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Abstract

A total of 79 galaxies have been investigated
&ith the Owens Valley Observatory's two-element inter-
ferometer for content of neutral hydrogen. The baseline
used was 100 feet east-west, and the filter bandwidth was
100 kHz. Thirty of the galaxies had détectable emission
( > 0.5 f.u.). The results are presented as line and
position profiles for each galaxy (i.e. plots of the flux,
and its position derived from the intertferometer phase as
a function of radial velocity).

An extensive investigation of model profiles is
alsc presented for the purposes of interpretation of the
observed results. It is shown that while in most cases
the position profile cannct be directly interpreted as the
rotation curve, the model analysis does suggest a method for
estimating the rotational characteristics of the galaxies
from the profiles.

Using the estimated rotational parameters, total
masses were calculated and are presented along with other
guantities derivable from the profiles, such as the galaxy
radlial velocities and estimates of the neutral hydrogen
.masses.

All of the irfegular galaxies that were detected
were found to be rotating, with the exception of WLM, which

was inconclusive.
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I. Introduction

Since the work of Babcock (1939) on M31l, a
considerable number of investigations have been devoted
to the determination of the rotational characteristics
of galaxies., These were spurred on by the fact that
direct estimates of some important parameters, such as
the mass density and total mass of the galaxy, can be
made from knowledge of these characteristics. While some
difficulty has been encountered in determining the rela-
tionship between the rotation curve and the mass density
of a galaxy, the most serious problem has been the measure-~
ment of this curve,

Techniques for measuring the rotation curve have
been basically of two types: (1) optical spectroscopic
observations of various emission lines from HII regions,
or lines due ‘to stellar absorption, and (2) radio
astronomical observations of the 21 cm line of neutral
hydrogen. Until a few years ago the first method was
used exclusively, but has been complemented in the past
ten years by the scc;ond. The optical technique has the
advéntage of high spétial resolution, a property not yet
‘achieved in a practical sense in radio observations. The
largest radio antenna uéed so far is 300 feet in djiameter,

giving a resolution of about 1l0' of arc or a measurement
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of position in the sky with errors on the order of 2' of
arc, and therefore meaningful results only for galaxies

of large apparent size. On the other hand, the 21 cm line
has very narrow natural line width, and for many galaxies

. is very intense. This allows, in contrast to optical work,
where for the cases of interest the line intensity is

low, high spectral resolution and accurate measurement of
velocity, It is also felt that the HI regions in the
galaxies probably have é velocity more representative of
the general motion of the galaxy, while the HII regions,
because of their smaller size, may have their own peculiar
velocity and therefore a large dispersion in velocity
around the general motion. It is clear that the true
rotational characteristics of galaxies will be determined
best by combining both of these methods.

In an attempt to obtain better spatial resolution
for the hydrogen line method, the technique used for the
present observations took advantage of the resolution |
effects that could be obtained with a single-spacing
interferometer to measure accurate positions in the sky.

It allowed the position of the centroid of hydrogen emission
assoéiated with a given velocity interval to be determined
 accurately and presented as a "position profile", i.e., a
plot of sky position versus velocity. If the galaxy

rotates as a solid body in the region that contains



-3

detectable quantities of neutral hydrogen, then the position
profile is the rotation curve for this region of the galaxy.
Seielstad and Whiteoak (1965), in a preliminary survey of

a few galaxies, assumed this was the case, and their results
seemed to substantiate this assumption. However, subseqguent
model analysis and observations of more galaxies have sug-
gested that the assumption is probably not true for most
actual cases. The apparent agreement of observation and
assumption in the preliminary survey can be accounted for

by resolution effects of the interferometer.

The model a»nalysis, however, does suggest a
method for interpreting the type of rotation present in a
galaxy, and estimating the rotational parameters of a model
for each type. Therefore the use of a single spacing inter-
ferometer for determining rotation in galaxiés still appears
to be a valuable technique.

This thesis is divided into two sections. The
first discusses the observations of the 21 om radiation,
both line and continuum, from galaxiés, and their inter-
pretation., Further work isvsuggested. The second section
covers the brief set of observalious of hydrogen line and
continuum radiation in clusters of galaxies, Possible
. future observations are also discussed here,

The observations described were performed

jointly with J. B. Whiteoak and G. W. Rougoor, using the
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Owens Valley Radio Observatory's twin-element inter-

ferometer.



II. Observations of Galaxies

A. Previous Related Work

The history of investigations of neutral
hydrogen by radio observations of the 21 cm hyperfine
line extends back only a few yvears to the discovery of
the line by Ewen and Purcell (1951). Since this initial
- work in 1951, hydrogen line investigations have accounted
for a large part of the efforts in radio astronomy.
Numerous studies of both our own galaxy and other extra-
galactic objects have been performed, using the hydrogen
line to determine both their structure and rotational
characteristics, The advantages of the 21 cm line for
these types of observations are manifold, a few being:
high transparency of the interstellar material to decimeter
radiation; a'hiqh intensity line from the large quantities
of hydrogen present in many galaxies; and narrow natural
linewidth which implies that broadening can usually be
associated with the Doppler effect from motion of the atoms.

The most extensive observations of our galaxy
have been done at Leiden Observatory in Holland (cf., Muller
 and Westerhout (1957), Westerhout (1957), Schmidt (1957),
van Woerden, Takakubo énd Braes (1962), and Rougoor {(1964)),

and at the CSIRO in Sydney, Australia (cf. Kerr, Hindman



6

and Gum (1959))., A combined map of the neutral hydrogen
concentration was published by Oort, Kerr and Westerhout
(1958), which suggested strongly the presence of spiral
structure in the Galaxy. These investigations also
included a derived rotation curve of the Galaxy.

The first observations of extragalactic neutral
hydrogen were done by Kerr, Hindman, and Robinson (1954),
when they studied the Magellanic Clouds. Kerr and
de Vaucouleurs (1955), in a paper interpreting these
results, published temperature contour maps and rotation
curves for both the Small and Large Clouds derived from
the liné profiles. The fruitfulness of this work spurred
on further investigations by van de Hulst, Raimond, and
van Woerden (1957), Volders (1959), Volders and HOgbom
(196l), Heidmann (196l), Dieter (1962 a,b,c), and Argyle
{L965). These efforts included extensive observations
of M31, M33, M51, and M82, but were limited by the rego-
lution of the telescopes used. -Roberts (1962) and Epstein
(1964) have done observations on many more galaxies, but
again with limited resolutioh. Since then more detailed
observations of M31 have been done by Burke (1963} and
Roberts (1966a), and of'many other galaxies by Roberts
(1966b), using the higher resolving power of the 300-foot
transit dish at the N.R.A.O.

One of the principal aims of many of these
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investigafions has been to determine the rotation curves
of the galaxies observed, and from these to derive es-
timates of their masses. The method of using the hydrogen
line for determination of the rotation curve has proved
to be very effective for the nearer, large galaxies, but
is still seriously limited by the lack of resolution for
the galaxies of smaller apparent size.

Opticalkspectroscopic observations of emission
and absorption lines from galaxies have also been used to
derive rotation curves, Babcock (1939) observed mainly
H and K stellar absorption lines in the central
regions of M31l, and the Hg emission line from several
HII regions in its outer extremities. By relating the
frequency shift of the various lines to the Doppler
velocities of the regions of the galaxy where the lines
originated, he obtained a rotation curve for this galaxy.
Mayall and Aller (1942) continued this work, using many
more emission nebula, Extensive work on other galaxies
using primarily the Hy line from HII regions has been
carried out by the Burbidges in conjunction with Rubin,
Crampton, and Prendérgast in a series of papers beginning
with Burbidge, Burbidge and Prendergast (1959), the last
one being Rubin, Burbidge, Burbidge, Crampton, and
Prendergast (1965), |

The results of all of the above work that is

of interest here can be briefly summarized as follows:
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(i) The neutral hydrogen in spiral galaxies is
confined to a thin disc, and can be considered more or
less constant in density over their extent, dropping to
a low value rather quickly at the outer extremities and
perhaps having a lower value near the central regions.
High resolution studies of the Galaxy and M3l suggest
the existence of a ring structure in the hydrogen con-
centration about half way out in the galaxy where the
density is two or three times greater than the surrounding
region,

(ii) The rotation curves of the spirals all show a
solid body rotation curve near their central regions,
except perhaps the Galaxy, where it is not too well knawn,
Many of the obsefved curves reach a maximum in velocity,
and turn over into a tail of decreasing velocity as a
function of radius. This has been most evident in optical
work. Some of the rotation curves suggest a fairly con-
stant velocity variation with radius.

(iii) The obsexvations of the irregular galaxies
indicate rotation in some, bﬁt little is known of their
rotational parameters. The Magellanic Clouds are the
only irregulars for which the rotation curves are known.
‘well, and they are very similar to the curves observed
in spirals.

A preliminary investigation of neutral hydro-
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gen in galaxies using an interferometer was begun by
Seielstad and Whileoak (1965) to test the possibility
of using its properties for measuring rotation cuves,
The present observations continue this work both in the
number oI galaxies Observed, and the interpretation of

the information that is obtained with the interferometer.

B. Observing Program

Selection of a list of galaxies for observation
was based primarily on two criteria: (1) the size of the
galaxy, and (2) the distance of the galaxy. It was con-
sidered desirable for ease of observation and interpre-
tation to have as large a portion of the galaxy as pos-
sible contained within the primary beam of the antennas
(32* of arc beamwidth), Therefore the "optical size"
of the galaxies was limited to 32' of arc. The optical
dimensions were obtained.from de Vaucouleur's Catalogue
(1964) and from Epstein (1964).. The term is defined in
Secticn E. The restriction placed on the distance of
the galaxy was to pick the closer candidates to increase
the procbability of detecting hydrogen line radiation.
The redshift was limited to less than 2500 km/sec, .Some
'galaxies were rejected because of lack of time in the
observing schedule. Basically an attempt was made to

pick all nearby galaxies that were large, but less than
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32' of arc in size, and as many different types as
possible.

The Humason, Mayall, and Sandage Catalogue.
(L956), de Vaucouleur's Catalogue (1964), and lists of
hydrogen-containing galaxies such as found in Epstein
(164) served as sources of possible candidates for
observation. A list of 74 galaxies was fLinally selected
and observed. It is found in Table 1. One galaxy was
included from the preliminary survey (Seielstad and
Whiteoak 1965) for cross—-checking and error analysis.

Table 1 contains, along with the galaxy name,
the galaxy type and notes indicating whether or not
hydrogen and/or continuum radiation was detected.

Instabilities in the phase and gain of the
interferometer over the course of a day required the
calibration of these parameters about once every hour.
This was accomplished by means of standard source ob-
servations at intervals over the day. An accurate
position and flux was available for fhese standaxds.
They were chosen to be unres.olved by the interfcrometer
at the spacing used. Table 2 gives a list of these
calibrator sources together with their positions (epoch
. 1950) and fluxes, The positions given were taken from
a list prepared by Fomalont (1966).' The fluxes were

determined during the course of the observations.



TABLE 1 OBSERVATION LZIST
T
Neme Name Nzume
NGC Type | Not NGC Type | Note NGC Type |Note
w13 FIC $IC
781% Sa 2768 SO L& S +
b5 3¢ 43¢ 2541 Sb s Lo Sb _
147 5 2503 Sc *® L7736 Sb +¥%
¥10 Irr +3 5034 Irr kel LE25 S
188 Ep Sex A Irr +% 5005 Sb *
LOL = ¥2574 Irr +3% 5033 Sc
623 S +* 3359 SBEC + 5055 Sb aaa
572 S3¢ | a¥ 3368 Sa 5194/5 Sc/E| %
¥1727 Sc a¥ 3521 Sb * 5248 Sc ¥
891 Sb ¥ 3556 Sc +% 5363 Irr
925 o +¥ 3953 SBL 5364 Sc
102 S0 3992 SBb * 557 Sc ¥
1058 S ¥ L192 Sb’ 5866 S0 %
1097 SBb | ¥ 4216 Sb 5507 Sbh *
1156 Irr | * 4220 Sa 6015 Sc *
1300 S$B8b 4238 Sc- +i 6217 Sc *
1332 SO Lokl Sc 3t 6643 sSc
1365 S3b * 4258 Sb 3% 6822 Irr e
1269 Irr +3 4438 Sa & &oLs Sc 43
1637 Sc Glleg Irr +% 7331 So #
2iL6 | | sa ¥ L0 Sc + i 57 E
2336 Sb 4517 Sc 7840 Sk ¥
2537 S0 W 565 Sb * 7741 SBc
7o II Irr 3 L5869 Sb . WLN Irr +C*
2683v Sb L 594 Sa *
#* = Continuun emission detected.
+ = I detected.
a = confusion between AGCO?Z & IC1727.
b = confusion with continuunm
[

WM is & wo;I-Lundmark-Nelotte galaxy.
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TABLE 2 CALIZRATOR FLUXES AND POSITIONS

Name Flux n onm s o &+ 1
0043-42 7.55 00 43 34,7 -2 24 18
3C 48 15.00 01 34 49,8 +32 5L 22
3C 78 7.20 03 05 49,1 +03 55 13
3C 8u 11,90 03 16 29.4 +51 19 32
3C 119 8.35 ok 29 07.9 +41 32 09
oLb2-28 6.70 ok 42 37,6 -28 15 23
0521-36 15.90 05 21 13.2 -36 30 00
3C 147 22.00 05 38 43,6 +49 49 L3
3C 161 19. 30 06 24 43,1 -05 51 21
3C 196 14,00 08 09 59.4 +48 22 08
3C 231 7.65 09 51 43.8 +59 54 58
3C 237 5,60 10 05 22.1 +07 Ll 54
3C 273 LL, 30 . 12 26 32.9 +02 19 42
3C 286 15,50 13 28 49,7 +30 45 59
3C 295 22,40 14 ¢9 33.8 +52 26 1
3C 345 7.40 .16 41 17,7 +39 5k 11
3C 380 14,20 18 28 13.4 +48 L2 139
3C 390.3 10. 80 18 45 37,8 +79 L3 03
2104-25 10.60 21 04 26,0 -25 39 30
3C 430 7.60 21 17 02.4 +60 35 27
CT4 102 6.55 22 30 07.7 +11 28 22

Note: Epoch is 195C,0 Errors in fluxes are less
than 3 #. Brrors in positions arg less, than_5% of
arc. Fluxes are in units of 1072° y' p~2 ygz-1



-13-—

C. Observational Technnigues

1. Interferometer

A description and the predicted response of
the Owens Valley twin-element interferometer are found
in papers by Read (1961) and Moffet (1962), Basically
ﬁhe instrument consists of twec elements, each a 20-foot
equatorially mounted paraboloid moving on wide-gauge
tracks, that can be placed at several discrete spacings
(maltiples of 100 feet) along an east-west or north-
south baseline. The typical receiver described and
analyzed by Read must be modified slightly for line
studies. This involves placing a filter before the
double side-band receiver to reject any signal entering
at the image frequency . The basic receiver and data-
recording setup used for the present observations are
shown as a block diagram in Figure 1.

Tunnel diode amplifiers were used at the front
end, followed by tuned cavity image rejection filters.
The signal then entered the standard crystal mixers and
I.F, amplifiers for conversion to an intermediate

requency of 10 MHz and further amplification. The
signal from each antenna was split 13 ways, one part
4for a broadband channel of bandwidth about 4 MHz and
the remaining parts for 12 equally spaced I.F. filters

of bandwidth 100 kHz and spacing 200 kiz, where the



N

i

TUNNEL DIODE
AMP

|
W

FILTER CAVITY

-1 G

FRINGE RATE
COMPUTER

LOCAL OSCILLATOR

VARIABLE FREQUENCY

N

[

{TUNNEL DIODE
AMP

b

g

i

|
l FILTER CAVITY

: : | —
PHASE
XTAL MIXER g o T i = XTAL MIXER
AND LE AMP cani NS, | AND LF.AMP
fa J
;———-— AG.C. A.G.C. __—"]
i A .]
ILE. AMPLIFIER —-——-I L | (F avpLIFiER
1
[ | BROAD BAND i
¥ - MULTIPLIER "

12 CHANNEL 12 CHANNEL
NARROW BAND NARROW SAND
FILTERS FILTERS

12 CHANNEL
2 F. AMP AND <
MULT:!PLIERS r
b
DC AMP AND
TIME CONSTANT
CHANNEL | | .| CHANNEL -
MULTIPLEXER | | SELECTOR
AND
TAPE UNIT i
3
ELECTRONIC
INTEGRATOR
7
PEN
RECORDER

Figure 1 Block diagram of the receiver.



filters were capacity-coupled, double-tuned circuits,
and their bandpass shapes were very close to a Gaussian.
This means that one observation covered a frequency
range of 2.3 MHz, The outputs of the filter pairs cor-
responding to the two antennas were then multiplied,
fed through a low pass filter, and recorded on magnetic
tape by sampling the signal at a certain specified time
interval, The tape was reduced at a later time by computer,

A direct monitor of any given channel was pro-
vided by an electronic integrator which could sample the
oulbpult signal Lrom Lhal channel, integrate it over the
length of the cobservation, and continuously record the
result on a pen recorder,

The response of the interferometerlto a point

source for the above receiver coniiguration is:

R(i.)v‘-‘ A COS(Zﬂ'S SIN®  + L{)) (1)

where A is related to the source flux density, & 1is
the baseline length in units of the observed wavelength,

Y 1s an instrumental phase error, and

SINO = SINdSINS +¢osd Cos 8 cos(H-h) (2)

~where d and h are the declination and hour angle of
the interferometer baseline, and ¢&é and H are the

assumed declination and hour angle of the source. Any
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phase ¢ remaining after ¥ has been calibrated is
attributed to a difference in the actual centroid of
radio emission and its assumed position in the sky. This

phase is related to the differences in position by

b= -2T8 {Aé[smdcoss-cosdsmscos(ﬁ-h)] +Ao¢cosdcosésw(ﬂ~h)f (3)

obtained by expanding sin 6 in first order terms where
Ad  and  Ad are the declination and right ascension
differences, and H is the average hour angle of the
observations, all expressed in radians. This expression

can also be written as:

d(r,s) s 2rS ¥ SiNO (4)

where sin 8 comes from Equation (2), and r is the
small distance between the radio centroid and its assumed
position along this projected baseline. Since the inter-
ferometer fringes are perpendicular to the projected base-
line, no information is gained about the relative positions
of assumed and actual radio centroid normal to the projected
haseline.

To obtain the response of the interferometer to
an extended source, it is necessary to integrate the above
equations over the extent of the source. Equation (1)

clearly becomes:
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Rlt) = S,ST(T’CL) COSF2MSSING + P(rs) + yw']drdg (5)

SOURCE

where T(xr,g)drdq is the flux density coming from a

small element of the source at a distance r along the
projected baseline, and ¢ normal to the projected baseline
relative to the assumed position of the source, but weighted
by the antenﬁa response pattern. As in the above equations,
all distances are given in radians.

The position angle of the projected baseline
measured from north to east changes with time at the rate
of about 15° cos & per hour, where &6 is the source
declination. This implies that, for the soufces at high
northern declination, care must be taken to limit the
time of obéérvation to prevent smcothing out the changes
of the amplitude and/or phase that occur for the corres-—
ponding changes of the projected baseline position angle,

It can be shown that Equation (5) may be

written in the form:

R&) = V(s)cos§ &) + 2aNtsSsind + ') (6)

where V and @ are defined as:
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vo e [[Ting ¢ areg o

SOURCE
which is just the one-dimensional Fourier transform of

T(r,q) along the projected baseline of the interferometer,
The identity of Eguations (5) and (6) is seen if Equation
(6) is expressed in exponential form. Determination of V
and @» for several values of s allows one to invert
this transform and recover the original brightness distri-
bution T(r,qg) of the source, along the r direction.
The complete distribution can be recovered if observations
are taken for several position angles of the projected
baseline,

If the dimensions of the source are not too
large conmpared with lsﬂl, so that ¢{r,s) changes only
slightly with r over the source, then Equation (7)
gives VvV and & which are just an average flux and
phasc analogous to the point-source case. It is this
property of the interferometer that was used for the
present observations. This result wiil be discussed in
- more detall in Section. D5.

Whether EBEquation (1) or (6) is used to describe
the interferometer response, the £final result for a given
antenna spacing is a quasi-sinusoid having a period
varying from about 90 sec. for a 1l00-foot baseline down

to a few seconds for the longer baselines for a source on
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the equator at transit, The period of the fringes also
varies with the declination and houf‘angle of the source,
Such variation makes the choice of ldw~pass filter time
constant, and its corresponding correction to tle phase
difficult, since its optimum value depends on the fringe
- period. The use of an analogue computer eliminated this
problem, By inserting into the computer the hour angle
and declination of the source being observed, it cal-
culated the expected fringe pattern response and rotated
a phase shifting capacitor al Lhe corresponding rate,

The capacitor was inserted into the local oscillator line
going to one of the antennas. The effect of this phase

- . / . .
rotaticn can be seen by an expansion of ¥ 1in Equation

{6) :

/ .
Wis —AdR) + (8)
where AG(t) is the fraction of a radian through which

u . ) P
is the remaining

the capacitorthas been turned, and P
instrumental phase error, Plainly the capacitor can be
turned just at the precise rate so aé-to completely cancel
the natural fringe rate giveh by the 278 sin 6 term

in Equation (6). An additional rotation of 2 revolutions
per minute was added on top of the computed turning rate
of +the capacitor to give a constant 30 second fringe in-

dependent of the source being observed, To recover the

natural fringe period and phase, the position of the
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phase shifting capacitor was binary encoded and recorded
on the magnetic tape along with the time of the sample
and the actual data,

The remaining phase qJ” is a systematic phase
error due to the equipment. It varies slowly over a
period of a few hours so that if calibrator sources are

observed about once every hour, this error can be removed,

2. The Observations

Retween the dates of May 22 and June 15, 1965,
observations were carried out on the galaxies listed in
Part IIB using the twin-element interferometer with a
spacing of 100 feet east-west.

Before the actual observation of a galaxy could
take place, 1t was necessary to determine two parameters;
First, the observing frequency had to be calculated on
the basis of the known recession velocity of the galaxy.
Second, the hour angle had to be chosen to give the desired
angle between the major axis of‘the galaxy and thc projected
baseline of the interferometer. It was considered desirable
for interpretation to have observations with the bageline
both. along the major and the minor axes of the yalaxy.
Clearly this is only possible for the most northern galaxies,
using an east-west baseline. The criterion was approached
as closely as possible. The irregular galaxies, of course,

could not be judged on this basis and therefore were put
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into the schedule wherever convenient.

A single observation consisted of four parts.
First, a calibrator was picked 'as close to the galaxy
as possible and observed at the proper frequency for
about 10 minutes. This was followed by a 20-30 minute
observation of the galaxy at the same frequency. The
frequency was then shifted by 100 kHz so that the
frequencies between the filters ware covered, and the
galaxy was again observed for 20-30 minutes, Finally
the same calibrator or another close by was cbserved
for 10 minutes at this second frequency. - This means that,
in a one-hour observation set, a total of 24 different
frequencies were observed, covering a 2.3 MHz range in
100 kHz steps. Usually channel 6, the center of the 12
channel band, was directly monitored with the electronic
integrator and pen recorder. This provided a continuous
check for possible noise interference, and also revealed
whether or not hydrogen was being detected. If a galaxy
showed signs of having a detectable éignal, more oObser-
vations wexe performed, inclﬁding frequencies at 50 kHz
intervals,

For all of the observations, each element of
.the interferometer was made to track the center of the
galaxy. The effects of beam weighting and the corres-

ponding corrections will be discussed in the next section

(c3).
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21l 13 channels of information were recorded
on magnetic tape. A multiplexer scanned through the
channels serialiy at a sample rate of 0,2 seconds. This
means that cach channel was sampled once every 2.6
seconds., The tape record was broken up into 256-word
blocks by the recorder., The first word, or header word,
contained the record number (one for each observation
to serve as an identification tag), the gain and filter
constants being used, and the Pacific Standard hours and
minutes of the sample. This was followed by 255 data
words containing the channel number sampled, the vélue of
the binary encoded phase-shifting capacitor, the Pacific
Standard seconds of the sample, and a 1l0-bit binary number
giving the data sample. An observation may have had as
many as 40 of these blocks recorded on the tape. All
other information relevant to the individual observations,
such as the source corresponding to each record number
and the frequency used, was recorded in a running log,
so that this log together with the tape provided the
observational record.

During the course of the observations, two
special calibraticn runs were also taken., One was for
the purpose of determining the interferometer baseline
parameters. The other was for the purpose of obtaining

an accurate and consistent set of fluxes for the
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calibrators. Both of these runs are described and dis-

cussed 1n the next section.

3. Reduction of the CObservations

The reduction technique will now be discussed,
The steps in the procedure were: (a) reduction of base-
line calibration run, (b) reduction of flux calibration
run, (¢) initial reduction of observations, (d) calibration
of observations, and (e) averaging of observations. Out-
lines of the computer programs used in these steps are
included at the end of the section., The main reduction
program, called Analyz, predicted the interferometer
response for a given observation and performed a least—
squares fit to the data sequence using this function., The
output was the amplitude, phase, and bias or d.c. level
of this sequence, together with thelr estimated xr.m.s.
errors.

(a) Baseline calibraticn. Some of the input param-—
eters to the main program for predicting the interferom-
eter response are the baseline length, hour angle, and
declination: s, h, and d respectively. If these are in
error by the small quantities As, Ah, and Ad, then the
first-order expansion of the interferometer response
(Equation (1) and (2) in Section Cl) gives a phase change

for a calibrator observation of
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Ad = —ZW{AS[sm&smd +cos§cosdcos(H—hJ]

+ 5 Ad[sm&cosd ~ €056 5iNd Co5(H-h) ] (1)

+5 Ah[cosdcos$ sm(H—h)]z

Therefore unknown errors in the baseline parameters will
add the systematic error given in Equation (1) to the
phases computed by tﬁe main program. A calibration run
was performed to minimize this error., A series of
calibrators from the list given in Section B Wwere ob-
served during the evening when the instrumental phase, ¢,
was relatively‘constant. Any changes in phase between
cbservations could then be attributed to the effects of
As, Ah, and Ad. By least-squares fitting Equation (1)
to the observed changes, corrections to ?he assumed
baseline parameters were obtained. These corrected
parameters were used for all subsegquent reduction.

| (b)  Flux calibration. In order to minimize errors
.in calibration due to inaccuracies in the assumed flux
densities of the calibrator socurces, a calibrator flux

density run was performed to obtain an accurate and
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consistent set of fluxes. The run involved numerous short
observations of only the calibrators, over the period of

a day, with as much intermixing of the observations of
different calibrators as possible. After initial reduction
the gains (i.e. the ratio of amplitude to flux) were plotted
as a function of time, and the fluxes were adjusted,
assuming a fixed value for 3C295, to obtain the smoothest
gain-time curve. Possible gain correlations with obser-
vation hour-~angle or declination were also checked and
found negative. The flux densities that were determined
are those guoted in Table 2 of Section B.° The value for
3C295 is from Kellermann (1964).

{¢) Initial Cbservation Reduction. 2All galaxy
observations were then reduced, again using ﬁhe main pro-
gram, At this time problems of noise interference were
cleared up by either rejecting an observation or cutting
out the bad sections of the rccord, The output consisted
of a punched card containing the results of each channel
for each observation. |

(d) calibration of Obsérvations. Two possible
methods of calibration were considered. First, the phase
and gain time-smoothed curves from the main program could
 be used to correct the source phases and fluxes., Because
of some phase and gain variations with freguency due to

the front-end filter cavities, this method was dropped in
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favor of the second. This method used a weighted linear
time interpolation between the phases and gains of the
calibrators before and after each source observation.
While the first method would involve smoothing the phase
and gain determined at perhaps widely varyving freguencies,
the second involved calibrators observed at the same fre-
quency as the galaxy with no more than a 100 kHz freguency
change. This small variation was neglected. Using this
method, the observations were calibrated with the final
results appearing in the form of flux and phase at each
frequency together with their estimated errors.

(e) Averaging procedure., Since several observations
were taken of many of the galaxies, it was necessary to
average them to obtain a final line and position profile.
At the time of observation, the changes of recessional
velocity due to the earth's motion around the sun was not
considered, so that observations taken at the same fre-
guency, but separated in time by several days, were effec-
tively taken at different'recessionai velocities, There=-
fore, when these observations‘were averaged, their small
spread in velocity effectively increased the bandwidth
of the final average. This increase was less than 5 km/
'sec, When it was decided to average adjacent channels
for some of the galaxies, the increase was about 12 km/sec.

After the observations were processed by the
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averaging program, the results were studied carefully to
decided whether or not EHI had been detected. A few of
the observations were rejected because of obvious noise
interference that had passed previous inspection, or in
cases where the antennas were mis-directed for one set

. and no signal was recorded. With all corrections made
the whole set was processed again,

Two steps in the program should be discussed
here., (1) The broadband channel gave a very accurate
estimate of the continuum emission entering the antenna
beam. The line was contained within this frequency
band, but was sufficiently narrow in comparison to the
bandwidth, or the HI region sufficiently large compared
to the fringe spacing as to give a negligible contribution
to the continuum flux density. Assuming no aifferential
hydrogen absorption took place across the extent of the
continuum source, this continuum emission was subtracted
vectorially from the narrowband.channels to leave only
the hydrogen line and position profiles., Since all the
observations were taken over a fairly wide frequency
range, many fell outside the line profile. Subtraction
of the continuum from these left essentially noise, which
quite consitently represented the expected flux and phase

noise errors estimated by the main program.
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(2) Since the antennas were pointed only at
the optical center o0 each galaxy during the course of an
observation, the flux density from hydrogen off the
galaxy's center was diminished by beam smoothing. The
beam pattern was very closely approximated by a Gaussian
of 16!5 of arc halfwidth, An approximate correction was
made for this effect by increasing the flux in each
channel by the beam pattern factor corresponding to the
centroid position of the hydrogen contributing to the
channel. This, of course, was applied only when hydrogen
was definitely detected.

(f) Outlines of Programs. The programs used
in the above reductions were coded in Fortran IV and
IBMap programming languages for use on an IBM 7094

digital computer.

Analyze Program
A. Main control section - Link O

1. Read in option control flags.

2. Read in source position and flux table,

3. Read in multichannel parameters,

4, Begin reduction by day by reading in date,
Independent day numbers, and tape file
number,

Call reduction section of program.

n
0

6. Call calibration section of program,
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Return to statement (4) until all days are

completed,

B. Reduction section - Link 1

l-

9'

Read in tape unit assignments and use file

and record numbers to position tape,

Read source observation card containing

name, observing frequency, clock errors,

etc. Read time correction card for time of
noise interference.

Search source position table for position and
precess to date of observation. |
Read tape record, rearrange data into channel
blocks and write onto disc file.

Call data off disc f£ile by channel and process
to obtain raw amplitude and phase of obser-
vation. Tape sections containing noise inter-
ference are not processed.

Correct amplitude and phase for low-pass fil-
ters and gain., |

Print out and punch on cards all results.
Return to statement (2) until all sources for
given day are complete.

Return to Link O.

C¢. Calibration section - Link 2

l-

Obtain names and observational results of
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calibrators for given day from common stor-
age with Link 1.

2. Fill spatial plotting arrays and plot curves
of calibrator phase and gain versus time of
day.

3. If baseline calibration option is desired,
call this section which uses least-squares
fitting procedure to obtain baseline length
and orientation corrections, This is done
on broadband channel only.

4, pPunch decks of phase-time and gain-time
smoothed curves.

5. Return to Link O.

In step B6.corrections are made to the amplitude

and phase due to the effects of (he low pass. filter, The
filter was a simple 5 sec R.C. time constant, so that the

phase correction is simply:

Dcor = tan'(206™/Per.)

and the gain correction is:

Geor = 1 + (2T/Per)?

“where T is the time constant and PER is the period

of the sine wave. PER 1is calculated in step BS5.
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Final Calibration Program

Read in calibrator flux table,

Read in cards from main program for one observation

set (i.e. calibrator, source, source, calibrator).
Determine gain from amplitude and the flux of
calibrator obtained from flux table.

Linearly interpolate between calibrator gain and
phase (a time interpolation), weighting each ob-
servation by its signal to noise ratio (i.e. am-
plitude divided by r.m.s. noise).

Calibrate corresponding source observations with
rcesulting calibration curve and re-estimate am-
plitude and phase errors with added calibration
uncertainty.

Punch all results on carxds.

Return to (2) until all sets are completed.

Averaging Program

Read in position table.

Read in all observations for one galaxy at cone
position angle. |

Convert freguency to velocity and correct to Sun,

using source position, hour angle, and date.
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4. Do vector average {(flux = r, phase = 8) of ob-
servations with radial velocities within specified
interval.

5. Convert phase to position in sky along projected
bagseline, and correct flux for beam attenuation.

6. Subtract vectorially the broadband continuum
emission,

7. ©Print out all observations and averages,

8. Plot line and position profiles.

9, Return to (2) until all observations are complete,.

4, Results

of the 75 galaxies searched for neutral hydro-
gen in the present survey, 25 were found to have a detec-
table signal. The results of these 25 are shown in Figure 2.
While the bandwidth of the filters used was always 100 kH=z
or 22 km/sec., the effects of averaging increased it to
about 28 km/sec., or greater. The bandwidth is best rep-
resented as 28 km/sec. or. the distance between successive
points in the line profile, whichever is greater,

The position profile gives the distance along
the projected baseline of the interferometer with respect
to the positicn given in the figure as a function of radial
Velocity. When the position angle of the major axis of
the galaxy was known, and the diffcrcnce between it and

the position angle of the projected baseline was less
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than 15°, then the positions were corrected for the cosine
of this difference angle and given as along the major axis
of the galaxy. For some of the galaxies, it was possible
to calculate a position angle of the major axis from the
observational results. The change in slope of the position
- profile for different projected baseline position angles
was assumed to be directly proportional to the sine of
angle between the major axis of the galaxy and the projected
baseline, and for the galaxies having observations at
several orientations of the projected baseline, rough es-
timates of the major axis position angles.were made. Thig
was doné for IC1l0, Holmberg II, and IC2574., No other es~-
timates were available for comparison.

Table 3 summarizcs some of the results and param-
eters of the galaxies that were detected. Column 1 con-
tains the name of the galaxy, column 2 the type, column 3
the position angle of the major axis if known or derived.
The position angle for NGC6822 was taken from Volders and
Hogbom (1961), and the rest were takenlfrom Danver (1942).
Column 4 contains the estimated recession velocity with
respect to the Sun. This velocity was determined by
estimating the center of the position profile and noting
-1ts corresponding velocity. Its errors-are believed to be
less than 20 km/sec.

Table 4 contains a list of the galaxies for
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TABLE 3 GALAXIES CONTAINING DETECTABLE HI

Name P.A. of vyt
NGC Type Ma jor
#1C Axis (km7s
L5 | . 8c 135 +470
#1.0 Irr 148 -350
628 Sc op +655
672 SBe 80°¢ +420
925 Sc 110 +555
1569 Irr - ~00
Ho II Irr 1178 +150
Sex A Irr - +320
#2574 Irr €08 +ig
3359 SRe . 175 +1010
3556 Sc 79 +670
4236 Sc 160 . +5
Loll Sc i5 _ 4245
4258 Sb 160 (+L450)
LalLo Irr 72 +190
4490 Sc 130 +590
Lé31 Sc 81 +600
4736 Sb 107 +240
5055 Sb 103, - +510
5194/5 Sc/E Lz - +455
5157 Sc 30 +235
6822 Irr 1204 -57
6946 Sc 65 +4 5
7640 Sb 169 +370
WL Irr ' - -130
Notes

a = P.A. calculated from data,

b = Slope of pesition Drofile suggests
P.A. 1s closer tc 90°

Position profile was not n*odected )
to this P.A. because of confusion
with IC 1727.

P.A. from Volders and Hogbom (1961).

o
il

o
i
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TECTED

WITII UPPLER LIMITS ON THE HI FLUX

Name HI Secarch Name HI Search
NGC |Type |[flux range NGC |Type|fiux range
*IC limit | {km/s) *IC limit] (km/s)
7814 Sa 0.4 766,1316 3992 SBb{ 0.5 757,1257
147 E 0.5% | =515,35 4192 Sh 0.5 -405,95
185 B 0.5 | =-516,35 L216 | Sb | 0.5 | =250,250
4oL EO | 0.5% | =334,166 L2200 | Sa 0.5 710,1210
#1727 Sc a 4438 Sa 0.5 -308,192
891 Sb 0.3 -177,323 4517 Sc 0.5 89G, 1390
1023 S0 0.5 290,790 4565. Sb 0.5 925,1425
1068 Sh 0.5 770,1270 L569 Sb 0.5 660,1160
1097 SBb| 0.3 1062,1562 4564 Sa 0.5 820,1320
1156 Irr} 0O, 5% 142,642 L7725 Sb 0.5 800,1300
1300 SBb| 0.5 1390,1890 4826 Sb 0.5 100,600
1332 S0 0.5 1340,1840 . 5005 Sb 0.5 - 707,1207
1365 SBb{ 0.5 13864,1886 5033 | "Sc 0.5 628,1128
1637 Sc 0.5 L0, 940 5248 Sc 0.5 905,1405
2146 | Sa | 0.3 640,1140 5363 | Irr| 0.5.4 855,1355
2336 | Sb 0.5 2132,2632 5364 Sc 0.5% 1 1104,1604
2537 | SO | 0.5 110,610 3866 | SO | 0.5 458,958
2683 | 8b | O.% 33,535 5907 Sb | 0.5%| 295,795
2768 30 0.5 690,1290 6015 Sc 0.5 . 367,867
2841 Sb 0.3 283,783 6217 Sc 0.6 1108,1608
29073 Sc 0,7% 324,824 6643 Sc 0.3 1226,1726
3034 | Irr] D : 7331 |-Sb | 0.3 580,1082
3368 | sa | 0.5 650,1150 7457 | B 0.4 277777
3521 Sb 0, 5% Lol , 994 7741 | SBe) 0.5 - 500,1C00.
3953 SBb| 0.5 678,1178
 Plux limit is in units of 10720 y p~2yz-1
# Possible HI detection.
a Confused with NGC 672.
b Confused with large continuum,
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which the detection of hydrogeh was doubtful or definitely
negative, Column 1 contains the name of the galaxy, column
2 its type, column 4 the range in velocity over which the
search was made, and column 3 the upper limit on the

hydrogen signal.

5. Errors and the Detection Limit

The errors for the present observations can be
divided into two groups: (a) The uncertainties arising
from errors in the observations themselves; (b) the un-
certainties arising from improper or inexact interpretation
of the observations, The first group will Dbe discussed
here, and the second group in Section E.

The observational errors can be further sub-
divided into random, accidental, and systematic errors.

(a) Random errors. The primary source of errors

for the present observations was the random (i.e. different
from observation to observation ) uncertainty arising from
the noise of the receiver. The.origin of this noise was
the frént end of the receiver where most of the amplifi-
cation took place. The overall receiver temperature was
measured by observing the change in total detected power
as the antennas were moved on and off of a source of
known brightness temperature. The temperature measured
was about 600°K. The equivalent noisc £lux for a half

hour observation through the 100 kHz filters was about
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26 m—2Hzil). For each observation,

0.4 flux units (10
an estimate of this noise was made by calculating the
r.m.s, deviation of each sample data point from the final
calculated response curve obtained from the least-squares
fit. The average of these estimates was essentially equal
to the value obtained above,
The effect of this noise on the amplitude and

rhase of the signal will now be considered., The response

of the interferometer is described gquite well by the sum

of a sinuscid and Gaussian noise., The diagram

Co—

shows the two normally distributed components of the

- response which can be written:

ALY = V(t)cos ¢t ' (1)
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and

Bi) = V(t)sin () (@)

where the response is:

RE) = V) cos (Wt + dE)) (3)
The noise is mixed inte Vv and ¢ such that A and
B are normally distributed., Following an analysis similar
to Davenporﬁ and Root (1958), the probability density of

finding any given A and B is the product of the two

densities for A(t) and B(t):

A-Vcosd )2 (8-VsiNg)
exp[‘ ("‘z‘a':i"')_] expl™ —5ez ]

L (4)
P(A;B)'zn. (2_(‘1‘0‘2) Va (an-g-2>5/2

where V and E are the true noiseless values of V(t)

and ¢(t) and it is assumed that A(t) and B(t)

have the same standard deviation ¢gv. We are interested
in the distribution of VvV and ¢ . Clearly we can
write

P(V,9)dVdd = p(A=Veosd,B=Vsing) JAdB (5)
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But since the area element aa dp  is:

dAdB = VdVd@ (€)

we get for the joint probability density of V and ¢ :

Y expl- vi+Ve - vx7cos(¢~&>)]

P(V,d) = Afrege PP (7)

for v20 and 0 for V<O,
This density function can be integrated over
all the angles to give the probability density for V

alone:

V veav? vV >
PV} = . exp[ - —{;-:J I.( "7z for VZO (8)

where I, (x) is the zero-order Bessel function of
imaginary argument. A plot of this function for several
values of v/cr is seen in Figure 3b. A similar
probability density can be obtained for ¢ alone by

integrating over V:

! ' -$) ZsiNA(0~0 V cos(¢-
P@)= s @[~ gga] + LSOO o[- VorllOl ]y [V coslodl)

where P

K (z) = Jexp(- £ du

~ob
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(a) PROBABILITY DENSITY FOR PHASE
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{b) PROBABILITY DENSITY FOR AMPLITUDE

Figure 3 Probability Distributions of aAmplitude
and Phase in the presence of noise.
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A plot of this function for several values of Vi is
found in Figure 3a.

From the figures it is evident that for small
values of V/oo , the signal amplitude is well masked by
the noise while the phase can still give valuable infor-
mation about the signal, Since the mean value of the phase
is the true value, a non~random relation between the phase
in several channels is a good criterion for detection of
weak signals.,

(b) Accidental errors. These errors arise from
unknown operator mistakes or equipment failures, and are
of an intermittent but probably gross nature. An example
of such an error was the mis-setting of the antennas
mentioned earlier., Such an error will go undetected
unless other observations of the same source reveal it.
There was one time this occurred where it was later
detected and’the obscrvation discarded., It ig believed
that there are probably not more than a couple of other
chances of this particular error, Moét other types of
accidental errors were elimiﬁated by variocus eguipment
and program cross checks, so that these were not a
serious problen,

() Systematic errors., These errors are of such a
nature that they repeat in exactly the same way for each

observation and therefore do not decrease over several
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observations, Below, several sources of this type of

error are considered, together with the means used to

minimize them. Estimates of their size are given.
(1) Using wrong baseline length and orientation
parameters has a serious effect on the observed
phases. The least-squares fit for these parameters
on the initial calibration run minimized this error
to less than 0.0l parts of a fringe. Since typical
noise errors were about 0.04 fringes, this error
was considered negligible.
(2) The flux density calibration run-to determine
a consistent set of flux densities resulted in an
internal error of less than T2 percent. Again this
is somewhat less than the noise errors. Actually a
systematic error of this nature is not so serious
since almost all obsexrvations of each source were
taken with the same calibrator., The only efféct
would be to raise or lower the whole profile.
(3) The pointing of the antennas has been achieved
to an accuracy oL about.l minute of arc. The only
serious effect this can have is on the flux densities
from regions of the galaxy far from its center (i.e.
greater than 10 minutes of arc), where the flux was
corrected for the beam smoothing. This error could

be as large as 10 percent for the large galaxies.
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(4) Confusion of an obsefvation due to sources near

to the source of interest was of two kinds: that
caused by continuum emission, and that caused by
neutral hydrogen emission. The first type was
virtually eliminated because of the brocadband channel
which gave a very accurate estimate of the continuum
radiation entering the beam. The second was more ser-
ious for certain galaxies. If the radial veloclty of
the galaxy was near to that of hydrogen clouds in the
Galaxy, the line profiles would appear superposed. In
the few cases where this occurred, the position profile
provided some means of distinguishing the two sources.
The position corresponding to the confusing source was
always quite random, probably indicating an absence
.of the systematic relation between velocity and
position that one expects in a distant galaxy. This
property served for the cases in question, so it is
believed that confusion was not a serious problem.

In view of the. above discussion and results, it
i1s possible to give a rough éstimate of the detection limit
for the present observations. As indicated, the most ser-
ious error was that associated with the random noise of the
 observation. This noise was about 0.4 flux units. When
the observation was calibrated, a similar noise from the

calibrator increased this to a quoted error for a half-hour



observation of about 0.5 flux units. The scatter of the
individual channels around the continuum flux for the
galaxies having continuum emission but no detectable
hydrogen indicates that this noise error is at worst an
overestimation of the actual errors. It is believed that
if 0.5 flux units of hydrogen emission were in at least
3 or more channels, then there would be sufficient cor-
relation in the corresponding fluxes and phases to give
a positive result. A check of this is again seen in the
observations of those galaxies having continuum but no
hydrogen emission. There is a definite increase in
average flux level with a decrease of the phase scatter
in the presence of 0.5 flux units of continuum emission.
. In most caées, then, 0.5 flux units is the
detection limit for neutral hydrogen radiatién. For the
galaxies observed more than once, the limit is reduced

correspondingly.
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D. Physical Processes and Model Analysis

1. Source of the Hydrogen line at 21 cm.

The association of a magnetic dipole moment with
the electron and the proton, and their corresponding inter-
action was originally suggested by Pauli in 1924 as an ex-
planation of thé very fine or hyperfine structure in the
spectrum of many atoms. This effect was calculated by
Fermi, and the energy difference for the two levels was
shown to correspond to a frequency of 1420.405 MHzZ. When
the theory was applied to the hydrogen atom in its ground
state, a very narrow line at this frequency was predicted,
but suggested as impossible to detect in a practical ex-
periment because of its extremely long life time.

Then van de Hulst (1945) and Shklovsky (1949)
suggested the possibility of detecting the line astronom-
ically because of the tremendous guantities of neutral
hydrogen believed to exist in interstellar space. Their
prediction proved true and the lihe was first observed
in 1951 by Ewen and Purcell (1951).

In this section the spin-spin interaction of
hydrogen atom which produces the 21 cm line will be con-
sidered in some detail. First, the interaction energy
function will be derived from classical electromagnetic
theory and the form of the Hamiltonian operator generated,

using the rules of gquantum mechan ics, Second, the ground-
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state hydrogen atom spin wave functions will be derived
that diagonalize this operator., Finally, the energy
levels will be determined, together with the approximate

linewidth.

{a) The Hamiltonian. We have for the interaction

energy of a magnetic dipole and magnetic field:

U= -4 B (1)

~

where A4 is the dipole moment. On the other hand the

magnetic potential of a dipole can be expressed as:
Sty L \ (2)

Applying the gradient operator to the potential gives the

magnetic field as:
B = -Vém =z V[ 4] @)

Substituting this expression into the energy relation (1),
we get for the interaction energy of two magnetic dipoles a

distance T apart:

3

Uiz = =& B=-2e &7 (y, -7(D)) (4)

~ T3

|

=
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or performing the indicaled differentiation:

_ Mo MK 3 op oy (5)
WU = 4‘Tl‘l:'—f'-3~ - ?s(ﬂ' I)( 4~ ,.,)__{

This expression is valid only away from r = 0.
Considerable care must be taken to obtain a correct ex-
pression for all space. Since, for the calculation of
interest, only the integral of (4) times a spherically

symmetric function of space is needed, we consider:

I:= gE(ﬁ)ng[Mz 'V('ﬂ]dv (6)
v

where §(r) is an arbitrary but finite and spherically
symmetric function of . ' . Because (4) diverges only at

[ d

r =0, I is approximately

1
I fO) M e g[;gta V(3)]dV | (7)
Av
where AV is a small volume around the origin. The ro-
maining terms of (7) have vanished because of the as-
sumed space symmetry of &([). Using the integral the-
crems: |

ngbd\/ = §S¢d§

where S is the surface enclosing the volume V , we get:

I = %(0) i g KLz V(’:,'\)d§
S

Performing the indicated differentiation and integrating

over a small spherical surface enclosing the origin easily
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gives

T ~ consvant X §0) 4, - X~

This in effect says that U is in the form of a delta

12
function near the origin. For the present purposes, then,

the Hamiltonian is of the form:

H = consTANT ¥ (4 e §(0)) (9)

or substituting the dipole moments of the electron and

proton in terms of thelr spins:

we have for the Hamiltonian:
A
H = constanT X (§-T S(r)) (10)

This form is applicable only for wave functions having

spherical symmetry in space.

(b) The Wave Functions. Since essentially all of
the hydrogen in interstellar space is neutral and in the
ground state, only the ground state spatial wave function

will be used. Its spherical symmetry implies that it is
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only the spin wave functions on the S - I part of i
that give the energy displacements. These energy levels

are:

E = <S,I|Rg[S,TY (11)

where 1S,IY represents the possible spin wave
functions, and ﬁs is the spin part of the Hamiltonian,

Four possible base states of the spin wave function are:

(12)

l+)+> N l"";"? 3 "‘)""7 | =>=> 5

2

‘where + and -~ represent the two possible spin states
of the electron or proton as +1/2 or -1/2., The proper
linear combination of these base states must be found that
will diagonalize ﬁs . While this can be done in a
straightforward fashion, a trick will simplify things.

We note that since ﬁs is of the form:

A
Hs = consTanT X S -1

the dot product can be writteﬁ in the form:
s.I = 3(g*-35*-1I%) (13)

where

T
1
e
+
1=
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Therefore any ei_genfunction of Lhe total spin 5‘2 will
be an eigenfunction of ﬁs , because §2 and ;2 are

always diagonal for combimations of the states in (12),.
The elgenstates of 52 have been worked out in many

gquantum mechanics texts (see, for example, Merzbacher,

1961) and the results are:

F4,+7 ) ‘?‘La_(\"')"? +)°—)+>), l“)'_7 (142)

for F =1, and

Fl16=7 —1=) . (145)

for F = 0. These four spin wave functions diggonalize
the spin Hamiltonian ﬁs'

(c) The Energy Levels and Linewidth, It is straight-
forward to calculate the various energy levels of (11}

using the functions of (14). We have:

L]

—‘2-(0—3/4.—3/4) -3, ¢ F=0
E = CONSTANT X ’ (15)
$(2-3% -3%)= a ¢ F=l

[}
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The P = 1 level has three degenerate states corres-
ponding to the functions of (l4a), while the F =0
level has only one correspondihg to the function of
(14b). The constant in (15) is evaluated by using the

ground state space wave function of hydrogen:
3
(22 VL el £n2) (16)
¢ = (e RS 4(te, Mt

A
Integrating the square of this function times H, over

all space gives for the constant:

3

me*
CONSTANT = % He Hp %o (‘meﬂz“>

The difference of the two energy levels of (15) then

becomes

When account is taken of the second order corrections
neglected in the above calculation, this energy corre-

sponds to a frequency of £ = 1420.406 MH=z.

The natural linewidth of the hyperfine
transition can be determined from guantum mechanics applied

to magnetic dipole transitions. Following the calculations
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of wild (1952), the transition probability for the 1420 MHz

line is
640 3 ~ 2
An s Tres ¥ eI
where (2| &) 1) is the matrix element of the

P
magnetic moment operator M and the two states involved,
and
A
IM] = L+2S
where L and S are the angular momentum and spin guan-
tum numbers. This equation leads to a transition probability

of:

A, = 285x%(0"° cec”

or a natural half-width of

\)‘/2 = Aa%r}_ < 4.5 Xio% HZz

For all practical purposes, this is a zeroc width.
The long lifetime

T = A, 3.3x (0%

secC

can, in part, be explained by its low frequency

and also by the fact that the magnetic dipole transition
is first order forbidden., It is only the large quantities

of neutral hydrogen in interstellar space that allow the

observation of the line.
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2, Statistical Eguilibrium

In the last section we considered the source of
the 21 cm line from neutral hydrogen and saw that it is
an extremely narrow feature and hence has a very long
half-life. The mechanisms of excitation and conditions
of equilibrium will now be considered briefly.

Detailed calculations have been carried out by
several people (see for example, Shklovsky (1949), wild
(1952), Ewen and Purcell (1951), Purcell and Field (1956),
and Field (1958)) on the various physical conditions that
exist where the hydrogen line is generated. Their con-
clusions are summarized below, |

There are basically two mechanisms of excitation,
collisional and radiative, For the present experiment
only the collisions between hydrogen atoms need be con-
sidered since these predominate in most cases by
more than an ordef of magnitude. The collisions are of
two kinds, those where the magnetic moments of the elec-—
trons interact to cause spin ﬁlip of the electron in
guestion, and those collisions where the electric
chargés of the electrons interact to cause spin flip.
This first process is called spin exchange and was shown
by Purcell and Fiéld (1956) to be the dominant process
at work. Field (1958) has shown that.the radiative

mechanism also comes largely from two sources, the ab-
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sorption of radio—ffequency radiation, and the hydrogen
atom interaction with Lyman- & light from outside
sources. Again for the case of interest we need only con-
sider the first mechanism,

If we let P10 be the probability per unit
time for the transition F=1 to F=0 due to a
collision, Purcell and Field (1956) have shown that the

‘probability of the inverse process is:

Poo = 3Po e?‘P(" h\?/kTRB (1)

where Ty is the kinetic temperature of the region. This
is a result coming from the collision calculations. If
we then combine this with the well known Einstein equations

for transition probabilities of induced emission and absorp-

tiop:
I(V’) B;é = A‘o /%%(—E‘)
' ' : (2)
. 9, _ ' 2
I6) By = o IWB,= A,O/\Zi“\?

where ‘A and B are the Einstein coefficients, I( V‘)'
is the radiation intensity, and g 1is the statistical
weight of each atomic state, then the equation of equi-

librium easily becomes:



| AT I(e
nx(F%O~+'A(0 +'AWof%fFé;)>

2
3o e B) AAEY)

where N, and flo are the populations of atoms in
each energy level,
The radiation intensity I( ¥ )} can be expressed

in terms of a temperature Tp by Planck's law:

I()" ZhV [e)(P kTR _l:]"( (4)

and it is a common practice to define a "spin temperature"

TS to specify the relative population levels of the atom:

3|5

;,: 5@)(!3(—%-7\%) | (5)

This expression has thermodynamic significance if the
processes leading to equilibrium are thermal, for it is
just an expression of a Maxweil—Boltzmann distribution,
Using Equations (3), (4) and (5) and the
approximation that all the T's are much greater than

he/. = 0.068 °K , then we get:

T. = Yk * TR (6)
1+
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where Y Thas been defined as:

y = 2 Po (7)
- kTK AIO ’

In this expression, TS appears as a weighted average of
T and T, . If y =0, then T, and therefore thc
is determined purely by T,. When collisions become
impoxrtant ( vy > 0), then Ty becomes important. Field
(1958) has determined the values of y for various
astronomical situations and shown that for the cases of
interest for the present observations TS ant '}k . In
other words, the hydrogen is in thermal eqﬁilibrium, and
its radiation losses affect this equilibrium very little,
In the presence of strong continuum radiation this may
no longer be true, because TR will begin to add in a
significant portion. But this will only be important
where one is interested in determining the hydrogen
density from the line profiles, and optical depth must
be considered.

Tg has been found to be on the order of 125°K
for the Galaxy (Schmidt (1957)), which justified all of the

above approximations,

3. Neutral hydrogen in a galaxy.
In this section, the radiative transfer equations

will be formulated, and the appropriate approximations made
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for the cases of_'interest. A b.asic model of a galaxy will
be proposed that is sufficiently general for the present
purposes.

(a) Transfer eguations. In a very straightforward
fashion one can deduce that, for an assembly of atoms,
I{(¥ ), the specific intensity of radiation, obeys theldif-r

ferential equation:

d T(v)
ds

= €(¥) = K@) I(w) (1)

where  €{¥) 1is the volume emissivity, K( Vv ) is the
absorption coefficient, and s is the distance along the
line of sight. The equation states that the change of
intensity is equal to the emission minus the absorption.
Multiplying (1) by exp[~ LjK(w)ds'] and integrating
over the line of sight yields: |

0 S
I(e) = je(v) exp [- fzK(\e)ds'J ds (2)
(S :

For a general problem.we must allow for the
existence of continuum fadiation, and therefore realize
that both €(v) and K{v¥) consist of two
parts, the continuum.and the line:

E(V) = €V + g4(¥

(3)
K¥) = Kelv) + KQ(\’)
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In the region of frequencies adjacent to the line, K( ¥

is very small so that (2) becomes.

%]

IR /(ec () ds (4)
(o]
and also within the line Kﬂ(yﬁ >V l<c(V0 so that
00
: (5)
L= g[ €0+ €Y ] evp[- gKQ(\))dS'_] ds
o) o

It is common in this type of calculation to write the
intensity in terms of brightness temperatures by means of

Rayleigh-Jean's Law:
(6)

One can then express the excess brightness temperature of
the line feature over the continuum brightness temperature

by taking the difference between (5) and (4), using (6):

T s 2 /%
AT(v)= E/\F J[ec(vnég(\’)] expl- f Kﬂ(v)ds’] ds - aik f €(Vds (7)

If ATb

is negative, the line appears in absorption. Equation (7)

is positive we have an emission line while if it

is the 21 cm radiative transfer equation that will be used

later.



-7 2=

(b) A model galaxy. Tt rémains to express Equation
(7) in terms of the approximate physiéal processes within
the galaxy by defining its geometry, dynamical parameters,
and the frequency dependence of its emission and absorption
coefficients.

From the well known optical and radio properties
of galaxies it is possible to'approximate the highly flat-
tened spiral galaxy, that is of interest to us,by a very
thin rotating disc. Essentially all of the gas is confined
to this disc and rotating with it, Studies of neutral
hydrogen in galaxies (Epstein, 1964) indicate that it con-
tributes only a small fraction of the mass of the galaxy,
but serves as a tool to measure its rotation, Any radial
component of the galaxy's systematic internal motion will
be assumed small. The effect of a larger component on the
line and position profiles will be determined with model
analysis, Superposed on the rotation is a random velocity
component arising from more or less local non-circular
velocities of the hydrogen in the galaxy. This will be
approximatcd by a daussian distribution of velocitics.

The cbserver is considered to be very distant from the
galaxy, and inclined to it. The density of hydrogen

is assumed to be smooth (the effects of it being concen-—
trated in spirai arms will be considered later) and to vary

only with the distance from the center of the galaxy., While
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undoubtedly the density does vafy through the thickness
of the disc, an average value will be assumed and con-
sidered constant, We can then write the emission and ab-

sorption coefficients at a point in the galaxy in the form:

{

€ (") = €g exp[~ [ T )] (8)

Kelw) = Ky QXPEM(YA_-_-\?\?_O’)ZJ

where AVY is the dispersion in frequency,due to the dis-—
persion éorresponding to the random velocity component,
and Y is the Doppler-shifted frequency of the line,

due to rotation:

TR (1 _ Vplcosd SinL ) (9)
where Q and d) are the cylindrical coordinates of

the point (¢ = 0 -is the major axis of the galaxy), V(¢)
1s the circular velocity of tﬁe gas at that point, i 1is
the inclination of the galaxy, and ¢, the velocity of
light, Equation (8) can be written in this form since
both coefficients are proportional to the number of atoms
in a given frequency range.

We then have for the brightness temperature at
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a given point in the galaxy:

exp (= Ko(v) tR) sec L)] )Z (10)

. N [L-

where 't(Q ) is the thickness of the disc at Q . For

most of the galaxies that do contain neutral hydrogen,
€. << & , and the optical depth 1, =

Kl(VinQ)SECL << {1 , which allows us to write (10) using

(9) as:

(\f"-\)o + \/<g)cogd>sw1,

(A) 2

MtQ)seck [__

Tleg)- S0 o ] e

4, The rotation curve and mass determinations.

Many approaches have been taken to relate theo~
retically the measured rotation curve to the mass density
and total mass of the galaxy. These are reviewed and sum-
marized by de Vaucouleurs (1959). Some of the simple
models lead to nonphysical predictions when extrapolated
to large radii, while the more physically real models are
difficult to use for calculations, Burbidge, Burbidge,
and Prendergast (1959) have developed a model of the mass

distribution of highly flattened systems on the basis of
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a sequence of differential spheroidal homoeoids. They have
given the equation:

o

2oy o amrt vy [ d(R) Q% de
Vi) = 410G (1-k?) ,[)(%?__Q_kl?ﬁ),/z (1)

where V(& ) is the rotational velocity as a function of
a normalized distance from the center, d( Q ) is
the mass density, Q the semimajor axis, and Kk 1is
the eccentricity of the spheroids. By expanding both V2
and d in a Taylor series, they were able to express each
term in .d as a function of only one termkin V2. There-—
fore if the measured V2 is expanded in several terms,
the corresponding mass can be calculated. Schmicdt (1956)
used a similar type of analysis on the Galaxy with four
spheroids, but instead made approximations to the mass
densities of these spheroids expanded in two terms of a
Taylor series varying inversely with

The difficulty with these models is that the
mass distribution predicted for either the galaxy's
center or its extremities is often non-physical. Brandt
(l960la,b) has attempted td eliminate some of the problem
by assuming a rotation curve of a certain forxrm, The |
curve he suggests is a general form of that originally
used by Lohman (1954) and has three free parametérs, The

curve increases in velocity like a solid body near the
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center, but reachesva maximum and diminishes into a
Keplerian tail fbr greater distances. 1Two free param-
eters give the velocity and radius of the "turnover"
point (i.e. the maximum velocity of the curve, and the
radius at which it occurs), and an index determines the
nature of the curve around the turnover point., The curve

can be written as:

3
Vro (3)/2“ (-Q%o)

V(o) =
(@ f1+ 2 (%_Q)njs/zn

(2)

where V,, and Q are the turnover velocity and
To To-

radius. Insertion of (2) into (1), with the approximation

that the system is a disc of zero thickness, allows one to

invert the integral equation and express d( € ) as an

integral of the rotation curve. The total mass can be

written as:

¥n ,VT?Z; Q'fo

| M = (_2?'_3) G (3)

Brandﬁ suggests an increasé of 10 percent added to this
mass'to correct for the assumption of zero thickness.

‘While this form of the rotation curve does fit
the solid body rotation and the turnover in velocity

observed in many galaxies, it is not based on any physical
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grounds. The only property of the curve that is intrin-

sically physical is its Keplerian form for large @ ,

which is expected on theoretical ground, but has not been

demonstrated observationally. The curve is convenient in

that it has a mathematical form that allows Equation (1)

to
of
be

on

be inverted for some useful mass models giving estimates
the mass density of highly flattened systems. Care must
taken not to make predictions from the model which depend

the detailed nature of the curve. The estimates of total

mass from an inversion of Equation (1) are sufficiently in-

sensitive to the exact nature of the rotation curve, that

the form given in Eguation (2) is still quite useful for

these estimates when the true rotation curves are known

only approximately.

The nature of the present observations does not

allow any detailed analysis of the rotation curve. Inter-

pretation must be approached from the point of view of

model analysis: in other words, assuming various simple

galactic models, and using the parameters which best fit

the observed results. It is felt that Brandt's model for

the rotation curve and mass best serves this type of

analysis because it has only three free parameters, and yet:

has the convenience of form mentioned above. The model

deficiencies are of no consequence here, since it will be

used only to estimate a total mass.
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5. Synthetic observations of models.

(a) Interferometexr response, To determine what the
interferometer "sees" when poihted at a simple galaxy, we
insert Equation (11} of Section D3 into the interferometer
response Equation (7) of Section Cl and perform the
necessary integratién. This gives a visibility amplitude
and phase which are dependént on freguency. Since the ob-
servations were taken through a set of frequency filters
to give resolution in frequency, one must integrate this
visibility function over each filter to obtain the observed
results, The effect of the filters is to smooth the actual
visibiliﬁy function over the bandwidth of the filter. The
filters are approximated by Gaussians. The final response

is:

~ 2k (,u--._V(Q)suw;coscb)z o dod (1)
S{w8)= g JT(Q\ exp{:- T + 135 KJQ_Q ¢

. .
where S(w,3) is the complex flux (i.e. flux and phase)
entering the filter corresponding to the Doppler velogity

s T Q,) has been defined as:

Nt ey (2)
T = =
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from Equation (11) of Section b3, Or and (ory are
the widths of the Gaussians corresponding to the random
velocity component and the filter width, respectively, and
S is a vector representing the interferometer baseline
in the galaxy coordinates. The integral extends over the
plane of the galaxy.

Equation (2) represents the temperature distri-
bution of hydrogen on the plane of the model galaxy inte-
grated over all velocities. As in Equation (11) of D3,

T

the optical depth v has been assumed small. If it is

not small, then Eguation (2) becomes:

. |
T(Q) = ﬁ %z [ 1- exp ('R)] )

which’is still a function of Q but not &  , for the
model developed in D3, where the galaxy has been assumed
to be a thin disc. For the present analysis, only the
functional form of T 1s of interest, and not its actual
value, or its relation to the actual hydrogen density,
since in Equation (1) for the interferometer response it
appears only as a scaling factor.

Henceforth we will work with T(Q ) as a "pseudo
temperature®, which may or may not represent the actual
hydrogen density, but will approximate its two-dimensional

spatial dependence in the plane of the galaxy.
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It is _g(fv,g } that has been measured, and it
is the purpose of this section to determine the information
contained therein,

(b} The information in one spacing. It is clear from
Section Cl on the interferometer that, if § is measured
for several values S, the interferometer spacing, then
Equation (1) can be mathematically inverted to give T( @ )
for a given velocity range. If one also has measured 8
for several values of a4 , V(@ ) can also be determined.
The present observétions determined § over the total
range in velocity but for only a small range in S. Only
one baseline length, with a few different orientations
in some cases, was obtained. These data are insufficient
to perform any kind of direct inversion to determine either
T(Q ) oxr V( Q ) in general, but with certain assumptions
some information about them can be deduced.

To show clearly what is being measured, consider
Figure 4. Here is shown a galaxy viewed face on. The
dashed lines are the equal radial veloéity contours, pro-
jected onto the face of the gélaxy, as seen by an observer
looking at the galaxy from below, along theY-axis, The
inclination of the galaxy to the observer will only change
the scaling of velocities corresponding to each contour,
but not their shape or spatial scale. The upper diagram

shows the contours for a solid body rotation curve of the
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(a) SOLID BODY ROTATION .

(b) NON-SOLID BODY ROTATION =~

Figure 4 Equi-radial-velocity contocurs when
viewed along the Y-axis, projected
ontQ the plane of the galaxy.
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form V(Q )= const x.Q ;  and the lower diagram for the
rbtation curve given in the previous section, Equation (2),
with n = 3,

For an interferometer fringe spacing fairly large
compared to the galaxy, the amplitude of §( N ) gives the
total flux coming from the galaxy through the filter associated
with o (i.e. the radiation coming from between two velocity
contours), and the phase of é( &) gives the centroid
position of the flux., It is clear from Figure 4a, then,
that if the galaxy moves as a solid body, V( Q ) is directly
determined from the phase, and T( @ ) can be approximated
from the flux if the inclination is known. On the other
hand, Figure 4b shows that the centroid position of the
radiation entering a given filter does not represent the Q
for the given velocity in the rotation curve. .I'tis always
farther from the galaxy center than the corresponding @ ,
and cannot be diréctly related to it because of the unknown
T(Q ). 1In this case ngither T(Q ) nor V( Q ) can be
determined. But if there is sufficient hydrogen at the
turnover point QTPQ then the centroid of the radiation
entering the filter corresponding to Vino? the maximum
velocity, gives an approximation to QTO' The smoothing
due to the filters will tend to make it slightly larger

than if the turnover point is within the HI limits

QTO
of the galaxy. The extent to which this is true will be
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discussed below,

If one has observations at several baseline
orientations, it is possible to learn something about the
relative major and minor axis sizes of the hydrogen
emission entering one filter, This again is plainly seen
from the figure. Depending on the type of rotation curve,
temperature distribution, and the inclination of the galaxy,
the interferometer resolution and hence the flux entering
at each velocity will vary with the angle between the pro-
jected interfometer baseline and the major axis of the
galaxy. If the galaxy in question is highly inclined, one
could poséibly use this change in resolution with orien-
tation to distinguish between the two types of models. Com-
parison of the two diagrams in Figure 4 suggests that the
solid body model will always have greater resolution effects
at its lower velocities as the baseline orientation changes,
while the other modellmay reverse this, say for inclination
greater than 45°,

The complex nature of Equation (1) does not allow
any further general analysis. .Even if T(Q ) and V( Q )
are given simple physically reasonable forms, the equation
reduces to multiple integrals that cannot be evaluated in
closed form. The pracedure followed has been to specify
the desired form of T Q Yy and V({ Q ) and evaluate

Equation (1) on a digital computer. This was accomplished
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by dividing the galaxy into small cells and approximating
the integrals by summations. In this way model line and
position profiles were generated. This procedure will now
be discussed in detail.

:(c) Assumptions, It has been shown above that only
under certain circumstances can one determine the galaxy's
rotational parameters directly from the observations them-
selves, when only cone spacing of the interferometer is used.
-For the sake of analysis, then, simple reasonable guesses
.will be made for T( @ ), and line and position profiles
generated for the various reasonable types -of rotation
curves, The reasonableness of the assumed T(Q ) and
V{Q ) will be judged on the basis of the galaxies for
which these quantities are known, and also on‘how well they
fit the observed results.

. On the basis of the discussion given in Section 2,
the forms showﬁ in Figure 5 will be used for T( Q ). In

the figure is the hydrogen cutoff radius (i.e. the

QHI
radius at which the hydrogen density is assumed to drop to

zero). From a discussion of Roberts (1966b), seems

Q HT
to be akout 1.5 times the optical radius of the galaxies he
considers, where the optical dimensions are given by

de Vaucouleurs (1964) (See Section E).
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Figure 5 Model hydrogen denSlty distributions
in the plane of the galaxy.
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The form of V(Q ) used will be the one dig-
cussed above that was suggested by Brandt {1960a,b). This
curve, given in Equation (2) of Section D4, was used
originélly by Lohman (1954) on the Galaxy with n = 3,

Roberts (1966a) has used the same curve with n = 3/2

to fit observations of M31, He suggests n 3 also
gives a good fitf For the present study n = 3 will be
used, and the effect of a different n will be discussed.
Figure 6 gives V(Q ) for n =1, 3, and 10 to show the
character of the curves, For the case of solid body
rotation the same form for V(Q ) with n'=3 will be
used, but % TO will be pushed out beyond the HI cut-
off radius to give the equivalent solid body rotation
Qurve,

{d) The model profiles and their general character,
Figures 7 and 8 show what would be obtained by the inter-
ferometer when looking at the indicated model galaxies
with the T(Q ) given in Figure 5c., The inclination i
has been set to 90°. It should be remembered that sin (i)
is basically only a scaling féctor for the velocities in
the model given by Equation (1), It is true that the ran-
dom velocity components are not scaled by sin (i), but the
effect, in this éase, can clearly be seen as just a pro-
portionately larger amount of smoothing, as shown in Figure

8 by the larger R (i.e. in Figure 8, the curve for
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