced by the statistics of small
numbers, but it is certainly less than 5 km/s, half the
width of the fesature, which would reject & radial velocity
varying as 1/R2, and cast grave doubis on & model involving
an outward motion of the local standard of rest with re-
spect, to the surrounding hydrogen which have been suggested
by Kerr30 +to sort out the spiral structure of the galaxy.
The parameters of the weak features are listed below,
including the position angle associated with the heaviest

absorption as deduced from the phase data.

fcenter T, o jz-dv PA
requency

151.1 + 2 0.26 + 0.05 10.3 ¢+ 3 6.7

109.6 + 2 0.14% + 0.03 5.1 % 2 1.8

-68.3 + 2 0.57 + 0.05 11.4 % 3 16 90
-10k.0 + 2 0.33 + 0.0k 15.8 + 3 13 2Lko

These features are probably simply clouds with high random
velocities. At 100° K their center of mass is approaching

at 7 km/s, and, if these are ten parsec clouds, they repre-
sent a total of about eight hundred solar masses. They
probably do not represent an important part in the kinematics

of the galaxy.

30_ Kerr, F. J. MN, 123, 327, (1962)



3.5 Orion &

The profile of this source shows a marked change with
baseline, 1ndicating a change in optical depth across the
source, even though the source is only half a kiloparsec
distant, the closest source in the sample. The profiles
observed with the various baselines are shown in Figure 18b.
Figure 18a, the expected profile, is again taken from CRW.
Tt is not clear that the difference between the profiles
observed with the 200 foot north-south and 200 foot east-
west baselines 1s significant, because a frequency shift of
the steep side of the profile of only one kc/s would bring
the two profiles within the allowable esrror. However, the
difference between the 200 foot and 100 foot profiles 1is
certainly real, becauss the botitom of lhe profile 1s very
well observed with the integrators, and the ohserved dif-
ference is over three times the standard deviation of this
point. There sre also some profiles taken at large positive
hour angles with a 200 foot east-west baseline which show
intermediate cases. They also show that if the profile is
divided into two components in the obvious way, the change
is due mainly to a change in the deeper, narrover, one.

The 400 foot profile also differs significantly from
the others, being much lower on the positive side of the

profile.



40°

T—

R

20°

a. Expected Profile

b.Absorption
Profile

—— 200' E-W

. 200' N-S
--= 100" E-W
—-— 400" E-W

¢. Phase Profile

— 100' E-W 1E : d
-—-200' N-§ 1N

/

' T Phase Error

T

60 40 20 oo -20 -40 -60
———————— Frequency

Figure 18. oOrion A absorption Spectrum.




-97-

An sppropriately weighted average of the 200 foot east-
west and north-south baselines was given to the computer for
least squares analysls into components. An initial guess of
only two components was used, although at least one of the
small quirks in the profils reported in CRW appears to be
real, but only about equal to noise in size. The resulting
fit was so good, about 1.8 times the theoretical error,
that it was felt that the determination of a third component
from this data could not be supported. The parameters of

the two fitted Gaussians are as follows:

center c -
frequency °

-21.4 % 0.6 2.01 + 0.15 6.7 + 0.45
-11.7 + 0.9 1.19 + 0.09 14.2 + 0.5

The 100 foot east-west observations are adequately des-
cribed by reducing the depth in the deeper feature from 2.0
to 1.2, suggesting that the cloud causing this feature covers
& comparatively small area in the center of the source. The
optical depth reported by CRW with a single dish and by
Muller is much smaller yet, indicating that perhaps boith
clouds are centralized over the most intense part of the
source. The observations are consistant with an absorbing
disk L4' in diameter of optical depth greater than 2 centered
on the source. The further deepening at LOO foot spacing

could be due to the fact that the source brightness distri-
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bution is split in two by the other absorbing cloud as well,
and that its visibility function is thus descending faster
than that of the unabsorbed source, rather than its optical
depth actually being the value measured over the center of
the source. The phase curves for the 100 foot east-west
and the 200 foot north-south baselines are shown in Figure
18c¢. The variation of the phase is not significant in the
three kc/s bandwidth for which equation (2), Section 2.2,
applies, but it appears to reproducs from record to record.
The 200 fcot east-west phase curve appears to look about
the same as the 100 foot baseline curve, except because the
line is deeper, the sxtremzs of the curve in the bottom of
the line are not seen. There is a marked similarity between
this curve and that for the deep line in Cas A, but in this
case the feature can be divided into two components on the
basis of differing dispersions and slightly different fre-
gquencies, 80 I assoclate each line with a different position.
The maximum displacement appears to be as great as 1!3,
which corresponds to about the same in displacement of the
aforementioned 4' disk from the center of the source.

The integrated optical depths of the two components
are 3k kc/s for the narrowv component and 42 for the broad
component. These correspond to 1.3 x 1021 ana 1.6 x 102%
atoms/sq cm respectively, at a temperature of 100° K. A

typical distance in the narrow line appears to be about v,
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which at the maximum distance of 500 parsecs, corresponds to
only 0.6 parsec. The density of hydrogen with a typical
distance of 0.6 parsec is 680 atoms/cc. Although the den-
sity is extremely high, the mass is rather small because of
the very small volume of this cloud. The mase of the cloud
is only about 2.6 solar masses. These numbers are rather ex-
treme, but because of the change of the profile between 100
feet and 200 feet spacing. if would seem impossidble to say
+that the typical distance in this cloud is greater than one
parsec, If we take a one parsec eloud, the density would be
k2o atoms/cc, and the mass would come up to seven solar
masses.

These densitles are extremely hilgh lor HI regloas,
but are rather less than some of the densities encountered
in the Orion Nebula itself. It seems fairly likely that
this cloud 18 assoclated in some way with the nebula,
either deing an ejectus of it, part of a primeval HI region
whieh has not yet been ionized, or even & region in the
process of condensing into & star. If it is the last, it
must be doing so under the influence of an external force,
ags it is gravitationally unstable.

In order that the second component produce the observed
phase change, which appears to be associated with it, this
cloud, too, must be very 1little lerger than the source. Its
typical length must not be much greater than 10', or 1.5 pe.

This gives & density of 350 atoms/cc and a mass of 20 Mg.
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3.5 The Omega Nebula.

A composite profile for the source 1s shown in Figure
19b. It is the average of the 100 foot, 200 foot east-west
and the 200 foot north-south scans, except in the region
near the bottom of the line at about -98 kec/s, where the
north-south profile appears to be somewhat less deep than
the other profiles. In this region the composite profile
follows the average of the east-west profiles. It is not
clear that this deviation is significant. There is also
a very slight suggeétion that the 100 foot profile might
be slightly deeper in the neighborhood of the -30 kc/s
feature also, but this effect is comparable with noise.

The phase profile is given in Figure 19b. It has been
smoothed to 12 kc¢/s bandwidth to increase its significance.
It indicates that the structure is probably rather com-
plicated. Thers appears to be at least one more component
to the profile than reported in CRW, as the feature at -30
kc/s appears double as was suggested there. For the
present this has been interpreted as a narrow component
superimposed on a broader one, &s in Taurus A, rather than
as two side by side components. The phase curve indicates
that this is probably somewhat of a simplification, but the
present data probably do not justify & more complicated model.

The broad and narrow components give a somewhat better fit

on the plus frequency side of the profile +than two side by
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Figura 19. Onega N¥Nebula Absorpition 3Spasctrum.
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side components, but the true resolution is probably into
three or more components. This profile agrees Ffailrly well
with the interferomefter profile of CRW, but still differs
greatly from the siangle dish profile of CRW. Because of
this difference, another pencil beam investigation of this
objeet would be highly desirable to check the observation.
The values of the parameters to the components fitted

here are as follows:

to LA a
-32.5 + 1.0 1.42 + 0.08 17.6 + 0.8
-29.9 + 1.6 0.15% + 0.07 h,2 + 2.2
-68.5 + 1.0 0.87 + 0.07 11.7 + 1.5
-98.2 + 0.7 1.61 + 0.08 10.5 + 1.0
-125.2 + 1.8 0.57 + 0.06 11.2 + 1.2

The north-south profile would be fit somewhat better if the
optical depth of the component at -98 kc/s were decreased

in optical depth from 1.61 to 1.1k, If this is indeed real
and & resolution effect, it implies that the size of the
cloud is comparable with the size of the source, about 7',
corresponding to 5 pc at the 2.5 kpe kinematical distance.
Since the effect seems to depend more on the azimuth of the
baseline rather than its length, the absorption might be re-
garded as a bar, with its long axis north-south. The phase
measurements, though they are barely significant, indicate

that most of the other components, with the possible ex-
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ception of the ones at -32.5 ke/s and -125 ke/s, are only
slightly larger than the source. If we take an angular
diameter of 15' for each component which shows a phase ef-

fect, the following charscteristics of the clouds result:

£ fr v Dizz. Vg gc ng M/ Mg
1020/ce

-32.5 62 0.8 2k 10 75 1300

-29.9 1.6 0.8 0.6 5 b 9

-68.5 25 1.7 10 10 31 530

-98.2 L2 2.5 16 5 102 220

-125.2 16 3.1 6.2 10 20 340

The three densest of these clouds have escape velocities
above the speed of sound, dbut still well below their in-
ternal turbulent velocities. If the profile is to be re-
solved into more compﬁnents, the escape velocity of each
goes down.

The dynamical distance of the most distant feature in
the absorption profile is 3.1 kpe. If we take this to be
the distance of the source, then the total integrated op-
tical depth of 147 ke/s corresponds to a mean density of
0.6 atoms/cc, a value much in line with those obtained for
other radio sources.

3.7 The Weaker Radio Sources.

A total of sixteen other radic sources have been ex-

amined for absorption with lesser attention. Some of these
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were so large that their profiles have been taken from the
single dish meesurements reported in CRW rather than from
new, interferometer measurements. For slx of this sixteen
it is possible to report only that they appear to be un-
absorbed to & given limit. Some information about the
radio sources and their observations is presented in Table
VI. A brief comment about each is gilven below. The pro-
files are presented in Figures 20-23. An error, essentially
the error in R at the lines bottoms, is shown in s bar on
the figure. The expected profiles are taken from inter-
poletion in the intermediate latitude catalogue of van
‘Woerden, Takakubo, and Braes (1962) if at intermediate
latitudes, and from either Muller and Westerhout3l or Kerr,
Hindeman, and Gum32 if near the plane. A list of components
is found in Table VII. A brief comment about esch is given
below.

1) TFornax A is apparently unabscrbed in the frequency
range searched. R > 0.5 from +120 kc/s to -20 ke/s.

2) 3C 123. This source has a simple absorption line
as reported in CRW. A brief integration of forty minutes
duration was taken at the apparent line bottom. The result

was a non-significant detection of the source, with R = 0.17

31 Muller, C. A. and Westerhout, G BAN, 13, 151, (1957)

32 Kerr, F. J.; Hindman, J. V.; and Gum, C. S. Aust J Phys
12, 270, (1959)
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+ 0.10, resulting in an optical depth of l.8f$:§. The center
frequency is -24 + 5 kc/s, comparing well with the -22
quoted in CRW. The full width %to half R points is 22 + 8
ke/s, corresponding to a dispersion of 8 ke/s.

3) Pictor A. This source is unabsorbed. R > 0.7 from
+200 to -200 ke/s.

L)y CTB 31. A %otal of sbout two and a half hours of
integration time allows only the setting of a lower limit
to the optical depth in this profile, R < 0.15, r>2. If
one fits a Gaussian to the sides of the profile which are
visible, then the slopes indicate that the maximum optical
d2pth is about 3.6. A dispersion of 12.6 ke/s was derived
in the same fashion. This is probably too far to reliably
cxtrapolate with a Gaussian shape. The profile is definite-
1y composed of two componenis in approximately the positions
noted in CRW. The parameters of the source are quoted in
Table VII. The total integrated optical depth is greater
than 100 kec/s.

5) Hydra A. This source is unabsorbed. R > 0.7
from +200 to -200 ke/s.

6) M87. This source is unabsorbed. R > 0.9 from
+250 to -200 ke/s.

7) Centaurus A. This source is unabsorbed. R > 0.85

from +80 to -140 kec/s.
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Flgure 20. Absorption Spectra for 3C 123 and CTB 31.
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8) Hercules A. This source is apparently unabsorbed.
R > 0.5 from +100 to -200 ke¢/s.

9) ©NGC 633k. This source 1s so highly resolved with
the interferometer that there is no longer sufficient signal
to noise ratio to obtain useful information about the profile.
I% 1s possible to see that Lhe source is absorbed in the
appropriate region, and nothing more. The components listed
in Table VII are taken from the single dish observations of
CRW.

10) 3C 353. This source appears to have a single,
simple line with an optical depth greater than 1. The
parameters are listed in Table VII. The width is rather
uncertain because the depth 1s unknown. It is unlikely to
be much greater than the quoted figure.

11) W22, This source also is highly resolved, and the
components in Table VII are taken from the single dish ob-
gservations of CRW.

12) M8. The scatter in the data prevents one from
seeing more than the general shape of the profile. The
profile appears to rescmble that of the Orab Nebula, with a
broad component centersd at about zero frequency and a deep
and narrow one centered at about -30 kc/s. The parameters
are given in Table VITI.

13) W37. Again the signal to noise ratio is sufficlent-

1y bad 4that one can only say that the source is absorbed.
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Figure 21. Absorption Speetra for 3C 353 and M8,

T4Oo_ 3C 353
- o Expected Profile
1.0
B
o
Absorption Profile
4 -
hd
.2r
0 1 1 1 1 1 1
60 40 20 6]0) -20 -40
100 F
8
80’ | v
Expected Profile
80° -
40°
20°L
0°
1.0
.8
Absorption
6 Profile
(i d
4+
2r
.0 i L 1 1 1 |
80 60 40 20 00 -20 -40 -60



=110~
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Figure 22, Absorption Spectra for W37 and Whk3,
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The spectrum sppears to have three components with quite
hlgh maxima between themn.

14) wWih3. Again the signal to nolse ratio has been
reduced by resolution to such a level that one may only say
when the gource is absorbed and when it ig not absorbed.
However, it appears from these obhservations that the single
dish observations of CRW erred in showing the region from
~-200 %o -300 kc/s as free from absorption. On the basis of
interferometer records of rather poor quality, a third com-
ponent has been added to the profile, at -260 Kc/s. The
other three component parameters are taken from CRW. The
peak between the two features at large negative frequencies
shows up very well, perhaps better than shown in CRV.

15) W 51. This very large source is resolved beyond
any hope of deciphering the interferometer records. The
component parameters have been taken from CRWVW.

16) Cygnus A. This source is listed with the weak
sources because its absorption is more readily accessible
to a frequency switched receiver, and hence it was not
thoroughly studizsd here. Since there are only a few scans
of the profile, the signal to noise ratlo 1s characteristic
of the weak sources rather than that of the five strong
sources. However, there appears to be a frequency splitting
of the feature near zero veloecity visible even with the poor

accuracy available. The two components listed in Table VII
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Figure 23. Absorptlon Spectrum for Cygnus A.
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correspond to blends of those quoted by Shuter and Verschuur.

They are listed below:

Shuter and Verschuur Present Investigation
f° To 4 fo L7 o

-31.0 .1k h.o1

-20.0 .31 .2 -17 .27 7.9
-12.0 .20 2.8
-7.0 .11 3.k

- l 5 ol5 7 2
1.0 .16 L.

The measurements of Shuter and Verschuur are to be preferred
in the case of this feature, because they had a frequency
switched receiver, and because they spent a great deal more

time observing this feature.
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Table VIII.
Source iy

ke/s
Cas A T.5

7T
£07.5

Tau A -51.5

-16

Sgr A ~102

Ori A ¥ -20

Omega Neb -99

¥ 200 foot east-west svpacing.

-117-

Line Bottoms

R
+155 +
057 +
.0033%
.2h %
A3
071 i'
.56+
.028 +
BT+
N -«
3L
.0k +
175
.33 %
.21 %

» Olo
.008

.0020

.03

.02

Nelt
.0k
.016
.03
.03
.03

015

.06
.06
.06

~-log R

1.86
2.86

5.7

3.2

1.75
1.11

1.56
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Iv

THE STATISTICS OF THE CLOUDS

In this chapter I shsll first present a brief dis-
cussion of the statistics of the components listed above,
although the data is zomewhat non-uniform because the
chance of separating two close components depends strongly
on the accuracy with which the profile is known, and there-
fore varies rapidly with the strength of the sources. I
shall then present a few mathematical results and consid-
erations Ior a possible explanaticn of the observations
with a "raisin pudding” model of cold clouds in a hot
medium.

The summary of all the data about the various compo-
nents is presented in Table VII. 1In this table I have
classified the components according to the difficulty of
resolving them from their neighbors. Class S ars the most
easily separated components, those showing a sepasrated peak
in the absorption profile. C(Class WD, well defined, are
those components which are marked in the profile with a
strong inflection point, though they do not show a separate
peak. Class E are those componenits which are carvsd from
the excess left over when everything else has been sub-
tracted. In the weak sources only class 8 components can

be racognized.
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In addition, in order to facilltate direct comparison
with other observers, I present at this time a summary in
Table VIII, which lists the peaks in absorption and the R-
values for the profiles at these points for the stfong
sources.

Before starfing the statistical discussion proper,
there are two questions which should be brought up. These
are the question whether clouds indeed sometimes show line
broadening hy microturbulence, or whether all line widths
can be explained by thermal motions, a&nd the question of
whether the very close components are spacially separated
or represent streams 1In a turbulent cloud.

Shuter and Verschuur succeed In resolving thelr pro-
files to the point that the broadening of their components
is all attributable to thermal broadening. In this investi-
gation, the greatsat dispersions recorded which seem to be
from unequivocably simple lines are about 10 kc/s, and all
the lines which have a dispersion listed in Table VII
greater than this have not been examined with sufficient
sensitivity to‘say whether they are blends or not. This
dispersion corresponds to a thermal broadening by hydrogen
at a temperéture of about 500° X, which is hot, but not ex-
cessively so. There appeér to be somewhat more of these

components than would be predicted ovn the theory of Kahn33,

33 Kahn, F. D. Gas Dynamics of Cosmic Clouds, p- 60, Inter-
science Pub. (1955)
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but the present data are so incomplete thet it is impossible
to say definitely.

If the temperature of a c¢loud is independent of its
mass, and all profile broadening is due to thermal motions,
then azfrdvshould be independent of o, which it apparently
is not. 5rdy is roughly independent of o, though with great
scatter, which 1s possibly an indication that microturbulence
is responsible for much of the line broadening.

The second question, whether the very close components
are spatially separated or not, depends on the statistics
of the cloud peculiar motions. If the cloud velocity dis-
persion is something like the 8 km/s deduced by Kwee, Muller,
and Westerhout, then the coincidences of components of like
opbtical depth in two featurecs in the spectrum of Cas A snd
one in Taurus A are very improbably the result of chance
stasking of components, and 1t is likely that the gas
masses responsivle for the two components are physically
related. If, however, the cloud veloecity dispersion is
two or three times smaller than the emission dispersion,
as suggested by the zero velocity feature in the spectrum
of Sgr A, then these features become plausible coincidences,
and may represent clouds which are more or less spatlally
separated.

L.1 Statistics of the Observed Components.

The most striking feature at once vigible in the data
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is the fact that the layer of clouds 1s very Tflat and dense.
Of thirteen sources with bIT less than nineteen degrees,

only onec has absorption everywhere less than = =1/2 (Cygnus
A). 07F the five sources with pIl greater than twenty degrees,
none are detectably abscrbed. For the three sources between
nineteen and twenty degrees of latitude, two (3C 353, Orion
A) are absorbed, and one {Centaurus A) is not.

It was reported in CRV that the law of number variation
of 7, was that the number of components with a given 7w 1is
proportional to a-Te . A histogram of the 7, for each of
the components in Table VII is plotted in Figure 24, (1In
this and the followling histograms, the dotted lines refer to
the five strong sources only--the full lines to all sources.)
The slope appegars slightly steeper thap thils law, and per-
haps & more appropriate law would be e , which is indicat-
ed on the graph. The point for the Perseus arm line in Cas
A is anomalously deep. However, perhaps some of the other
components would be moved out to that optical depth if an
obgervation done with a more sensitive receiver succeeded
in establishing the optical depths of some of the sources
for which only a lower 1limit is known, or an observation
with higher resolving power succeeded in locating local
condensations of large optical depth.

It was suggested in CRW that the sun was possibly in

a cloud, or sufficiently near to one that the cloud covered
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a large portion of the sky. If this were true, then one
would expect an excess in the number of components with
the velocity associated with the cloud, if it is near zero.
A histogram of center frequencles is plotted in figure 25.
It is seen that there i1s a gradual tapering off with a dis-
persion of perhaps 50 ke/g, which 18 to be associated with
the local spiral arm, as the graph should consist of =a
central hump of the clouds in our spiral arm, and clouds
from other_spiral arms should be spread out over a much
lerger frequency range. There i1s no apparent excess of
clouds at any frequency. Therefore, the existence of a
cloud large enough in angular diameter to cover more than
two or three of thegse sources is rather unlikely.

In order to estimate the efficiency of the splititiang
of the features into components, the frequency difference
between neighboring components was taken, and a histogram
of this quantity igs shown in figure 26. This quantity
should have a roughly Gaussian distribution, exactly
Gaussian for a two component profile if the distribution
of ecloud velocities is Gaussian. The observed histogram
rises to a peak, and then tapers off again. This is
presumably due to the difficulty of separating components
which arevery close together. The peak falls at 15 kc/s,
so 1t was assumed that the errors in separation become rea-

sonably small at separations larger than 17.5 kec/s. Fre-
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quency differences greater than about 65 kc/s are probably
chiefly due to differential galactic rotation. There are
several points which fall off of figure 26 which are clearly
due to components in different spiral arms. There is evi-
dence neither for nor against Blaauw's substitution of an
exponential lawv for a Gaussian one in this histogram, be-
cause many of these clouds are so distant that the effects
of differential rotation are very important.

The histogram for 17.5< f; - f£;< 65 was fitted with the
tail of a Gaussian, which has a dispersion of about 22 ke/s
and is &lso plotted on the dimgram. The area Lo which
+this Gaussian lies abhove the histogram presumably indicates
the incompleteness of the separation intoc components. Thus
it is seen that st zero frequency sgepsration, about twvo
thirds of the features which are a superposition of two
components have not been recognized as such. The area under
the Gaussian is 48 sources, whereas 33 are counted in the
histogram, so about 40% of the components listed here as
single are actually double. Some of these will be unrecov-
erable with any reasonable signal to noise ratio, because of
too close a mateh in both frequency and dispersion, or =a
weak line may be irretrievably lost near a strong line.

The dispersion of this Gausslan is about‘/ﬁ%' times the
velocity dispersion of the clouds, if there are N clouds

in a gpiral arm. This indicates a veloclty dispersion of
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about 6 km/s if we set N = kL.

The histogram of component dispersions is shown in
figure 27. The peak frequency seems to fall at a dispersion
of 6 ke/s. Correction for the incompleteness mentioned
above will cause this diagram to move somewhat to the left.
Shuter and Verschuur, observing with s narrower bandwid+th,
and in general fitting the proflles with many more compo-
nents than is done in the present investigation, found =
median dispersion of only 3.5 ke/s. Both their and the
present distributions are well to the left of the histo-
gram of disperslons prepared by Takakubo and van Woerden
for the Gaussian resolution of the profiles of the inter-
mediate latitude catalogue, and so the problem pointed out
by Shuter and Verschuur of this difference in emission and
absorption profiles still remains with a rather more con-
servative choice of componenis in the absorption profiles.

Shuter &nd Verschuur us=24 their resolution of profilles
into Gaussian components to estimate the ftemperatures of
the clouds on the assumption that the width of thelr com-
ponents was due to the thermal doppler broadening of the
hydrogen line. This proceedure may fall into error for
two reasons, firstly because some of the dispersion 1s
probably microturbulence, and secondly because the temper-
ature depends on the square of the dispersion, and the

dispersion depends on the number of components one tiries
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to fit a given profile with, which at the moment ies a more
or less subjective judgement. An illustration of this
appears in the paper of Shuter and Verschuur, in which
they regolve the Perseus arm TFeature of Cygnus A into four
components of diSyerions from 2.2 to 4.7 kc/s, Wwhereas
they quote a least squares solution computed by Schwarz
(Schwarz c¢) which has a quite acceptable error and employs
only two components of dispersions 4.6 and 10.L ke/s, rather
significantly wider than the components produced by Shuter
and Verschuur. The question of the dispersion of the
components of a profile is at its most difficult when
there is a small bump on the aide of a deeper line, near
the top of the profile. It is impossible to decide whether
it is a narrow component localized near the point of its
maximum effect on the profile, or the toe of a hidden,
wider Guassian hidden below the main line, unless the
signal to noise ratio is very good indeed. The small bumps
and changes of slope do appear capable of giving falrly
reliable tempefatures, bput one would like to see the pro-
cess put on a more systematic and less subjective basis.

An estimate of the cloud density in space can be made
from the number of components in front of source of known

- . A4
tance. We know distance

.
3¢ know ances in the following casesg:

Ad
Wi D i1 v ALy wEA R TR e
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Cas A 3.4 kpe from optical data clouds with r>1/2
Tau A 1.1 kpe from optical data clouds with r>1/2

Orion A 0.5 kpe from optical data clouds with v>1/2

o WwoWum

M17 3.1 kpe from kinematical
distance of farthest cloud

clouds with r>1/2

These average to 1.7 clouds/kpe. This is considerably great-
er than the 0.83 clouds/kpc reported in CRW, because the lat-
ter authors excluded the imm=diate neighborhood of the sun

to make sure the same cloud was not counted twice. In so
doing, they excluded & large part of the Orion arm of the
galaxy, and thus weighted their density much more heavily
with the interarm regions. They also blended several com-
ponents which are resolved here,

This figure of 1.7 clouds per kiloparsec with > 1/2
nust be multiplied by a factor of 1.4 in order to correct
for the incompleteness mentioned above, and, to derive the
total line density of clouds, by about 1.65 to include the
components with « <l/2. The resulting figure is bh.1 clouds/
kpe of 8ll densities.

In the two sources in this spiral arm, Orion A and
Taurus A, we have five clouds in 1.6 kpe, which, after
correction for the clouds with r <1/2 and for the incom-
pleteness is 7.5 clouds/kpec, about twice the average from
the other sources. This may be a reflection of the density
contrast with the inter arm regions. This number of clouds

is comparable with the eight to twelve clouds/kpc derived
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by Blaauw.

4.2 The Hot Medium Model.

There are several pleces of evidence that there is a
significant variation of spin temperature in space. These
are collected here in order to have a general compilation
of them in one place, although some of them have been men-
tioned elsewhere in this thesis.

The primary evidence is that the absorption profiles
differ from the expected profiles. If spin temperatures
are constant everywhere, the absorption must arise in
exactly the same matter as the emission, and the absorption
profiles must be at least statistically identical with the
emission profiles.

The histogram of dispersions computed above, and that
computed by Shuter and Verschuur, while they differ some-
what, are both very different from that obtained in an
analysis of the emission profiles at intermediate latitudes
vy Takaskubo and van Woerden, who concluded that overlapping
and blending effects were not of excessive importance.

There are only a few clouds appearing in absorption
in front of most sources, so the absorption profile may
change greatly from one line of sight to another. If this
property, rather than changing spin temperature, is invoked
to explain the difference between the absorption and ex-

pected profiles, ae was done by Hagen, Lilley, and McClain,
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one encounters difficulties in explaining why the nearby
emission in the plane is not breaking up into peaks as nar-
row as those in the absorption profiles. For instance, the
clouds causing the deep Orion arm feature in Cas A fall very
near to zero velocity. Even if they have a random velocity
which cancels the differential galactic rotation, it is
doubtful that they are more than half a kiloparsac away.
There are certainly clouds in the Perseus arm feature which
are more than five parsecs in diameter, in order to cover
the source to a high average optical depth. At half a kilo-
parsec, one of these clouds would subtend at least half a
degree, and thus should considerably influence the expected
profile. This diffieulty should be even more acute at
longitudes near odd multiples of 45%, where the profiles

are more spfead out by differential rotation.

It is even more difficult to find a statistical reason
for the difference between the expected and abhsorption
profiles in the direction of the galactic center. Here
there is a statistically significant number of clouds direct-
1y in front of the source, and there should be no purely
statistical reason for the two profiles to be different.

There is some direct evidence that there are apprecl-
able numbers of ceclouds with temperatures less than 125° K.
Some line profiles may be interpreted as self absorption of

the neutral hydrogen, implying & cool eloud in front of the
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line radiation from hotter regions behindSu. Also, the
temperatures obtained by Shuter from widths of Gaussian
components in absorption profiles are too low to account
for the harmonic mean temperature obtained by Schmidt of
125° Xx.

A1l of these points tend to a conclusion that there
may be significant contributions to the hydrogen emlssion
from hydrogen which is not seen in absorption, because itis
temperature is too high. To make it completely invisible,
it must be at a temperature in excess of 1000° K. If we
now call 4o mind the fact that the clouds are gravita-
tionally unstable, we see that we can attempt to give the
clouds some stability through the pressure of a surrounding
hot medium. Thus, although the above evidence is somewhat
inconeclusive, and certainly indicates no particular model
of the interstellar medium, it indicates that it is perhaps
worth investigating some models with an extreme range of
temperatures. I propose to consider here a model with &
hot medium surrounding much colder clouds.

Any reasonably exact model is extremely intractable
mathematically, so a great many approximations have to be

made to obtain useful equations. EXpresslons for Tﬁand EE,

3k Heeschen, D. S. ApJ, 121, 569, (1955)
Davies, R. D. RMP, 30, 43, (1958)
Radhakrishnan, V. Pub ASP, 72, 296, (1960)
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which 1s used to derive the temperature uncertainty by

(AT)Z = —-_r—Z - ?2 ?

are derived in Appendix IT under the following simplifying
assumptions:.

1) We consider a layer of thickness L 1in which the
density of the medium and the probability dznsity of cloud
centers 1s independant of position.

2) 1If the temperature of the medium is T, and its
density is Ny then Ban Tq s where é.is the absorption co-
efficient times temperature as used in equation (3) in
Sectlon 2.3.

3) The optical depth through a cloud is a constant zw
if the distance from the center is less than & and the shift
from the center frequency is less than o, and zero otherwvise.

L) All clouds have the same temperature T, &and density

[¢]

5) The number of clouds with & given g varies as e

A typical distance in this theory is b, a typical cloud
radius divided by the ratio of ¢loud internal dispersion to
the dispersion of cloud velocities, and by the fraction of
space occupled by clouds, i. e. the distance one goes before
hitting a cloud absorbing at a particular frequeney. This
typical distance is the reciprocal of the cloud density
found in Section 4.1 multiplied by the ratio of c¢loud veloc-

ity dispersion to eloud internal dispersion. The expected
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temperature plotted against the path length L simulates =
Te (1 - exp(-L/b)) curve, where
T¢ =‘Q+Bnmb

If we consider the clouds to be at a temperature of
about 85° as quoted by Shuter and Verschuur from an earlier
inveetigation by Shuter, then

Bnb =40°
According to van de Hulst, Muller, and Qort, the absorpiion
cosfficient is about 1/kpe. If we take b = 1 kpe,
nm= 0.0049 Af
where Af is the bandwidth of the emissilon in ke/s. Kwee,
Muller, and Westerhout derive an average bandwidth of about
120 ke/s, which would give |
Nm = 0.6
about the sam2 as derived in the usual fashion for a 125°
medium. Thus, with this model about half of the interstellar
matter is in cold clouds and half in the hot medium.

It is possible to estimate the temperature of the
medium 1if one assumes that the clouds are made stable by
pressure equilibrium with the surrounding medium. The
values estimated here for nT inside the clouds tend to run
to several thousand, so the medium may be at a temperature
as high as ten thousand degrees. It is difficult fo propose
an energy source which will heat such‘a large mass to such

a high temperature. The opacity of the medium would be in
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the nesighborhood of 0.0l/kpc, end could be easily over-
looked among the deep absorption features caused by the
clouds.

The statistical uncertainty in the temperature result-
ing from a given path length starts at about 259 ¥ for an
optically thick laver, and gradually rises as the laver
thickness is decreassd to meet the expected brightness
temperature at about 40°, and then descends again to zero
with the brightness temperature.

The b suggested by the absorption coefficient of van de
Hulst et al. is about one kiloparsec, Whereas, 1T one takes
the value of cloud density derived above, and multiplies by
the ratio of cloud internal dispersion to cloud velocity
dispersion, which is something like 6 ke/e/50ke/s, if the
velocities have the dispersion indicated by the emission line
work, then b would be 2 kpc. This discrepancy may be the
result of the higher density within a spiral arm, which the
measurement of van de Hulst et al. refers to, rather than
the average density in the plane, which the I clouds per
kiloparsec in Section 4.1 refers to. On the other hand,
this may be an effect of a reduced dispersion of the cloud
velocities below the 8 km/s average velocity quoted by
Westerhout.

Whether this model is to be preferred to the model of
all emitting elouds with no visible medium, it is certainly

clear from this and previous investigations that the average
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cloud has an optical thickness

0 one, and tharefore that the

which is not small compared

mathematics from which hydro-

gen densities are computed must be revised in any case.

One may not, for instance, say
spin temperature of regions of
The low brightness temperature
spin temperature or to a small
by a warmer cloud, rather than

The effect of such a change of

that mass is independent of
small surface brightness.
may be due to actusl low
porsion of the beam occupied
the thinness of the mediunm.

model upon the masses and

densities derived for the galactic hydrogen has yet to be

complaetely investigated, especially for regions of small

surface brightness.
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APPENDIX T
TIME CONSTANT CORRECTIONS

In the out put of the receiver there was a time con-

stant with equivalent circuit as follows:
Vi A\

i

where the generator is a voltage generator and the volt-

C

meter has infinite impedance.

The response at a given frequency w is
\VZ

[

Vo T TTrew

vhere

> = RC
And the phase is retarded by ¢

tan ¢ = w7

If two sine waves at frequency &) are run through elightly
different time constants, %, and 7., the relative phase at
the output is changed by w

ASE (”‘:"‘J% = g,“;’c}cﬁ;
If the input is & slowly modulated sine wave, the output
will be approximately the same modulated sine wave, shifted
in time by & small amount. To find this shift, we need the
impulse solution to the time constant,

V. = §(r)

&
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© t< O
i
Vo = wF e %

T>0

J

Congider the input

[s) — o< I<O
\/i('t): <.o.\‘(wt+<;5){t/b d<tcb
| L <t < s

Then

I v =%
V, &) = ‘/E’f Viexy e © dx
for t<o
V)= 0O

for O<t<lb

xX—-T

z
Vi) = Z= [T x coslutie) e T 4k
o

!

-t 1
[N

l cos (WE+ @) + WT Sin(bt+ 43)]

: ;Z_ (l+(i>z)‘)z[(l‘(wt)z> cos P F2len 5;”<PJ
for <t
t-b t -z
Vo) = V) €7 4 % [ costexes) F ax

!i@'t)‘( cos (Lbtep) + Lot sinl(wly gs))]

e'z’%é [ V, () -

i

]
H(wf)"[ Cos (ot + @) LT 574 (ut4¢)j

+

If wb?!, 1. e. if there are several fringes on the slope,
and b>T , then well away from the "corners” of the modu-

lating function this is approximately

t< O
V, )= 0
o<t <b

VA () = AW®) cos (we + P £ B(r)
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where
4 t_ T -ert 5-:&._1__]"1
Ale) = ’“w"f)‘{ [ b b ey K @O T I+ (wB)™.
' z
= ! t - o
1+ (x> 5
and e a .
Wz (*" - > 7
tan Ok) = ©_em b) z wz (1- =X
I L C 2 A 1 <
& | +{w2)* b
for t>b

|
Y —— e R A T
v, ) Ty os (et 4+ ¢10)

Ton @ = WT

The output modulation pattern is thus retarded by

T
j+wr)™

behind the input modulation pattern, and the phase 1s sub-
Ject to strange changes within a few 7 of the time the sine

wave 1s turned on. The delay of the modulation pattern by

T
|+ (2>

instead of by 7 as in a simple receiver 1is quite general and

holds for all slow modulation patterns.
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APPENDIX II
THE MATHEMATICS OF A HOT MEDIUM

First of all, let us consider spherical clouds. Let
the probability of finding the center of a eloud with
Y, < central optical depth < 7. + 4T
o~ < frequency dispersion< o + 477
T< temperature < T+ 47T
f, < central frequency < £+ AI:

acradius < a+da

in volume 4V be

N, = T4 a7) an 4 &7 4, dadv

These clouds are immersed in a medium of density n(7¥f),
temperature Tl and veloecity dispersion 7
For each cloud the optical depth at a distance r from the

center to the line of sight is
£-f»" .
,.C(‘;) - ’Cc e de— * j (2)

Consider a layer of thickness L in which 7] is independent of
i. Let the probadility that the brighiness temperature is
less than Ii_be '?(2), The probability that no clouds

cover the line of sight is (1-p),

e exp = [ el (SN, T @) dvdrd T ) da

Neglecting the overlapping of the clouds, the probability
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of m clouds in the beam 1s
(1-p) p™

Let R"U;)be the probability that the brightness temperature

is less than E given m clouds in the lines of sight. Then
YD) = t-pBaY+ p e BT+ e p7OpI P, (T )t

The exact solution would involve the many integrals

inherent in the various Pm , 0or their equivalents.

p = I(T-48Ln¢)
where I is the Heavyside unit function
o K< O
I(X)= {) x>0
The other £, are extremely complicated. In order to sim-
plify these, we make the following assumptions:

1) Take cylindrical clouds so that j“)”'

£-4,)"
2) Replace e"£€7z: by I (F-§{, +7)- I (f-5,-7).

3) All clouds have the same temperature T,.

4) A1l clouds have the same density. This implies
that the integrated optical depth is proportional to the
radius, so we can write

X, T
a,, —
Q. ¢ ’Z—or

o

5) The distribution of center frequencies is uniform

on a range é;.’ oo,
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6) Consider fregquencies near zero, so that the pro-
portion of clouds on the line of sight which absorb radiation
at the frequency under discussion is

.

A9

Now, the probability of no clouds on the line of sight
which absord at & given frequency is
Ta®
ces e [ T ) de, Sl a5 da ko

- -nl
= €

which defines bthe cloud density n.

With these simplificetions,

(bS5 [T A dw AN
P(T,) - ’ =
b [ e,

where
) T, >
T -Te —
£ = LI T, <T <7
/,,‘_' b n,
o T <T, T <T.
T, - V),/@L
T, 20 } T, 7 (-
"CL—"‘*\R
T, = -mR + < (-0
/\LIL: A>
and
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J
b 'E > T; +TL
5- e Tb TL — —
= (= ) a ( o) Tt T T, >T, >
-
Ty T, —
Pa=d (2 -1) Ip = T T, 2T
™ e [
T, -T —
° —(TL,) / ,,,'/4 7 >T,°>Tc,
. 1 -
- —" T-n -7,
o) - —
Tp < Ta, Ty 5T,
d f,
It p = 747
b
o T,>T.,+T,
T
e T T T, T T
Lan )
Tap T = 2 ¢
—_— ]
n T, -T.. T . >T,>7,
[ .Tﬁ;Z}_ - T >7
T, -T, fm 2 e 7
6] T < T T, <T

Beyond the second cloud, it matters very little what
happens, as it is improbable that much radiation from beyond
the second cloud will reach the observer. Let us consider
an infinitely tﬁick layer of clouds and hot medium. It will
have & brightness temperature
- T

Ty= T, +L@gn, +Lign ¢
where the first cloud is Ly from the observer and the sec-

ond is Lp beyond that.



T, <7,
P - if,g - Z oo - L.n (75—79 _ L C‘r")n b ca
2o ,\"rb ,,J: e o e ’6 8N, 2 ATL, 4-"7_ T6>I°
o T, <Te
= T, ~Te _
‘3__:' P et T, > T
We now have
- T,
FU(T,) e (1-9) T(Te-To) + G- P CTe)

T, -Te
_— L(Te-T)(1-e  Za=, )

The mean temperature is
'T; = jg T, ;ﬁi AE

)
n

3
s T, + g0 R B

2

. S T,
'}:7’ o~ (/—-277;1 o+ z(f—z) ( :’—;-(—L ‘f; ILT»‘.‘+ _;Hl>

gt (2 (BE)T e 27, 28 4T

And the mean square temperature7ﬁ'is given by
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