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THE SPIRAL STRUCTURE OF THE OUTER PART OF THE GALACTIC SYSTEM
DERIVED FROM THE HYDROGEN EMISSION AT 21cm WAVE LENGTH

BY H.C. vAN DE HuLsT,C. A. MULLER AND J. H. OORT

A discussion is given of the equipment used to measure the line emission at 21 cm of interstellar hydrogen, and of the observations
made up to the summer of 1953. The measures were made with a 7.5-metre paraboloid, movable around a vertical and a horizontal
axis. It can be pointed to a given position with an accuracy of about 0°.1. The beam width between half-power points is 1°.9 in
horizontal and 2°.7 in vertical direction. The receiver is based on the principle of switching at a rate of 430 c/s between two fre-
quencies 648 kc/s apart. The band width for both frequencies was 40 kc/s, or 8.4 km/sec. The noise figure of the receiver as used
for the series of measures discussed in the present article was 1o. (sections 2 and 3).

Measures of line profiles were made in the galactic plane at points spaced 5° in longitude. They are shown in Figures 5 and 6, and in
Table 1. They have been reduced as well as possible to the same intensity scale, the unit of intensity corresponding to about 1°.0 K.
The estimated uncertainty in the strongest intensities is of the order of 5%, and 1 or 2 km/sec in the velocities. (sections 4—9).
The velocities have all been corrected for the orbital motion of the earth and for the motion of the sun, for which the standard
values v= 20 km/sec, towards 18ho®, + 30°.0 were adopted. These were shown to be in agreement with the data given by early-type
stars and interstellar absorption lines, and are, to some extent, corroborated by the 21-cm results (section 10). For the position of the
galactic pole we have used 12h40™, 4 28°.0, the pole used by OrLssoN in the Lund tables. The 21-cm data indicate that a correction
of about 1°.5 is needed to this pole. The direction of the galactic centre has been assumed at 327° longitude. Recent 21-cm results
indicate that the true position must be near /= 328°.0, 6= — 1°.5. (section 11). From the present measures a distance to the centre
of 8.26 kps has been derived, in close agreement with recent estimates by BAADE. The following values were adopted for the region
around thesun: distance to centre R, = 8.2 kps, velocity of rotation ®, = 216 km/sec, angular rotation &,= 4 — B= 26.4 km/sec.kps,
do/dR= — 24/|R,= — 4.76 km/sec.kps®. 4 and B are the ordinary constants of differential rotation, for which we assumed 4= + 19.5,
B= — 6.9 km/sec.kps. (section 12).

From the low-frequency edges of the profiles observed between 345° and 40° longitude the angular velocity of rotation of the Galac-
tic System at different distances from the centre was deduced. Provisional values of &(R) and ®,(R) are given in Figures 8 and 9.
From these the relation between mean radial velocity, V,, and distance from the sun, 7, has been derived. Samples of these relations
are in Figure 10. (sections 12— 14). For the region outside the circle with radius R, the points of maximum and minimum intensity in
the line profiles could thus be located in space as points of maximum and minimum hydrogen density (Figure 11). The principal
uncertainty in this graph is caused by the assumption that the gravitational field of force in the galactic plane is radially symmetrical.
The points of maximum density are seen to be arranged in spiral arms, which seem to be only little inclined. Wherever they are
inclined the direction is such that they wind up during the rotation. (section 15).

The average temperature of the neutral interstellar hydrogen was found to be 110° K. (More recent measurements indicate a
somewhat higher value, of around 125°). The observations show that, in the absence of galactic rotation the absorption coef-
ficient in the centre of the line averages 0.95 kps™!, for the band width used. For zero band width it would be 1.20 kps™'. In almost
all directions the galactic rotation prevents the gas from becoming optically thick. Except for one observation in the dark clouds
in Taurus {see section 9) no evidence wds found for considerable systematic differences in temperature. This statement applies only
to the outer regions discussed in the present article. In the innermost part a drop of temperature, or a decreasing density of hydro-
gen atoms, are indicated by the relatively low 21-cm intensities observed for these regions. (section 16).

We have attempted to derive the true density distribution in the galactic plane by correcting statistically for the random motions
of the clouds. The random radial motions were assumed to be distributed as suggested by BLaauw (formula (17)). The average
random radial velocity was found to be 8.5 km/sec (section 17). The resulting density distribution is shown in Figures 15 and 16.
For the principal arms between 65° and 220° longitude the maximum density averages about 1.4 H/cm?, except for the part of the
‘Perseus’ arm that is situated between ¢97° and 123°, where it is 2.7. Between the arms the density appears mostly negligible. The
distance between the points in the Perseus arm where the density has dropped to half the maximum value, measured in the galactic
plane in a direction perpendicular to the arm, is roughly 0.8 kps. The space between the arms, measured between the half-density
points, varies from about 1.3 to 2 kps. From observations between 50° and 220° longitude the total average density in the ring be-
tween R= 8.2 and R= 11.2 is found to be o.70 H/cm?. It is not unlikely that the ordinary photographic absorption coefficient is
roughly proportional to n,, and that its variation can thus be inferred from Figure 16. (section 18). In the last section a comparison
has been made with other results on large-scale distribution of interstellar gas and early-type giants.
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1. Introduction.

The possibility that an emission line of hydrogen at
21 cm wave length would be emitted in observable
strength by interstellar clouds was first suggested by
vaN DE HuLrst during a symposium on radio astrono-
my held in Leiden in 1944'). The line arises from the
transition between the hyperfine structure levels of
the ground state of atomic hydrogen. At that time
informal plans had already been made to start radio-
astronomical work in the Netherlands with a larger
antenna than had been used by REBER in his pioneer
investigations of the continuous galactic radiation.
Right after the war a project was submitted for a
movable 25-metre paraboloid, but the realization
had to be delayed, mainly because of the serious
shortage of radio engineers in the Netherlands at that
epoch. A first attempt to observe the 21-cm line was
started in 1948 by Mr H. Hoo, with a war-surplus
receiver kindly put at our disposal for this purpose
by Prof. G. J. GorTER at Leiden. Because of lack of
suitable instruments and lack of experience, progress
was slow. Moreover, in March 1950 the entire receiver
was destroyed by fire. A new receiver was developed
and built at the laboratory of the Philips Factory in
Eindhoven, under the direction of Dr F. L. Stum-
PERS. It was completed and considerably changed by
MurLER, who had succeeded Mr Hoo toward the end
of 1950. In the spring of 1951 MULLER made his first
measures of the 21-cm line, 1} months after the first
experimental evidence of the presence of this inter-
stellar emission line was obtained by Ewen and
PurceLL?).

The writers recall with pleasure the valuable infor-
mation and friendly co-operation received from Drs
Ewen and PurceLL, and from Dr F. Kerr, who was
our liaison with the Australian group. A similar
co-operation has continued among all workers in this
field; one of its results is the exchange of a regular
“1420 Mc/s newsletter”, edited at Leiden.

A detailed investigation of the intensity distribu-
tion in this line seemed extremely promising for galac-
tic research. For this line combines the advantages
of galactic radio astronomy in general, which is the
penetration of the dust clouds out into the farthest
regions of our Galaxy, with the advantage of a well-
defined spectral line, which is the possibility to
measure radial velocities. These considerations have
dictated the choice of our first programme.

The work described in the following article was
carried out under the auspices of the Netherlands

1) H. C. van pE Huwst, Ned. Tijdschr. v. Natuurkunde 11, 201,

1045.

%) For an account of the early observations see H. I. EWEN and
E. M. Purcerr; C. A. MurLer and J. H. OorT; J. L.
Pawsey; all in Nature 168, 356— 358, 1951.
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Foundation for Radio Astronomy. The board of
directors of this foundation consists of representatives
of the observatories of Leiden, Utrecht and Gronin-
gen, of the Netherlands Post and Telegraph Service
(P.T.T.), of the Physical Laboratory of the Philips
Factories at Eindhoven and of the Royal Meteorolo-
gical Institute at De Bilt. All the financial support was
provided by the Netherlands Organization for Pure
Research (Z.W.O.).

We are greatly indebted to the extremely helpful
co-operation of all members of the board of directors
of the Foundation for Radio Astronomy, without
whose unfailing interest and assistance the present
progress could not have been achieved. Particular
gratitude is due to Mr pE VoogT, through whose
foresight two Wiirzburg paraboloids were rescued
from destruction on the sea coast. It was by his
courtesy and that of the director general of the
P.T.T. that one of these, re-erected at the P.T.T.
transmitting station in Kootwijk, was made available
for the 21-cm work.

This paper describes the results of a year of obser-
vations, from July 1952, when an improved receiver
was put into operation, to June 1953, interrupted by
periods of instrumental checks and improvements.

After important improvements in the receiver, ob-
servations were started again in November 1953 and
have been continued since, with only minor inter-
ruptions. New line profiles are being obtained at
b= o° for every 21° in longitude, while at each 5°
profiles are observed at various latitudes between
—10° and + 10°. Beside these programmes observa-
tions have been concentrated especially on the more
central regions of the Galaxy.

Brief accounts of the results reported in this paper
have been given in an early stage ?) 4) 5) and in a
more advanced stage ¢) 7) 8) %), Other papers on the
21-cm line include an early theoretical paper by
SurLOVskY %) and an observational 1) and a theo-
retical 1?) study from Australia.

The three authors, whose names appear in alpha-
betical order, have taken about equal shares in the
work, MuLLER being chiefly responsible for the in-
strument and the observations, van pE Hutsrt for the
reduction and OorrT for the astronomical discussion.
At various phases the authors have been assisted by

%) C.A. MULLER, T#dschriftv. h. Ned. Radiogenootschap 17, 3, 1952.

Yy J. H. Oorrt, Transactions I. A. U. 8 (meeting Rome 1952).

5) J. H. Oort, Versl. Kon. Ned. Ak. Wet. Amsterdam 61, 140, 1952.

) H. C. va~ pE Hurst, Akademiedagen 6, 115, 1953.

7) H. C. van pE Huist, Observatory 73, 129, 1953.

8) J. H. Oorr, Ciel et Terre 59, 117, 1953.

%) J. H. Oorr, Die Naturwissenschaften 41, 73, 1954.

19) 1. S. SuxLOVSKY, Astronomicheskii Zhurnal 26, 10, 1949.

1) W. N. CurisTiaNsEN and J. V. Hinoman, Australian F. Sci.
Res. A. 5, 437, 1952 and Observatory 72, 149, 1952.

12y P. WiLp, 4p. 7. 115, 206, 1952.
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several of the astronomy students at Leiden, in parti-
cular by Messrs WOLTERBEEK MULLER, VAN WOER-
DEN, Kwee, WESTERHOUT and SCHMIDT.

Part I. INSTRUMENTS AND OBSERVATIONS.

2. The antenna.

The antenna is an old German radar mirror of the
well-known ‘“‘giant Wiirzburg” type: a paraboloid of
7.5 metre aperture and 1.7 metre focal length. It is
mounted in an altazimuth mounting at the P.T.T.
transmission station at Kootwijk. The original cabin
contains the receiver and recorder, and serves as a
counter weight of the paraboloid. Together they are
mounted on a concrete base at the centre of which is
the vertical axis of rotation.

The feed consists of a half~wave dipole and reflector
disk in the focus of the paraboloid. A rigid air-insulat-
ed co-axial line connects the feed with the front end
of the receiver, mounted behind the reflecting surface
of the antenna.

For a wave length of 21.1 cm the beam width, be-
tween half-power points, is 1°.9 in horizontal direc-
tion and 2°.7 in vertical direction. Figure 1 shows the
antenna diagrams in the two directions.

FIGURE 1

| [
3 ° >

Main lobe of antenna diagram in horizontal (lower
curve) and vertical direction (upper curve).

The antenna had been erected before it was clear
that an accuracy of the order of 0°.1 would be desira-
ble in most measurements. Therefore a number of
checks were made to make sure that the antenna
could be pointed at a known region of the sky with
that accuracy. These checks were:

a. New circles with divisions of 0°.5 were mounted

© Astronomical Institutes of The Netherlands e
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and checked. Readings can be made by interpolation
to o°.1.

b. A determination of the radio axis of the telescope
was made. The symmetry axis of the antenna pattern
is defined as the radio axis of the telescope. Fixed to
the paraboloid is a sight and a small telescope, which
define the optical axis. When the pipe carrying the
dipole had been placed as well as possible along the
geometrical axis of the paraboloid and the telescope
parallel to it, the radio axis was determined by obser-
vations of the sun. A number of measurements gave
deviations from the optical axis well below o°.1.

¢. The direction of the vertical axis was determined
by means of a level put on the floor of the cabin, while
the cabin was rotated to various positions.

Result: 4= 103° 4 2° and £ =89¢°.72 4 o°.o1.

The geographical co-ordinates are ¢ = 52°10".2 and
A= —5°50".7. The deviating direction of the vertical
axis corresponds to the real vertical at a slightly
different geographical location: ¢’= 52°14’.0 and
A= — 5°4".0.

d. The direction of the horizontal axis of rotation
was determined by turning the telescope around the
vertical axis and by measuring in various positions
the vertical distances from markers on the horizontal
axis to fixed markers on the ground. The result is that
the slope with respect to a plane perpendicular to the
vertical axis is 0°.04, the right end being higher. This
difference was neglected.

e. The corrections to be applied to # and 4 read
from the circle, in order to obtain the real 2 and 4
were computed from the measured deviations of the
vertical axis.

/- The positions of dozens of bright stars were deter-
mined during several nights by pointing with the
telescope and reading the circles. These measure-
ments revealed no further systematic differences
except a small scale-error in the division of the /-circle.

g. A final table of corrections was made and used in
making the settings of the radiotelescope.

3. The recetver.

The present receiver, like the earlier one used in
1951 1), is based on the switching principle, first in-
troduced by Dicke?). The receiver is being switched
between two frequencies 648 kc/s apart, at a rate of
430 cfs, and the intensity difference between the two
frequencies is measured. The two frequencies can be
moved together through a 3 Mc/s wide band around
the frequency of the hydrogen line.

1) C. A. MuLLer and J. H. Oorr, Nature 168, 357, 1951.
%) R. H. Dicke, Rev. Sci Instr. 17, 268, 1946.
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FIGURE 2
30 Mk 5Mo,
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A A Y
< > fow-pass
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oscillator oscillator 430 cx recording
6.433 Mcs 6.436 My generalor meter

Block diagram of receiver

The receiver (see Figure 2) is of the superhetero-
dyne type, with double frequency conversion. The
switching takes place between two crystal-controlled
frequencies in the first local oscillator by means of an
electronic switch driven by a 430 c/s oscillator. The
difference between the two frequencies can be chang-
ed from 100-700 kc/s. During the set of observations
reported in this paper the setting was not changed,
but the actual frequency interval showed slow varia-
tions (see section 6).

The first intermediate-frequency amplifier has a
3 Mc/s pass band around 30 Mc/s. The second inter-
mediate-frequency amplifier is tuned to 5 Mc/s and
is 40 kc/s wide!). This channel determines the band
width of the receiver.

The second local oscillator is tunable from 24 to 27
Mc/s. The tuning can be done automatically with a
motor at a rate of about 1 Mc/s in one hour, or by
hand. The position of the dial attached to the shaft of
the tuning condensor was used for reading the fre-
quency of the oscillator.

If the energies received on the two frequencies
differ, a 430 c/s component occurs in the rectified
output of the receiver. The amplitude of this compo-
nentis directly proportional to the energy difference,
because the difference is small compared to the output
energy of the receiver. The 430 c/s component is
amplified and then converted to direct current in a

1) The block diagram gives erroneously 30 kc/s.

synchronous detector. Then follows a low-pass filter,
which limits the pass band of the indicator to fre-
quencies below o.o1 c¢fs (half-power point), and thus
determines the time constant of the indicator. To
give a value of the time constant would be ambiguous,
because different definitions have been used in the
literature. The present system corresponds approxi-
mately with one giving an exponential approach with
a time factor ¢ 245,

The final parts are a d.c. amplifier with the record-
ing meter.

The first mixer uses a Philips M1oC germanium
crystal, selected for a low noise figure. The noise
figure of the receiver has not yet been measured with
high accuracy. Preliminary measurements of the
energy received from the sun, of the radiation of the
earth, and signal-generator measurements, all indi-
cated a noise figure of about N =10 for reception in
the signal-frequency channel only.

An independent check of this value by means of an
improved antenna system and mixer has been obtain-
ed as follows. When this antenna was first pointed
at the sky (adopted temperature o°) and then to the
earth (in this case the wooded hill north of the anten-
na, adopted temperature 300°) a 40Y%, increase of the
output energy of the receiver was found. This leads
to an upper limit of the noise figure of 3.5 (5.5 db) for
reception in both channels (no image rejection is used
in the high-frequency part of the receiver) and N=7
(8.5 db) for reception in one channel for the improved
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receiver. The line intensities measured with this new
receiver and calibrated by means of N =7 agree with
the line intensities measured with the earlier receiver
and calibrated by means of N =r0. Both lead to the
estimate that one unit in the adopted intensity scale
corresponds to 1°0 in brightness temperature (cf.
section 7).

Since the noise figure is always determined as an
average noise figure for reception in both channels,
there may be a small error in the noise figure for
reception in one channel due to a possible difference
in noise figure between the two channels.

The theoretical limit of detection depends on the
fluctuations in the registration, due to the output
noise of the receiver. Dicke!) has shown, that the
r.m.s. fluctuation in the output expressed as a frac-
tion of average receiver power output is given by

AT = (N'— 1) Togl/AA—J}", (1)

where N’ is the noise figure for reception in both
signal- and image-frequency channels, T, = 290° K,
Af, is the band width of the indicator, and Af the
band width of the receiver. In our case we are receiv-
ing in only one channel, so we have to multiply AT
by two. Using our definition of noise figure we obtain

AT = (N—2+20+8) Togl/‘z:f}". (2)

Here o T, is the temperature of the background radia-
tion, which is the same in both channels (about 20° at
most), and BT, is the temperature of the received line
radiation (100° at most). We find that « and § are
almost negligible, and obtain
AT =2°2K.

The band width of the receiver of 40 kc/s is a com-
promise between the small band width wanted for
accurate line profile measurements, and the required
sensitivity. The band width of the indicator should be
small for highest sensitivity (the time constant should
be high), but it is limited by the tuning rate of the
second local oscillator, as can be understood as follows.
The smallest observable detail in the line profile is of
the order of the band width. When a tuning rate of
1 Mc/s in one hour is used, this band width is passed
in about 2 minutes. Since we do not want to lose
more detail in the profile than is lost because of the
finite band width, the band width of the indicator
has to be at least of the order of 1/120 ¢/s. In our case
it was found that the band width of o.or1 c/s gives only
a very small distortion of the measured profile. The
main influence is that the profile after the low-pass
filter lags 24 sec. in respect to the profile before the
filter, which is important when measuring the fre-
quency of the line.

Y L.c.
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In general, large changes in the receiver constants,
or in sensitivity, do not seem possible, unless a large
number of channels is used simultaneously.

Apart from the theoretical limit given by Dicke’s
formula the accuracy of the measurements can be
limited by other factors, because the following re-
quirements have to be met:

a) The receiver shall be identical in both positions
of the switch. This means, for instance, that the out-
put of the local oscillator has to be the same on both
frequencies, and also, that the output impedance of
the antenna system is the same on both frequencies to
which the receiver is tuned on the signal- and image-
frequency channel. It is rather difficult to fulfil this
last demand. The antenna matching in our case was
not very good. It caused a shift of the zero of the re-
ceiver on the record, which changed somewhat with
frequency, but reproduced rather well, especially
when temperature and humidity of the antenna
system did not change too much.

b) The switching shall have no influence. It was
found that switching transients from the local oscilla-
tor occur in the i.f. channel, which are not the same
for both transitions in one cycle and give a 430-c/s
output signal. The influence of these transients has
been eliminated by suppressing the i.f. signal during
the switching time. The signal is suppressed during
about 5 %, of the switching cycle.

During the last series of observations frequency
calibration of the two crystal frequencies of the first
oscillator against a secondary frequency standard was
available. This standard is continually compared to
the frequency standard of the Netherlands P.T.T. in
The Hague. Frequency calibration is possible with
an accuracy of about 1 in 10°.

4. Methods of observation.

The problem of obtaining complete observational
results on the 21-cm line with a given antenna is one of
three-dimensional scanning. We have to measure the
intensity as a function of two celestial co-ordinates
(e.g. [ and b) and the frequency. It is desirable for a
clear interpretation to keep either the point in the sky
or the frequency fixed during one run. Thus two
observing procedures are suggested.

(1) Line profiles (see Figure 3). This method was used
in most of the cases. The antenna is kept following a
point in the sky by changing the position of the anten-
na every 2.5 minutes. The second local oscillator is
tuned automatically with a motor through a frequency
band of about 2 Mc/s. By tuning this oscillator the
frequencies A and B with their fixed difference are
shifted together through the spectrum of the r420-
Mc/s line. If the line profile is narrower than 648 kc/s
the true profile is shown two times on the record,
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first as a positive deflection, when frequency 4 is on
the line, and next as a negative deflection when fre-
quency B is on the line. If the profile is somewhat
wider than the frequency difference, the positive and
negative profiles add in the middle of the record, and

Ficure 3

Profile

D<_648 kc/s **U
A

1390176 kc/s
+)h

Receiver B
1389528 ke/s
+V,

Tracing

——

Scheme of measurement of line profile.

the record does not give the true profile. True pro-
files can be deduced rather easily from the other parts
of the record, and the overlapping part gives a check.
The noise output of the receiver is kept constant.
Positions of the tuning dial are marked on the record
by hand. The record gives the measured profile on a
linear energy versus a non-linear frequency scale.
Some sample tracings are shown in Figure 4.

(2) Drift curves. The antenna is held stationary and
the frequency of the second local oscillator is held on a
fixed value. Time marks are given on the record by
hand. The chart gives a record of the energy diffe-
rence on two fixed frequencies along a line of constant
declination. Such measurements can be useful to find
the distribution in galactic latitude but in many cases
it is desirable to complete them by measures of the
line profiles at different latitudes.

5. Aids to computation.

In preparing and in reducing the observations a
number of simple but time-consuming computations
are needed. These computations have to some extent
been standardized in the course of this work and some
auxiliary tables have been computed. It may be
helpful to enumerate here the various aids that are
used.

In setting the telescope:

(1) A chronometer of sidereal time, checked against
radio time signals using tables of the Nautical
Almanac.

LEIDEN

(2) OnLssoN’s tables for conversion of galactic co-
ordinates / and 4 (not changing with precession)
into equatorial co-ordinates « and 3 (for the year
of observation). Compare section 11.

(3) A large-scale rotating map of the sky permitting a
conversion into altitude and azimuth, 4 and #,
with an accuracy of 1°.

(4) Master sheets giving 4 and % for every selected
observing point at every half hour of sidereal time
at which it is above the horizon.

(5) A little table of corrections to 4 and % due to
imperfect alignment of the telescope. Compare
section 2.

(6) Observing sheets, obtained from (4) by linear
extrapolation for every five minutes during two
hours of observation. The interpolations to 2%
minutes are not written down. Aids (4), (5) and
(6) will not be needed with a telescope that follows
automatically.

In reducing the observations:

(7) A standard conversion table from scale-reading
to frequency. We used a linear table with empiri-
cal correction curves. See section 6.

(8) A table of the velocity corrections due to the mo-
tions of the earth and the sun. This table required
the most laborious computations. Intervals of five
days throughout the year were chosen. The velo-
cities were computed for points on the galactic
equator at intervals of 5° and points outside the
galactic equator that lie on the same declination
circle at a difference of 4 one hour in «. See sec-
tion 10 for details. Some copies of this table are
available on request.

6. The frequency scale.

To establish the correct frequency scale for the line
profiles deduced from each tracing proved to be a
long job. Most of the difficulties encountered are not
fundamental and have been solved by changes in the
equipment since the series of observations discussed
in this paper was made. The main trouble was that
the values of the crystal-controlled first oscillators
could not be accurately maintained, or checked. So
empirical corrections had to be derived from line
profiles of a same point of the sky observed at different
times. Since March 1953 (tracing 346) the values of
the two oscillators are maintained at 1389.528 Mc/s
(B-oscillator) and 1390.176 Mc/s (4-oscillator). Yet
it may useful to describe the earlier procedure in some
detail.

The reduction problem is to convert the abscissa x
of selected points of a tracing into the frequencyv (in
kc/s) with the intermediate step of the dial reading y.
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Samples of line profiles. All three refer to a point in the galactic plane at 50° longitude, and are on the same frequency scale. The

upper curve was obtained with the first receiver in the summer of 1951. The second shows a sample of the tracings obtained

between July 1952 and June 1953, on which the present article is based. Some values of the sideral time and of the dial readings

which determine the frequency have been indicated. The frequency increases from right to left. The lower curve shows a

profile obtained after November 1953, also with indications of sidereal time and frequency, the latter being now directly given
with intervals of 10 kc/s. The frequency increases in a direction opposite to that in the middle curve.

The two conversions were slightly alinear and were
linearized by applying small corrections. First, y was
not quite linear in x and somewhat erratic; correction
curves were made for each individual tracing. Se-
condly, v is not a linear function of y; the corrections,
determined by calibrating the frequency of the second
local oscillator, did not change during the entire year.
The relation between radial velocity and frequency
shift is accurately known and the speed of the paper
was one inch in five minutes.
The linear scales are now related as follows:
1 dial unit =3.400 kc/s =0.7182 km/sec =
0.889g mm =10.5 sec, and

© Astronomical Institutes of The Netherlands ¢

1.392 dial units =4.735 kc/s =1 km/sec =
1.238 mm =14.6 sec.

All reductions were made with an accuracy of o.5
dial units. The band width of the second i.f. channel
(corresponding to the slit width of a spectrograph)
was 40 kc/s =8.4 km/sec. The time lag of 24 seconds
reported in section 3 corresponds to 1.6 km/sec.

Frequent changes and improvements in the equip-
ment made it impossible to maintain the first local
oscillators at fixed frequencies. Their difference,
determined from well-defined peaks or slopes on
the tracings, fluctuated between 184 and 195 dial
units. The constant value maintained since tracing
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Larger-scale representation of parts of Figure 4a.

number 346 is 648 kc/s =190.6 units =137 km/sec.
The basic method for bringing all profiles to a
common frequency scale was based on repeated
measurements of the same line profile and the deter-
mination of empirical corrections for various observ-
ing periods. These corrections can be found only
after the much larger effect of the earth’s orbital velo-
city has been eliminated. The final uncertainty does
not exceed 2 dial units, i.e. 1 or 2 km/sec. The pro-
visional zero for the radial velocity scale was adopted
to coincide with the line centre in the directions of
l=147° and [ =32%°, after the corrections for the ve-
locities of the earth and the sun were applied. The
first absolute frequency measurements were made in
April 1953. They consisted of separate calibrations of
the i.f.-amplifier (about 30 Mc/s) and the first local
oscillator frequencies (precisely 19.299 and 19.308
Mc/s before multiplication by 72) both against the
harmonics of a 100 kc/s crystal. This crystal was
tuned with an accuracy of 1 in 10° against a 1o kc/s
secondary standard that has a better accuracy. The
laboratory frequency of the line is known as!)

1420.4056 4- 0.0003 Mc/s.

The provisionally adopted line of zero velocity was
found by these measurements to agree with a radial
velocity of — 0.7 km/sec, which does not differ signi-
ficantly from zero. The frequency calibration has

1) P. Kusch and A, G. ProDELL, Phys. Rev. 79, 1009, 1950.

been made fully automatic since then. The zero point
of the velocity scale of the results reported in Table 1
and Figures 5 and 6 (section 8) has been chosen in
accordance with the new measurements.

7. The intensity scale.

Each profile resulting from the reduction of an indi-
vidual tracing was plotted in a graph giving the inten-
sity as a function of frequency. The intensity was
measured initially as the height % in millimetres above
the adopted line of zero intensity. It was multiplied
by empirical factors to make the curves of one
point in the sky coincide. Then by averaging the
4 curves and the B curves from each tracing of this
point separately (see Figure 3), an average 4 curve
and an average B curve were obtained. The separate
treatment of the 4 and B curves was necessary for
those longitudes where the total width of the line
exceeds the difference of 650 kc/s, because the left
part of the 4 curve and the right part of the B curve
overlap. After corrections for the overlap the 4 and B
curves were averaged giving one curve.

The next step was to multiply the provisional inten-
sities by a factor for each longitude in order to bring
them to an intensity scale common to all longitudes.
This intensity is denoted by # and is defined by putting
the main peak of the standard region (! =50°, b =0°)
equal to £ =100.

The conversion factors, which rarely fell outside the
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TABLE 1

Line profiles at various galactic longitudes.
The numbers give the measured intensities for the radial velocities ¥ (in km/sec) shown at the top.

l ¢ —120 115 110105 100 95 90 85 80 %5 470 65 60 55 50 45 40 35 30 25 20 I5 I0 —5 O +35

220 © 9 21 35 52
215 9 16 26
210 7 10 12 22
205 1 5 %7 %7 6 4 6 10 13 15 20
200 5 12 20 27
195 ‘ 17 17 29 40
190 6 15 25 36
185 o 6 14 22 31
180 1 5 10 18 33 350
175 ' 9 21 34 57
170 o 6 13 22 35 55
165 1 7 17 35 62 84
160 o 4 9 18 35 60 9o 107
155 2 5 9 20 38 65 08 108
150 3 8 18 38 66 91 104 102
147 2 § 11 22 40 61 84 100 100 83
145 1 3 6 12 21 37 61 76 83 97 96 74
140 I 4 9 14 26 45 70 92 105 104 9o 69
135 o 1 I 2 3 5 II 19 30 47 59 69 75 77 74 63 48
130 3 6 9 14 20 30 39 47 54 63 73 77 68 358 49 37
125 1 4 7 11 17 25 37 50 65 76 82 81 74 66 62 62 46
120 2 3 6 7 9 10 10 11 18 27 38 54 73 8 or or 8 78 68 55 40
115 O 4 II 19 30 40 51 64 63 72 91 094 82 70 66 71 68 49 34

5 7 1x 13 13 14 18 25 33 52 75 89 92 84 71 65 71 68 63 59 45

-
-
(¢}

w

105 7 13 17 18 19 19 21 28 39 50 63 74 80 72 57 46 41 45 50 50 43 28
100 o 3 6 11 15 15 14 15 18 25 35 54 72 79 79 72 56 44 42 44 46 48 46 37
95 6 10 14 16 16 15 15 21 33 48 58 64 65 62 53 43 35 32 35 45 53 52 42 26
9o 2 7 9 11 11 11 11 12 15 21 29 38 46 51 53 50 40 31 28 33 44 5I S5I 47 33
85 o 6 11 12 14 15 15 15 19 27 37 48 53 55 32 44 34 29 29 31 37 43 44 39
8o 1 5 5 % 10 II II IO II 1I4 20 30 4I 56 64 63 55 44 32 28 35 45 54 55 45 3I
75 I 4 10 14 17 19 15 I0 10 I7 29 42 5§55 69 74 65 54 42 30 23 24 40 60 64 52 26
70 © 3 5 7 9 9 8 7 9 19 34 47 54 57 5I 43 39 38 34 32 32 33 40 53 50
65 1 5 6 7 8 9 12 15 21 29 38 48 57 60 60 59 59 58 54 51 52 59 62 59 48

60 6 10 12 15 19 22 24 26 28 32 36 41 47 52 57 61 59 52 44 39 39 44 53 64 71 64

55 1 3 6 11 16 23 30 35 38 36 33 34 40 47 53 47 36 34 40 50 356 56 54 51
50 o 3 8 14 20 27 34 39 40 34 31 37 50 58 53 42 34 35 48 66 87 97 100
45 3 II 24 40 50 54 53 47 40 33 29 30 34 44 48 51 38 75 95 105 102 -
40 2 6 12 20 35 47 53 47 39 30 21 17 18 23 30 38 48 60 76 93 103
35 1 10 19 32 42 46 46 42 32 23 16 15 17 22 28 37 49 63 8o 93
30 o 3 7 13 20 27 34 42 43 39 32 24 18 14 16 21 27 32 37 45 56 69
25 I 5 I0 I7 29 40 43 42 34 25 17 9 7 7 12 22 35 47 59 7I
20 3 6 10 15 20 27 35 42 44 42 34 28 23 20 17 17 20 33 51 77
15 o 1 2 5 8 13 19 26 31 34 36 36 34 20 24 19 16 18 26 -39 52 65
10 o 2 5 8 14 20 26 31 35 37 37 34 29 25 21 21 27 37 48
5 4 12 19 25 31 37 38 38 33 26 17 15 20 32 48 66
o 3 10 17 23 30 35 37 37 36 34 30 26 290 38 47 6o
355 2 4 8 13 19 25 30 34 33 31 33 28 30 35 43 50
350 o 5 11 16 22 24 25 24 25 32 45 55 62
345 2 8 17 27 32 32 30 32 37 46 54
340 I 5 II I9 30 4I 49 54 60 65 69
335 2 5 10 18 28 40 5§51 60 62 60 58
330 2 4 6 8 10 13 16 24 30 42 59 %72 80 79
322 1 5 10 12 11 9 8 11 16 21 27 33 40 49 58 69 8o 89 89 81
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TABLE 1 (continued)

\\;\\V +10 15 20 25 30 35 40 45 50 55 60 65 70 %75 80 85 9o 95 100 IO5 IIO II5 I20 125130 +135

220°| 60 63 63 65 68 61 48 39 34 30 27 26 28 32 37 38 38 35 20 23 17 12 8 5 I
215 43 59 62 50 3r 17 II 13 17 20 22 24 24 25 28 33 33 29 21 15 9 8 10 10 1II
210 38 55 61 48 28 15 8 o9 18 29 44 51 51 48 41 37 30 27 20 12 9 8 7 5 3 2

205 32 46 63 61 50 32 22 30 44 54 58 62 60 58 58 52 40 28 18 14 1T 7 4 4 o
200 | 34 44 55 57 54 55 65 76 74 63 54 52 54 49 38 27 18 100 6 2

195 51 60 33 39 35 37 39 35 29 31 35 39 36 20 21 12 5 I

190 | 49 56 51 43 41 43 44 42 43 49 53 46 37 25 15 6

185 | 43 55 66 77 79 69 57 62 70 73 60 40 27 15 6 o

180 57 52 50 57 59 60 64 69 65 46 28 16 9 4 2 o

175 77 8 85 81 79 81 85 68 45 26 12 3

165 99101 97 8 57 36 20 8 2 o

160 | 110 103 83 52 30 14 5 I

155 | 99 74 47 24 10 4 I
150 76 43 20 8 2 ' ~

147 | 60 33 13
145 44 18 6
140 42 20 10

130 22 II 4

5
1
3
135 30 18 10 5 3 1 o
(o]
125 26 15 12 7

120 24 10

115 8 6

110 22 10 6 4 2
105 14 5

100 24 13 §5 O

95 4 7 3 ©

90 18 6

85 26 14 7 2

8o 16 8 5 4 2 1 o
75 Ir 4

70 30 12

55 | 48 33 18 10 4 2
50 | 91 75 49 26 13 7 2
45 88 65 39 22 11 4
40 | 97 80 50 27 13 5 I
35 99 91 67 45 23 9 3

30 | 80 83 79 74 70 54 35 22 II 3
25 78 78 76 79 82 82 471 52 34 21 12 5 1
20 8 82 76 71 68 67 75 82 82 %7 61 33 23 13 7 2

15 73 96 74 40 67 66 68 76 83 82 %5 60 34 16 6 2
10 59 65 67 68 69 70 65 60 55 56 59 59 52 36 22 12 6 2 o
5 8 85 8 86 9o go 87 82 77 74 72 69 66 63 57 46 25 12 §5 O

ol 71 76 81 82 78 69 64 60 59 56 50 44 44 48 49 47 38 33 28 20 13 4
42 36 30 24 19 11 8 4 o

34 31 32 30 23 17 15 10 5

2R 5

350 | 63 64 66 65 61 56 53 50 46 41 36 38 35 20 27 30

345 62 68 70 65 58 49 40 31 29 21 12 9 I3 9 4 O
340 73 75 75 69 60 52 43 34 24 17 12 7 5 3 2

335 | 50 60 58 50 38 26 16 9 5 2 o

330 60 63 47 31 20 12 6 2 o©

322 | 65 47 33 23 17 12 7 4 2 -0
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range of 0.8 to 1.2, were determined from a special
series of measurements that took about one week. In
this series alternative settings were made on a standard
strong region ([ =50°, b =0°), astandard weak region
(the North pole) and on one or two of the measuring
points along the galactic equator, each setting lasting
for 30 minutes, i.e. giving only a fraction of the line
profile.

The final step is the absolute calibration of the
common intensity scale. This can only be done by
means of the estimated noise figure of the receiver as
explained in section 3. On this basis it seems likely
that the units of £ correspond to 1.0 degree Kelvin in
a scale of brightness temperatures. This value will be
used in the theoretical discussion (section 16).

8. Measured line profiles for b =o°.

The final profiles, 54 in number along the observa-
ble part of the galactic equator, are shown together
in Figure 5. They have been plotted in such a way
that they are oriented as in Figure 3. The right-hand
side is the side of high scale reading y, low frequency
v, and positive radial velocity, i.e. by usual astronomi-
cal convention a velocity of recession of the observed
object with respect to the neighbourhood of the sun.
The left-hand side is the side of high frequency and
velocity of approach.

The estimated accuracy is of the order of 5 per cent
in the strongest intensities and of 1 or 2 km/sec in the
velocities, with the possibility of occasional systematic
shifts of that same order. More precise measurements
are possible with the equipment that has now been
developed. Nevertheless, the earlier results are of
sufficient interest to give also a complete tabular
presentation of the intensity distribution. This is
given in Table 1. Interpolation between the values
given in the table is not very certain, for the intervals
of 5° are twice the beam width, so that important
details may have been missed. A smooth interpolation
can be made by means of the contour map given in
Figure 6.

9. Some observations outside the galactic plane.

A systematic investigation of the distribution of in-
tensity in galactic latitude is now being made. The
determination of the precise plane of symmetry of the
hydrogen radiation, and the location in space of the
individual arms, will be possible only after this syste-
matic investigation will have been completed. A small
number of incidental measurements outside the galac-
tic plane had been made previous to the new, syste-
matic series. For the present we limit ourselves mainly
to a brief description of these tentative early measures.

Recent tracings across the galaxy at frequencies
corresponding to the inner part of the Galactic System

LEIDEN

indicate that between 345° and 10° longitude the
plane of symmetry of this inner part lies systematically
1°.5 south of the standard plane adopted in OHLs-
SON’s tables, or 0°.5 south of the galactic plane corres-
ponding to the pole determined by van TULDER ?).

a. Across the plane at | =327°: The maximum occurs
one degree south of the adopted equator. There is a
strong northern extension, so that even at b =+ 20°
the intensity is strong. This region coincides with the
dark clouds in Ophiuchus.

b. Across the plane at | =20°: The main peak (corres-
ponding to the spiral arm in which the sun is located)
is symmetric in latitude, and the intensity falls down
to half at 5 =4 5°. The fall in the second peak is
somewhat sharper. Drift curves (see section 4) for this
frequency indicate that the maximum emission near
l =20° occurs at b =—1°.140°3 and near / =10°
at b =—1°.64+0°3.

c. Across the plane at | =50°: The total latitude inter-
val between half-intensity points is 14° for the main
peak and between 5° and 6° for the two other peaks.
This is in qualitative agreement with the increasing
distance of the portions of spiral arms that give rise to
these peaks. In this region the maximum intensity is
at positive latitude: + o0°.5 for the main peak and
second peak, but + 1°.5 for the third peak, so that this
outermost spiral arm seems tilted from the plane of
the other ones.

d. Across the plane at | = 80°: Thesituation for the main
peak seems confused by local clouds. The second peak
is centered at b = — 0°.5 and has a total latitude range
of 11° between half-intensity points.

e. The north pole: The north pole of 1953 is at [ =
89°.9, b =-+27°7 and is in a known region of weak
obscuration. This region has been observed more than
forty times in the course of the intensity calibrations
referred to in section 7. The line has the central inten-
sity 14 + 1 in the same scale as used in the preceding
sections, a total width between half-power points of
22 km/sec and a central frequency corresponding to
— 6 km/sec.

f. Some dark regions in Taurus: Four points were ob-
served with the following galactic co-ordinates:

2I1-Cm

Region l b Obscuration Intensity
(a) 141°°0 —12°7 strong 32
(b) 147 .8 —1I12.0 weak 43
(c) 126 .3 —20.0 strong 24
(d) 120.3 —IQ.7 weak 18

Regions (a) and (b) are at about the same latitude;
(a) is a small region of exceptionally strong absorption

!y B.AN. 9, 315, 1942; No. 353.
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(the extra absorption caused by the Taurus nebulae
may be estimated from McCuskEy’s star counts ?)
to average about 2™.5 over an area of 2°.5 diameter
centered on (a)), while in the comparison region (b)
the extra absorption is negligible. If we suppose that
the hydrogen is as strongly concentrated in the dark
nebula as the dust, an intensity comparable to the
maximum intensity in the Milky Way should have
been found. We observed only 309, of this intensity.
This may mean that in the very dense cloud the hy-
drogen atoms have mostly combined into molecules.
An alternative possibility is that the temperature in
the dense cloud would be lower than that in the HI
clouds in general.

Regions (c) and (d) are likewise in the same lati-
tude. From the star counts the extra absorption caused
by the cloud at (c) may be estimated to average 1™.0,
while it should be negligible in (d). The observed in-
tensity difference between (c) and (d) is again much
smaller than that which should correspond to the
difference in absorption. The intensities themselves
are no higher than what would be expected to be the
average background intensity.

Part II. DATA ADOPTED FOR REDUCTION.

10. The motion of the sun.

The following standard values were adopted for the
motion of the sun: velocity 20.0 km/sec directed to-
wards « =18%0™, § =+ 30.°0 (1900), corresponding
with [ =23°5, & =+ 21°6. These standard values
correspond closely to the sun’s motion relative to the
average interstellar medium in its surroundings, as
derived from interstellar absorption lines. In a recent
new discussion of these interstellar lines BLaauw 2)
gives a velocity of 20.1 km/sec 4-0.7 (p.e.) towards
[ =19°1+1°7, b=+422°844°6, or a=267°1,
3 =+126°.6. He refers to older results by PLASKETT
and Pearce, and by Oorrt, which give a somewhat
higher longitude of the apex (22°) and practically the
same velocity. From a somewhat different material
vAN RHIN has likewise derived the sun’s velocity with
respect to the interstellar clouds®). He assumes the
apex position found by Praskert and PEARCE 4)
(Il =22°, b =+21°) and then finds a velocity of 18.4

km/sec +o0.9 (m.e.) from interstellar calcium lines,

and 20.2 km/sec 4-0.7 (m.e.) from sodium lines.
The solar motion values are confirmed by the prop-
er motions and radial velocities of early B-type stars
and other supergiants which, on account of their
young age and small velocities may be thought to

1y Ap. 7. 88, 209, 1938.

%) B.A.N. 11, 459, 1952; No. 436.

%) Publ. Kapteyn Lab. Groningen No. 50, p. 16, 1946.
*) Victoria Publ. 5, 196, 1933.
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share the average motion of the medium from which
they were formed, while at the same time they cover
so large a region of space that local ‘“‘streams” may
have little effect. Recent determinations have been
published by Braauw and van Rurn. The former
finds 5) from proper motions « =275°, § =-36°, or
| =31°, b =+ 20°; from radial velocities | =26°.2 4
3°.0 (p.e.), velocity projected on galactic plane 20.3
km/sec+t1.0 (p.e.). VAN RHIJN, solving for the velocity
only, obtains a value of 20.1 km/sec from stars in
which interstellar lines had been measured ¢).

A new determination of the solar motion from §
Cephei variables by E. RamMonp7) yields 21.9 km/sec
4+1.9 (m.e.) towards longitude 34°46° (m.e.),
latitude + 20° (@ =276°, 8 =+ 39°). In this solution
the Z-component of the solar motion was assumed to
be 4 7.3 km/sec.

The results of the 21-cm line measures, which have
been corrected for the standard solar motion cited
above, confirm these values to some extent. For one
component this is shown by the fact that the line con-
tours in the centre and anticentre are roughly sym-
metrical around the rest frequency of the line. The
significance of this statement is somewhat restricted
by the fact that, when these profiles are studied in
more detail, we find some asymmetric features, partic-
ularly at / =145° and [ =327°. Any local disturbance
will have the least influence in that part of the curve
where the optical thickness is highest. For the present
purpose we have therefore principally confined our
attention to these parts of the profiles. Table 2 lists the
velocities corresponding to the main maxima in three
longitudes opposite the centre and five around the
centre. The results were computed by WESTERHOUT

TABLE 2
V (km/sec)
l b maximum line of
symmetry
145.0 o —1.5(3)
147.5 o —0.8 (3)
150.0 o + 1.5 (4)
322.8 — 1.7 —17(3) —1.0(2)
325.8 — 1.4 —1.4 (2) +1.8(2)
328.3 — 1.4 —1.6 (2) 1.9 (1)
330.8 —1.4 —o7 (4)
333-3 — L5 —1.7 (2)
40.0 o + 4.0 (4)
42.5 o +2.1 (3)
45-0 ° +1.7 (3)

%) B.A.N. 10, 28, 1944; No. 363.
) L.c., p. 15.
7y B.A.N. 12, 99, 1954; No. 450.

© Astronomical Institutes of The Netherlands * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1954BAN....12..117V&amp;db_key=AST

2BAN ;I 12 DIV

I'I_

B.A.N. 452

from tracings made in December 1953 and January
1954 with the improved receiver and improved cali-
bration. The numbers of profiles used are indicated
between parentheses.

For the directions near the anticentre a fairly relia-
ble estimate can be made, by means of the tracings
observed in other longitudes, of the average galactic
rotation effect to be expected. This gives— 1.6 km/sec
for [ =145° and + 2.4 km/sec for / =150°. The resi-
duals for the three longitudes are thus +o.1, —o0.8
and — 0.9, or — 0.5 km/sec for the average. The inter-
agreement is very satisfactory, and may be further
extended by including the longitudes 140° and 155°.
From Figure 5 we can infer that the velocities at these
longitudes must also very closely conform to this
velocity.

It is difficult to infer anything definite from the
profiles near the centre, because these are complicated
by the well-known large near-by cloud complex in
Ophiuchus, Scorpius and Sagittarius, which appar-
ently causes an asymmetry, and even a dip in several
of the line profiles. It is not impossible that the dip is
caused by absorption. We have given the velocity
corresponding to the highest top as well as the posi-
tion of the line of symmetry. The latter is particularly
uncertain. The average of the two determinations for
the three longitudes nearest the centre is practically
zero. The results for the centre and anticentre show
that the solar motion in this direction does not need
any correction.

The contours at [ =45°, 42°.5 and 40°, where the
optical thickness in the principal maximum again be-
comes considerable, may be used to check the other
galactic component of the solar motion. From three
recent tracings at / =45° we find 4 1.7 km/sec for the
velocity of the top part, which is fairly broad. The
differential rotation for the point of largest optical
depth was calculated as + 4.2 km/sec. The velocity
remaining after the rotation effect has been removed
becomes then — 2.5 km/sec. Similar calculations for
42°.5 and 40° give residuals of — 4.3 and — 4.5km/sec,
respectively. These results indicate that the sun’s
velocity relative to the rather distant gas clouds in this
arm would be about 3.5 km/sec higher than the stand-
ard velocity assumed. Part of the residuals may, how-
ever, be due to the uncertainty in the correction for
differential rotation.

It is to be noted that the above measures also indi-
cate that, at least over large stretches in the general
directions of the centre and anticentre, the material
has no appreciable systematic motion towards or
away from the centre.

In order to facilitate the reduction of the measured
velocities to the standard frame of reference described,
tables have been constructed which give, for each day
of the year and for each 5° longitude, the part of the

132 LEIDEN

observed velocities that is due to the earth’s orbital
motion and to the motion of the sun. The table gives
these motions for points on the galactic equator as
well as for points in the same declination differing
by -+ 60™® and — 60™®, respectively, from the right-
ascension of the galactic equator.

11. Galactic co-ordinates used, and adopted longitude of the
centre.

The galactic co-ordinates used are for the equinox
of 1900 and are referred to the standard pole at
12"40™.0,+28°.0; the conversion to equatorial co-
ordinates was effected with the aid of OHLssoN’s
tables!). In order to avoid confusion galactic longi-
tude will always be counted from the intersection of
the 1900 equator with the galactic circle. The galactic
co-ordinates of a non-moving star are then fixed
quantities, not depending upon the equinox. Galactic
co-ordinates so defined, corresponding to a certain
azimuth and altitude or right-ascension and declina-
tion in 1953, are obtained by reducing « and & to 19oo
and entering OHLssON’s tables with «, 3 (1900). This
procedure is in agreement with established practice.

It is probable that in future work a correction of at
least 1° will have to be applied to the standard pole
used by OnLsson. Such a correction has been indicat-
ed by van TuLpEr’s work on distant galactic stars,
and is also indicated by the present measures. Measu-
res of the continuous radiation near the centre, at 100
and 200 Mc/s (by Borton and WEestFoLp, and by
ArLEN and Gum, respectively) are likewise in general
agreement with vaN TULDER’s pole. It is probable
that from the 21-cm measures the galactic pole can be
determined with considerably better accuracy than
from the stellar or radio data heretofore available;
but additional observations are required, and we have
therefore preferred for the present article to use the
standard pole.

The longitude of the centre of the Galactic System
can best be determined from objects that are strongly
concentrated towards the central region, and whose
observed distribution is not too much influenced by
absorption. Various determinations have been assem-
bled by one of the authors?). A combination of these
results yielded /, =327°4+1° m.e. This value has
been adopted in the present article. We prefer not to
use the 21-cm measures themselves for a determina-
tion of this longitude, as we do not want to assume a
priori that the motion of the interstellar matter is
exactly circular around the galactic centre. An inde-
pendent, and very precise determination may be made
from measures of the rotation very near the centre.
These measures have not yet been completed. Provi-
sional data obtained by WEsTERHOUT give [, =328.0.

Yy Lund Annals No. 3, 1932.
%) J. H. Oorr, 4p. 7. 116, 237, 1952.
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12. Rotation of the Galactic System. The sun’s distance from
the centre.

Let for a given point in the galactic plane r =SP
(see Figure 7) denote the distance from the sun, /' =
[ — 327° the angle between the direction of P and that
of the galactic centre, R the distance from the centre,
and o(R) the angular velocity of galactic rotation.
A simple geometrical consideration shows that, if the
average motion of the medium is everywhere perpen-

FiGure 7

¢ w

dicular to the radius vector from the centre, and if
®(R) does not depend upon the position angle of this
radius vector, the average radial velocity V, of the
medium near P with respect to the average of the
medium near the sun is given by the following for-
mula ?)

Ve=R,{(R) — w,}sinl, (3)

where R, is the distance from the sun to the centre,
and o, the angular velocity near the sun. We shall use
kps as unit of distance, and km/sec as unit of velocity.

For I'’<go° the line of sight passes through regions
of positive as well as negative velocity. The maximum
velocity occurs at the point D closest to the centre C
(cf. Figure 7), and near.this point the velocity remains
nearly constant over a long path. If D is in an arm
this should result in a fairly intense radiation sharply
dropping to zero at the side of increasing velocities.
We see this clearly illustrated by the line profiles be-
tween 15° and 30° longitude. It is possible to measure
at what velocity (V,,,) this drop occurs (taking ac-
count of the smoothing caused by random motions),
and thus to determine by means of (3) the rotational
velocity at D, i.e. at a distance R,, =R_ sin [’ from the
centre. This presupposes knowledge of R, and w,. If
A and B are the ordinary constants of differential
galactic rotation we have v, =4 — B. Wehave adopt-

!y This expression was first used by BOTTLINGER, Verdff. Berlin-
Babelsberg 10, No. 2, 1933. :
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ed 4 =+19.5, B =— 6.9 km/sec.kps?2), which gives
w, =26.4 km/sec.kps.

The most reliable direct determination of the dis-
tance to the centre, R, is that derived by BAADE from
the investigation of RR Lyrae variables in a region of
the great star cloud in Sagittarius 3). The data on
magnitudes and absorption have been considerably
improved since BAADE’s first communication, and he
has recently derived a value of 8.16 kps for this dis-
tance 4). The reliability of this determination has
been increased by the accurate colour measures of
faint stars in some globular clusters by Arp, BaAum and
SANDAGE, by which it is possible to connect the abso-
lute magnitude of RR Lyrae variables with that of
stars for which it is known from direct methods.
According to BAADE these data confirm that the
median absolute magnitude is oM.o.

A completely independent determination of the
distance to the centre has been made from the profiles
of the 21-cm line. Consider an interval of R aroundR,
that is small enough to assume that o varies linearly
with R. Near the sun

dojdR = — 24/R,, (8
so that in the interval considered we may write
24A(R—R,)
o(R) — 0, = — 2T (s)

o

Inserting in (3), and using this formula for the point
D (where R =R, sin /'), we get the following expres-
sion for the maximum velocity observed in a certain
direction

Ve =2 AR, (1—sinl')sinl’. (6)

This relation enables us to find the product 4R from
the long-wave edge of the line profile. From the meas-
ures at galactic longitudes 15° to 30°, where R, is still
close enough to R, to permit the use of (5), and where
presumably D is situated within a spiral arm, we have
provisionally derived the values of V,,, and AR,
shown in Table 3.

TABLE 3
Values of 4 R, derived from limiting velocities.
. R, SD Vo AR,
(kps) (kps) (km/sec) (km/sec)

30° 7.31 3.7 +32 165
25 6.95 4.3 +38 147
20 6.55 4.9 +55 171
15 6.09 5.5 + 61 160

2) Cf. H. R. Morean and J. H. Oort, B.A.N. 11, 379, 1951.

%) Cf. Michigan Publ. 10, 16 a.f., 1951.

4) Private communication, and stencilled Lecture Notes, Univ.
of Michigan Symposium on Astrophysics 1953.
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SD is the distance of the corresponding region from
the sun. The weighted average of AR, is 161 km/sec.
With 4 =19.5 km/sec.kps this gives R, =8.26 kps.
We have adopted R, =8.2 as the average between
Baapk’s and our determination. With 4 —B= o, =
26.4 as quoted, this gives 216 km/sec for @, the veloc-
ity of rotation near the sun. The uncertainty of these
values is estimated to be between 5 and 109%,.

With the aid of these data the angular rotation has
been estimated at those longitudes where the data
seem to indicate that in the region where the line of
sight comes closest to the centre, it passes through a
spiral arm. The angular rotations so derived have been
plotted as dots in Figure 8. They rest on a very provi-
sional investigation of the line profiles, in which it was
not yet possible to include the region inside R =3.2
kps. Itis probable from the sudden shrinking of the line
profiles when we pass from [/ =350° to [ =345° that
the density of atomic hydrogen inside R =3.2 kps is
much smaller than in the arm which appears between
3.2 and 4.5 kps distance from the centre.

For R larger than R, the graph is based on rotation-
al velocities calculated from a very rough model of
the Galactic System. The model is in principle the
same as that used in Ap. J. 116, 233, 1952, except
that the scale was reduced by a factor 0.87 in order to
conform to the lower value of the sun’s distance from
the centre adopted in the present article. A reduction
factor of 0.96 was applied to the angular velocities in
order to bring the value near the sun into agreement
with the value here adopted. Computations with an
improved model are now being carried out, and will
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be published together with the improved discussion
of the rotation of the inner parts.

The dot surrounded by a circle refers to thc sur-
roundings of the sun. It correspondsto R, =8.2, w, =
26.4.

The linear velocity of rotation @, =Rw(R) is
shown as a function of R in Figure 9. An extensive
investigation on the rotational velocities in the inner
part of the Galaxy, based on more recent observa-
tions by Kwee and WEsTERHOUT, will appear in a
forthcoming number of the B.4.N.

13. Deviations from circular motion.

The preceding section is based on the hypothesis
that the systematic motions in the Galactic System are
everywhere circular and that, for a given distance
from the centre, the circular velocities are the same
in all position angles in the galactic plane. It has al-
ready been mentioned that the measures made in the
directions of the centre and in the opposite direction
give some support to this hypothesis (cf. section 10).
For the region within 2 kps of thesunitis alsosupport-
ed by the effects of differential rotation in distant
stars. These give /. =325°4-1° m.e.; which means
that the relative systematic motions in this region are
very nearly perpendicular to the direction of the
galactic centre. It seemed reasonable, therefore, to
use the above hypothesis as a working basis.

On the other hand it is well to point out that the
observations show distinctly that here and there
deviations from this schematic picture occur. A devia-
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tion of this kind is found in the line contour for / =
145°, which shows a secondary hump on the side of
the negative velocities, by which the line is made
much more asymmetrical than it could be on the
hypothesis of circular motions. Hump and asymmetry
are rather powerful, and the fact that the asymmetry
extends over a range of at least 20 km/sec indicates
that it is probably caused by something more than
just a local cloud. However, at [ =147°, the asymme-
try has disappeared almost entirely; nor are there any
clear signs of it at / =140°. The phenomenon is there-
fore not of very large scale.

A second indication of deviating motions is found in
the longitudes 50° to 60°. As we see from Figure 5, the
line profiles in these longitudes extend considerably to
positive velocities. The positive wing is of such a shape
that it is difficult to ascribe it solely to the dispersion
of the cloud velocities in the near-by arm. It indicates
that a portion of this arm, situated in the longitude
interval 50° to 60°, has a systematic motion away
from us superposed on the standard galactic rotation.
The amount of this systematic radial velocity is
estimated at + 3 km/sec for [ =50°, + g km/sec for
! =55° and + 4 km/sec at / =60°.

B.A.N. 452

14. Relation between distance from the sun and radial ve-
locity.

Once the function »(R) as well as the constants
R, and ®, are known, we can derive from (3), for
any longitude, the relation between the systematic
radial velocity V, and the distance from the centre R,
and therefore also the relation between this radial
velocity and the distance from the sun. Plots of V,
against r were prepared for the various longitudes
studied, and were used for the conversion of the line
profiles into density distributions in section 18.

For values of R differing little from R, we can use
the expression (5). Inserting this in (3) we have

V,=—24(R—R,)sin . (7)

This relation can be used for the ring-shaped region
between R =6 and R =g kps. Forsmall r, R— R, =
—rcos/’, so that (7) reduces toV, =rA4sin2/’, which
is the usual formula for differential galactic rotation.

A few examples of the relation between V, and r are
shown in Figure 10. In the part inside R, there are
always two values of 7 that correspond to the same
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value of R, and, therefore, also to the same value of
V,. This makes it much more difficult to obtain the
density distribution in this part of the Galactic Sys-
tem. In the present article we have limited ourselves
almost completely to a discussion of the outer parts
of the system. The inner parts are being reserved for
a special investigation.

Part III. INTERPRETATION OF RESULTS.

15. Geometrical interpretation. Spiral arms.

With the aid of the graphs described in the preced-
ing section we have determined the positions in
space corresponding to the maxima, minima and
shoulders in the line profiles. These have been plotted
in Figure 11. The large dots refer to maxima of con-
siderable intensity, while small dots represent regions
where the hydrogen is concentrated, but with rather
lower density. Regions of minimum hydrogen density
are shown by open circles, larger circles referring to
deep minima. Figure 11 rests wholly on observations
obtained before July 1953, except for the interval from
35°—75°, where some results obtained recently with
the improved receiver have been used to elucidate the
connections between the various arms in this region.

It is evident that the hydrogen is concentrated in
relatively narrow lanes separated by regions of much
smaller density. We shall see in section 18 that in the
latter regions the density is probably negligible. The
long stretches of hydrogen are evidently to be identi-
fied with “‘spiral” arms.

The first successful identification of such arms in
the Galactic System has been made by W. W. Mor-
caN and his collaborators at the Yerkes Observatory
from the distribution of regions of ionized hydrogen?).
This investigation was later extended through a study
of the space distribution of O associations 2). The first
indication of spiral arms from observations of the
21-cm line was obtained by CHrisTIANSEN and
HinpMmaN 3). A comparison of our results with these
and other investigations will be given in section 19.

The sun is located in a spiral arm. In all longitudes
between 40° and 115° we find in Figure 5 a fairly high
maximum near the velocity zero, showing that in
these directions the full “arm density” of the hydrogen
starts right near the sun, and does not increase upon
further penetration into the arm. In the longitudes
between 170° and 220° this is quite different. Here
the first maximum is situated at some distance from
zero, indicating either that the matterissystematically
receding from the sun at a rate of about 25 km/sec,
or that in these directions the density of hydrogen

') W. W. MorcaN, SuarprEss and OsTERBROCK, 4. F. 57, 3,
1952; also Sky and Telescope 11, 134, 1952.

?) W. W. Moracan, Wartrorp and CopE, 4p. 7. 118, 318, 1953.

%) Australian ¥. Sc. Res. A 5, 437, 1952.
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is quite low at small distances, full spiral-arm densi-
ties not being attained until we reach distances from
500 to 1000 parsecs. The latter alternative appears the
more probable one. This would indicate that the sun
must be situated close to the inner edge of the spiral
arm considered. It also indicates that, in our vicinity,
this edge is rather strongly inclined with respect to a
circle around the galactic centre.

It is convenient to attach names to the various arms
that can be distinguished. Ultimately it may be practi-
cal to designate the different arms by numbers. In
order to provide a provisional means for referring to
the various arms already discovered, especially those
that are also observable in optical wave lengths, we
propose to name the principal arms after conspicuous
associations contained in them. After consultation
with W. W. Morcan the following designations are
proposed: For the arm passing through the sun:
Orion arm; for that passing through h and y Persei:
Perseus arm; and for the first arm encountered when
proceeding in the direction of the centre: Sagittarius
arm. Being inside the sun’s distance from the centre
the latter does not appear in our present article. It is
conspicuous in the investigation by MORGAN,
WHaITFORD and CobE by a number of bright associ-
ations in the constellation of Sagittarius.

In the longitude interval above 160° the structure
is quite complicated. Part of this may be due to a
branching of the Orion arm, which is more clearly
shown by the arrangement of the associations of early-
type supergiants discussed by MoreaN, WHITFORD
and Cobk.

The Perseus arm is most clearly seen from longitude
50° to 115°. It contains, as one of its most conspicuous
features, the rich association of early-type supergiants
surrounding the double cluster in Perseus. In longi-
tudes 120° to 130° it is probably present in compara-
ble strength, but more difficult to separate from the
Orion arm, due to the smaller differential rotation,
combined, probably, with the effect of the branching
of the Orion arm. From 135° to 160° the differential
rotation is too small for any separation to be possible.
The first signs of such separation appear again at [ =
170°, where the distant maximum is of considerable
strength; it reappears in all higher longitudes up to
the limit to which observations can be carried from
our latitude. This powerful outer arm may be a con-
tinuation of the Perseus arm.

Below 75° longitude another arm becomes visible,
about 0.6 kps inside the Perseus arm, and of much the
same strength.

The transition from 70° to 50° can be traced much
better from the new line profiles that have recently
been obtained, which show more detail and are
spaced 23° in longitude. These show that the broad
maximum shown in Figure 5 for / =65° consists in
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reality of two separate maxima, both of which can be
followed from 70° to 57°.5 longitude, and continue as
the striking maxima observed at / =55° and 50° in
Figure 5. In order to avoid possible wrong interpreta-
tion we have indicated by broken lines in Figure 11
the more or less continuous sequences of maxima de-
rived from the new tracings. The separate part inside
the Perseus arm ends at 47°.5 ,where there seems to
be a break, and a new detached part begins, about
% kps nearer the centre. This can be followed down
to [ =30°.

Perhaps the most striking feature of Figure 11 is the
strong outer arm seen from / =55° down to / =345°.
Opver the entire range between o° and 55° the arm is
separated by a deep and wide minimum from the
more inward parts of the system. We shall provisional-
ly refer to this arm as the ‘“‘distant arm”. As we see
from the figure, there may well be a continuous trans-
ition between this and the Perseus arm. If this is so,
the latter would be practically circular over the whole
interval from 350° to 125°.

An unexpected, striking feature of the ‘“‘distant
arm” is its great thickness perpendicular to the galac-
tic plane. From a few tentative tracings across the arm
at 0°, 10°, 20° and 30° longitude we derive an average
thickness of 8oo ps between points where the density
has become half the maximum density. This is three
times the thickness found in our surroundings and in
the Perseus arm. The distant arm lies slightly north of
the plane of symmetry of the more central part of the
Galactic System.

Between [ =60° and 120° the line profiles clearly
show the existence of a third, more distant arm. The
muchimproved recordsobtainedsince November 1953,
which in general have not yet been used for the pres-
ent article, show this outer arm much more clearly,
and confirm that it is a continuous arm of considera-
ble width, also in a direction perpendicular to the
galactic plane. Its thickness in the latter direction may
be estimated as between 3 and 4 times that of the
nearer arms. The arm lies somewhat north of the
standard galactic plane. On these new recordsit can be
traced also at lower longitudes, mostly in the form of a
slowly decreasing density, extending some two or three
kps beyond the large Perseus arm. At 35° and 47°.5
it can be distinguished as an actual concentration.

The density in this outer arm is only about 1/10 of
that in the Orion and Perseus arms. We shall provi-
sionally refer to it as the “thin outer arm”. Itis prob-
ably the outermost continuous arm of the part of the
Galactic System that has been surveyed. The deter-
mination of its position is rather uncertain because it
depends on a considerable extrapolation of the w(R)-
curve.

If it is actually one continuous arm it would be
strongly inclined with respect to a circle around the
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galactic centre; a feature that was also shown in the
near-by arm discussed by MorcaN and his collabora-
tors. These phenomena indicate that the relation be-
tween the directions of galactic rotation and of the
winding of the arms is such that the arms are trailing.

Onthewholetheprincipalarmsappeartodeviatebut
little from circles. This applies not only to the Perseus
arm and the “distant arm”, but also to an arm between
345° and 30° longitude, just inside the circle with
radius R,, which has recently been found by ScamipT.
This arm may be a continuation of the Orion arm.

Judging from the inclination of the arms the Ga-
lactic System may be intermediate between an Sa
and an Sb spiral, possibly resembling a system like
NGC 488, or NGC 45941).

The investigation of the density distribution in the

.part of the Galactic System that is closer to the centre

than the sun is being made partly from tracings per-
pendicular to the Milky Way at various fixed fre-
quencies. These will be discussed in another article.

At present we will only point to one striking feature
concerning the central region. In Figure 5 a sudden
change may be seen to take place between 350° and
345° longitude, in the right-hand part of the line
profile. Proceeding from o° to 355° and 350° the pro-
files become gradually broader, but at 345° a large
fraction of the right-hand part has suddenly disappear-
ed. From improved records it appears that it does
not disappear entirely, but is present in all longitudes
down to 330° as a very low, long toe, extending even
further than the profile at 350°. A discussion of these
profiles will be given in a subsequent article. The in-
terpretation is complicated, but the outspoken de-
crease in intensity may be taken as an indication that
the density of atomic hydrogen diminishes for R <<3kps.

16. Temperature and optical depth.

Let n,(V,r)dV be the number of hydrogen atoms
per cm? in the upper level at a distance r and with
radial velocities between V and V+dV. Let N,,(V)dV
be the number of atoms in the same level and in the
same velocity range in a column of cross-section
1 cm? along the entire line of sight. Then

N, (V)= fnm(V,r) dr.

The same notation with index n will refer to the
lower level.

The radiation received per cm? per sec per unit
solid angle in a frequency interval dv from an optically
thin layer is

Iv)dv= f—; Ay No(V) V. (8)

1y For the arms in NGC 4594 see LinoBLAD, Publ. 4.S.P. 63,
133, 1951.

-
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Here A,,, is the transition probability for spontaneous

emission and dV =%dv. The 21-cm line has!)

6amtv3
A, =—:;:—Z—3[3§ = 2.84 X 10V sec’!, where B, is the
Bohr magneton. The atomic absorption coefficient
%(v) (cm?) is related to the transition probability for
absorption, B,,, by the well known relation:

hv
fx(v) dv= B,,,,,4—n_.

Upon the assumption that Doppler effect is the do-
minant effect of line broadening, this relation leads
to the following expression for the absorption coeffi-
cient per unit length:

he
po (9)

In the radio (or classical) domain the true absorption
is largely compensated by the stimulated emission.
The difference is the effective absorption coefficient:

= kk—; X k(v). (10)

Here T is the excitation temperature defined by

P zim_e_h,mg_m(l _ﬂ)
T,  &n &n kT)

PurcEeLL and others ) have shown that this excitation
temperature is made equal to the kinetic temperature
in the neutral hydrogen clouds by means of the highly
effective process of electron exchange during atom-
atom encounters. Another process, that would have
had the same effect, was explored by WouTHUYSEN 3)
but may be shown to be ineffective due to absorption
of Lyman alpha quanta by interstellar dust. The tem-
perature found below is 110° so that Av/kT =0.0006,
which is small enough for the usual approximations
for the radio domain to be permitted.

Combining the preceding formulae with the relation

k(v) =n,(V,r) Bym

K ()

8m

Bom = 8 2hV

Amn b
we obtain the optical depth of the entire column in a
certain direction

&n & hv

T(V) = fk'(v) dr = N,,( V)Amnzmﬁ (II)

Inserting the following numerical values v=
1.4204056 X 10%¢/v=A=21.105,hv/k=6.813 X 1072,

1) P. WiLp, 4p. 7. 115, 206, 1952.

?) H.I. Ewen and E. M. PurceLL, Nature 168, 356, 1951; R. H.
Dicke, E. M. PurceLL and J. WiTTkE, Paper at the Radio
Astronomy conference in Washington, D.C., Jan. 1954.

%) S. WOUTHUYSEN, Physica 18, 75, 1952.
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gm/g»= 3 (the upper level being triple), 4,,, = 2.84 X
107, and introducing the total number of hydrogen
atoms in the ground state, N, instead of N, (N=
4N,), we obtain

N(V)=1.835 X 1023 Tt(v). (12)
The intensity received from this direction is
Iv) =L,(v) X (1— ™), (13)

where I, (v) is the intensity of a black body, which is
2
I,= %kT according to the law of Rayleigh-Jeans.

Equation (13), when combined with (11), reduces to
(8) n the limit of small ~.

Estimates of I, and of the absorption coeflicient
have been made in the following ways.

a) By a comparison of the maximum intensity of the
Orion arm when observed in longitudes 80° to 100°
and 40° to 45°, respectively. In the first interval the
line of sight passes through this arm under a large
angle, while at the same time, as may be seen from
Figure 5, the arms are well separated. In the second
interval the line of sight lies inside the arm over a con-
siderable range of distance. That this is so, is shown
clearly by the plot of O associations published by
Morgan, Wartrorp and Cobk #), where the arm is
observed up to 2.3 kps. For the following we shall
assume that the arm continues beyond this distance.

In the direction of 45° longitude the maximum radial
velocity due to differential rotation is -7~ km/sec.
The velocity becomes zero at a distance of 4.2 kps.
Over this whole stretch the differential rotation
effects are small compared to those of random mo-
tions. If we denote by 1, the optical thickness in the
centre of the line at / =45°, we see that 1, is equiva-
lent to 4.2 kps of arm density with negligible differ-
ential rotation effects. Similarly we call the optical
thickness in the centre of the first maximum in longi-
tudes 80°-100°, 7. Here we traverse an effective
thickness of about 0.7 kps of the Orion arm (cf. sec-
tion 18). The differential rotation increases to about
—13 km/sec over this interval, which must have made
the spread in velocity greater than it would have
been without rotation. Very roughly, we estimate
that under these circumstances the maximum inten-
sity is the same as that which would have been observ-
ed from a stretch of 0.6 kps without differential ro-
tation. So 7, is equivalent with 0.6 kps of arm density
without rotation. This estimate is uncertain, but the
resulting value of I, is hardly influenced by errors up
to 20%in this length. The ratio of the optical thick-
nesses in the two cases is thus ,/t; = 7.

In the direction / =40° the maximum galactic ro-
tation effect is+ 13.5 km/sec; it becomes zero at a

4y Ap. 7. 118, 318, 1953.
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distance of 4.8 kps. In this case the average effect of
differential rotation over this stretch will be of the
same order as that over the effective thickness of 0.7
kps of the arm in the directions 80° to 100°, and the
ratio of the two optical thicknesses 7,/7; will in this
case be roughly 4.8/0.7, or again 7.

If we denote by I; and I, the average maximum
intensity in the Orion arm at 80° to 100° and 40° to
45° longitude, respectively, we have I; =51 and [, =
105. The following relations should be fulfilled:

L 1=
I R
T4 = 773.
These give
T3 = 0.65, T4 = 4.6.

From I, and <, we find by means of (13) I, =106.
From =, and the length of 4.2 kps over which at [/ =
45° the differential rotation is small, we find that the
average absorption coeflicient in the dense part of the
arm is 0.91 kps! in the case of negligible galactic
rotation effects; this is for observations in the centre
of the Jine, with a band width of 8.4 km/sec.

b) We can make another estimate of I, and of the
absorption coefficient by comparing the maximum
intensity /; in the longitudes 140° to 155° with the
average maximum J, of the two principal arms observ-
ed in the longitudes 80° to 100°. For the former we
find 7, =105, while 7, =57. In the interval 140° to
155° the effects of differential rotation may be neg-
lected. From the line contours observed in other longi-
tudes, and from the general distribution of the hydro-
gen derived from these, we estimate that in the gener-
al direction of the anticentre we have a layer of
hydrogen equivalent to about 2.5 arms of a thickness
like the two main arms observed at 80° to 100°. In
comparing the maximum intensities in the two direc-
tions we must further take account of the fact that
in the latter direction the differential rotation has
considerably widened the profile for each arm.
Within an arm the average deviation of this effect
from the mean is estimated to be about 8.5 km/sec.
This is of the same order as the average random
velocity so that, roughly, the observed spread in
velocity within an arm must be 1.4 times larger than
in a case of negligible rotation; the optical thickness
will have decreased by the same factor. The ratio of
the optical thicknesses, 7;/t,, will therefore be 1.4 X
2.5, or 3.5. Combining this with the ratio of the
maximum intensities I,/I; =57/105 =o0.54, we find

T, =2.4, 7T, =0.68.

From I, and 1, we derive I, =116. From =, and the
estimate of 2.5 major arms we find that without ga-
lactic rotation the optical thickness per major arm

LEIDEN

becomes 0.96. As the effective thickness of a major
arm may be roughly estimated as 1.0 kps, the absorp-
tion coeflicient is 0.96 kps!.

c) A third estimate of the absorption coefficient may
be made from the way in which the intensity of the
line decreases with increasing latitude. This method
has previously been used by MuLLER and Oorrt !)
and by WiLp 2).

Van RunN has discussed the thickness of the galac-
tic layer of gas?®) and dust #). He finds that the varia-
tion of the average density with distance from the
galactic plane can be represented by

A(2) = A(o) e, (14)

where z is the distance above the galactic plane in
parsecs. Half the equivalent thickness is then 1/g. The
average distance from the galactic plane is also 1/q.
From the interstellar absorption lines van RupnN
derives 1/¢ =120 ps; from the colour excesses he
finds 1/g =123 ps.

Once this effective thickness is known, we can use
the intensities observed outside the Milky Way to
determine the absorption coefficient. A practical
difficulty is the enormous irregularity in the distribu-
tion of interstellar material, the influence of which
becomes greatly enhanced when we observe in higher
latitudes. Our own observations in these latitudes are
still too restricted to form a significant average. How-
ever, extensive measures of the peak intensity of the
21-cm line have been made by CHRISTIANSEN and
Hinpman3). A rough average of their peak intensities
at b =4 10° for the longitude intervals 40°—74°,
310° —344° and 130° — 164°, where the differential
rotation is negligible, gives 11.0. The peak intensity
around the anticentre and near / =40° is about 22.
Assuming an average optical thickness of 3 in these
directions, the intensity for infinite optical thickness
would be 23, and the intensity at & =10° would corre-

o

spond to v =0.65. This is for a layer of =690 ps

12
sin10°
effective thickness. The absorption coefficient is
thus found to be 0.65/0.69 =0.94 kps™!. The observa-
tions were made with a band width of ro.5 km/sec.
A factor 1.06 would be required to reduce to a band
width of 8.4 km/sec as used in our own survey. For
this latter band width the absorption coefficient
would then become 1.00 kps.

In view of the great uncertainties the agreement of
the three more or less independent results for the
mean absorption coefficient in the Orion arm is quite

1) Nature 168, 358, 1951.

%) Ap.F. 115, 206, 1952.

3) Publ. Kapteyn Lab. Groningen, No. so, pp. 10-11, 1946.
4) Publ. Kapteyn Lab. Groningen, No. 53, p. 9, 1949.

5) Australian ¥. Sc. Res. A 5, 437, 1952.
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satisfactory. Giving double weight to the first estimate
the average becomes o.95 kps™. This is for a band
width of 8.4 km/sec. Assuming an average random
radial velocity of 8 km/sec the reduction factor to zero
band width is found to be 1.27. For zero band width
the absorption coefficient would thus be 1.20 kpsl.

We have found in section 7 that one unit in our
intensity scale corresponds to 1°.0 in brightness tem-
perature. The weighted average of the values of I,
derived from the data a) and b) above may be taken
as 110, giving 7' =110°*). This may be compared to
the theoretical predictions of the temperature of inter-
stellar clouds, by Sprtzer and his co-workers. SPITZER
and SAVEDOFF!) arrive at a value of about 60° K for
the equilibrium temperature of the electrons in HI
regions. This is rather lower than the value derived
from the present observations. The difference does
not appear too serious, in view of the uncertainty in
several of the factors which determine the theoretical
value.

In the discussions of this section we have tacitly
assumed that the temperature of the HI regions is

everywhere the same. In reality there is likely to be |

considerable variation. If the line of sight passes
through many layers of different temperatures that
are each optically thin, the integration that led to (13)
in the isothermal case is replaced by one in which
I.(v) is the black-body intensity corresponding to the
harmonic mean temperature. In order to explain the
relatively high temperature found it remains neces-
sary, therefore, to suppose that the major part of the
hydrogen atoms have a temperature that is at least
twice that estimated by SpiTzER and SAVEDOFF.

So far we have neglected the continuous radiation.
This can be derived from recent measurements by
WESTERHOUT with our equipment at 1420 Mc/s. He
finds a temperature of 33°- 2° for the direction of
the centre. At 335° he finds a temperature of 16°. The
maximum at the centre appears to be remarkably
sharp. Beyond 335° the temperature drops slowly
with increasing longitude, reaching about 8°at /=15°.
It becomes very small for longitudes above 30°. The
variation with longitude corresponds roughly with
the measurements of the thin galactic layer made by
ScHEUER and RYLE at 210 Mc/s 2). The peak value is
of the same order as that measured by PropingTON
and MINNETT at 1210 Mc/s 3).

The intensity of the emission line at a given fre-

*) Note added in proof.
More careful corrections for antenna pattern combined with
measurements slightly off the standard galactic equator
around the anticentre and at/= 42°.5 have indicated a some-
what higher temperature, of around 125°.

1) 4p.F. 111, 593, 1950.

%) M.N. 113, 3, 1953.

%) Australian F. Sc. Res. A 4, 459, 1951.
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quency comes from atoms in one, or two, fairly nar-
row distance intervals. We have to consider how the
measured intensity is influenced by the continuous
radiation from sources in front of, and from sources
behind the hydrogen atoms. In the first case the con-
tinuous radiation will simply be added to the line
intensity as well as to the comparison intensity, and
will have no effect on the observed difference. The
radiation from sources bekind the hydrogen atoms will
be reduced by a factor ¢77, if 7 is the optical thickness
of the layer of hydrogen atoms at the frequency con-
sidered. Let r be the distance of these hydrogen atoms.
Let, further, I, be the unreduced intensity of the con-
tinuous radiation from sources beyond r; then the in-
tensity actually observed in the differential measure-
ments is

I=L(1—e¢")+1,e7—1,, (15)

where I, has the same meaning as above. Hence,

(i)
T=—In{r—7—7)

In this case, therefore, I, in (13) has to be replaced by
I,— I,

When we consider the central intensity at [ =327°
we are dealing with a case in which practically all the
continuous radiation comes from sources more distant
than the atoms responsible for the line emission. If, as
seems probable, the optical thickness in the line is
considerable, the measured temperature should be
increased by the brightness temperature of the con-
tinuous radiation, or by about 33°, in order to find
the excitation temperature of the hydrogen atoms.
The observed temperature was 80°, so that the actual
temperature becomes 113°. It is interesting that this
is very near the temperature of 110° estimated above
for the outer arms. The difference is no larger than
may be caused by the uncertainty in the estimate of
the continuous radiation.

In the other parts of the line at [ =327° the cor-
rection becomes more complicated, and will not here
be discussed.

In other longitudes the corrections to be applied at
a certain frequency can only be estimated after it has
been determined what fraction of the observed line
radiation comes from each of the two distance inter-
vals concerned. At present it is only near the extreme
positive velocities that we have some knowledge about
the distance distribution, as the atoms concerned
must all lie in the central region. Supposing that in
this case half of the sources of continuous radiation
would be behind the hydrogen atoms considered, and
the other half in front, we may derive the optical
thickness from (16), substituting % I, for I,,. For the

(x6)
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distant arm observed at negative velocities, the cor-
rections would be negligible.

Finally, we may conclude that on the whole there
is no evidence in the present observations of large-
scale variations in the average temperature of the
HI regions.

17. Correction for random cloud velocities.

The distribution of the velocities of interstellar
clouds has recently been studied by various authors!).
All agree that the frequency of high velocities is
strikingly greater than would correspond to a Gaus-
sian distribution. We shall tentatively assume that the
random radial velocities, v, are distributed as

L i
bl

27

where 7 is the average without regard to sign of the

(17)

. .. I . . .
random radial velocities; 7 52 normalizing factor,

chosen such that the integral of (17) over all veloci-
ties, positive and negative, is unity. This distribution
function was suggested in BLaauw’s discussion of the
interstellar absorption lines. It also appears to fit rea-
sonably well the present observations of the z1-cm
line. For v BLaauw found 5 km/sec for stars within
500 ps, and 8.2 km/sec for stars between 500 and goo
ps. The latter value agrees fairly with the velocity
dispersion found by Seitzer and others from the
curve of growth of the absorption lines. SprTzER ?)
deduced a dispersion of g km/sec in this way.

An independent determination of the velocity dis-
persion in the direction perpendicular to the galactic
plane may be obtained from the observed density
distribution in this direction, in combination with
values of K(z) derived from other data’®). Assuming
for the velocities Z in the direction perpendicular to
the galactic plane a distribution like (17) we find den-
sity distributions as shown in Table 4 under ‘“‘com-
puted”. These may be compared with the distribution
inferred from observations. For this we have used
vaN Rurn’s formula, given under (14) in the pres-
ent article, taking 1/g =122 ps. The density near
the galactic plane has been put equal to 1. We see
that the best fit is obtained for v = [Z] = 10 km/sec.
. The agreement with van RurjN’s densities is as good
as might be expected. It is quite possible, of course,
that the velocity distribution in this direction is dif-

Y F. L. WaippLe, Centennial Symposia, Harvard Obs., 1948;
A. Braauw, B.A.N. 11, 459, (No. 436), 1952; L. SEARLE,
4p.F. 116, 650, 1952; A. ScHLUTER, H. ScamipT and P.
StumerF, Js. f. Ap. 33, 194, 1953.

%) Ap.F. 108, 276, 1948.

%) B.A.N. 6, 249, 1932.

142

LEIDEN

TABLE 4

Observed and computed distribution of interstellar
matter perpendicular to the galactic plane.

2 computed
(ps) observed
n=2_8.2 7= 10.0
o 1.00 1.00 1.00
50 .66 .80 .82
100 44 .32 .39
150 .29 .17 .23
200 .19 12 .17
300 .08 .04 .06
400 .04 .03 .05

ferent from that in the other co-ordinates; also, it will
probably change with increasing z. But, though the
evidence is limited, it confirms the general amount of
random motion found from the multiple interstellar
absorption lines.

The most direct and most valuable information
may be obtained from observations of the 21-cm line
itself, if this is observed with a smaller band width
and, preferably, better angular resolving power than
used in the present investigation, in directions where
the effects of galactic rotation are small. Such obser-
vations have, however, not yet been made. The band
width used is such that it smears out most of the
individual cloud structure. For an investigation like
the present one, concerned with the large-scale fea-
tures of the distribution, this is no disadvantage.

The line profiles obtained can still be used to deter-
mine the general distribution of random motions. For
this” purpose we consider the longitudes 65° to 130°.
In these directions the differential rotation is negative.
The positive tails of the line profiles must therefore be
due to the deviations from circular motion, and an
investigation of these tails will yield a determination
of n. A study of the average profiles in these directions
gave 1 =8.5 km/sec, with fairly great accuracy. This
value is in excellent agreement with the average
velocities derived by BLaauw and by SpiTzer, while
it agrees well enough with the value of [Z| found
above. The method by which this result for » was
derived will be indicated below, and is fully illustrated
in section 18. In the longitudes 170° to 220° the
same method cannot be used, because it is apparent
that in these directions the interstellar density just
beyond the sun is small, becoming large only at dis-
tances of the order of 1 kps.

Another estimate may, however, be obtained from
the profiles near the anticentre. We shall consider the
average of the profiles at 147° and 150°; the one at
145° is less suitable because it is distorted by local
effects (section 13). We assume again t=2.5 in the
centre of the line (as on p. 140). Using the velocity
law (17) the best representation of the observed curve
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is obtained with n =8.3 km/sec. Figure 12 shows the
comparison of the line profile so computed with the
observed profile. In the computed curve account has
been taken of the flattening of the sharp maximum
due to the band width of the receiver. In the other
parts of the curve the effect of the band width is
negligible. The agreement is not perfect, but sufficient
to show that in these directions also the mean random
velocity is about 8.5 km/sec.

FiGURE 12
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Line profile at 147° and 150° longitude. The full-drawn curve
gives the average observed profile, the broken curve is the profile
computed on the assumption of an optical depth of 2.5 at the
centre of the line, and an average random radial velocity: of the
clouds of 8.3 km/sec. Abscissae are velocities in km/sec.

It should not be supposed, however, that the distri-
bution of random motions is everywhere the same.
The actual line profiles show evidence of considerable
local variations. So far as possible these have been
taken into account.

If we want to determine the density distribution of
the hydrogen atoms observed in a given direction, the
effect of the random motions must first be eliminated.

In the direction considered, let ny(r) be the density
of hydrogen atoms. Let, further, V, be the radial
component of the differential galactic rotation at a
distance r. Then, if there were no random motions,
the number of hydrogen atoms in a column of 1 cm?
cross-section and in a unit interval of V,, would be
equal to
nH(r)
av/dr

n(V,) = (x8)
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The actual velocity distribution will be smeared out
by random motions. If the random radial velocities v -
are supposed to be distributed according to (17), the
observed velocity distribution is given by

+co

N(V):i]— DV, eV =Ygy,

—®

(19)

The integral may formally be extended from — oo to
o0, as R(V;) is zero below a minimum value and
beyond a maximum value of V,. The determination
of 2(V,) from the observed function N(V) requiresa
method for solving this integral equation. A well-
known approximate solution for a kernel of arbitrary
form is
d’N
BV =NV) -,
where C is a constant. The constant ¢ may be deter-
mined by means of Taylor expansion of $2(V,) in
powers of v =V —V, and integration by terms. This
method has been applied in the case of a Gaussian
error law!) and arectangular smearing function 2); it
gives C =n? in the present case. It is a fortunate acci-
dent, however, that the one form of the kernel for
which (20) is the exact solution of the integral equa-
tion is exactly the distribution function (17). This can
be proven by Fourier transforms or, more directly, by
differentiation of (19).
In practice it is convenient to use N in tabular form.
If A is the tabular interval, (20) can then be written

P(V)— N(V) = — (9/A)? X second difference of N.
(21)

In the present case A has generally been taken
equal to 5 of the units originally used in the reduction
of the observations, or 3.59 km/sec. In several cases
the results have been checked by means of the rigour-
ous formula (19). It invariably turned out that the
approximation given by (21) was almost sufficient.

N(V) can be computed from (13) and (12), insert-
ing T =110. Values of dV,/dr have been calculated
by means of the adopted function «(R), which gives
also the relation between 7, and r. We can then derive
2 with aid of (21), and compute ng(r) from (18).

Sample curves of the relation between V, and r
have been given in Figure 1o. Figure 13 shows for the
same longitudes the values of 4V, /dr.

An example of the effect of the reduction of the in-
tensities to optical depths, and of the correction for
the random motions is given in Figure 14. The heavy
line represents the measured line profile; the intensity
scale as indicated on the left-hand side is the same as

(20)

1y A. S. EppineToN, M.N. 73, 359, 1913; 100, 354, 1940.
?) Lord RaYLEIGH, Scient. Papers 1, 135, 1871.

© Astronomical Institutes of The Netherlands ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1954BAN....12..117V&amp;db_key=AST

rI953BAN T 1120 [ITTV

FiGUrE 13

L-ud o

o//

S

,z WIS
/

: /|

1
7
rd
130

?

—120 -100 -80 -60 -40 -20 [ +20 Vq

Sample curves of dV,/dr in km/sec.kps as function of the differ-
ential rotation ¥, in km/sec for various longitudes.
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that used throughout the article. The thin curve
gives the optical depth =, 100 scale units being equiv-
alent to = =1. The broken curve gives the optical
depth =’ corrected for random motions; v was assumed
to be 8.5 km/sec.

18. Density distribution in the galactic plane.

At very large distances the layer of hydrogen will
not entirely fill the antenna pattern. With an average
half-width of 2°.3 a layer of effective thickness 260 ps,
such as the layer of gas clouds in our vicinity, will
practically fill the beam width up to a distance of
6700 ps. For the parts of the Galactic System beyond
this distance corrections may have to be applied to
reduce to what would have been obtained with a small
beam width. It is especially in the “distant arm’, ob-
served between 345° and 50°, that we encounter dis-
tances greatly exceeding 6700 ps. However, the cor-
rections for beam width turned out to be very much
smaller than was anticipated. Sweeps across the arm
at 0° 10° 20° and 30° longitude showed the true
half-thickness of the arm to be about 3°.1, or %750 ps,
therefore three times the thickness of the cloud layer
in our surroundings. On the assumption that the true
intensity distribution in latitude as well as the antenna
pattern have a Gaussian form, the correction factor to

Ficure 14
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Example of reduction to optical depths and of the correction for the effect of random motions.

The original profile, which is for 80° longitude, is shown by a heavy curve. The velocity scale

has been indicated in km/sec, the intensity scale is in the units used throughout the present

article. The thin curve shows the optical depth <. The broken curve gives the optical depth ©/

after correction for the effect of random motions. An optical depth 1 corresponds to 100 in
the scale of ordinates. The scale at the bottom gives distances in kps.
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zero beam width is found to be 1.17 for this arm. This
factor has been applied to the intensities observed in
the distant arm between 345° and 30°. The factor was,
somewhat arbitrarily, assumed to decrease to 1.13 at
[ =35° 1.09 at 40°, 1.05 at 45°, while for / =50° and
higher no corrections were applied. The thin outer
arm observed between 60° and 120° longitude did not
require any corrections, because also this arm appear-
ed to be considerably thicker than the arms nearer
the sun. In the region beyond 180° longitude the cor-
rections were assumed to be negligible.

If the curves in Figure 5, or the numbers in Table 1,
are transformed into optical thickness by means of
(13), taking I, =110, We can integrate t(V) over all
values of ¥, and thus obtain the total number of hy-
drogen atoms in a column of 1 cm? cross-section.
Taking T =110° this total number is, according to

(12),

© @

Nyg= andr= 2.02 X Io‘5f¢(V)dV.
’ TABLE 5 ’

Total number of hydrogen atoms in a column of
1 cm? cross-section, and average densities in
the galactic plane.

. Ny N r ng
(102 cm™) (10 cm™) (kps) (cm™3)
30° 2.13 1.99 12.22 .53
35 1.99 1.93 11.30 .55
40 1.99:: 1.92:: 10.40
45 2.31:: 2.20:: 9.53
50 1.80 1.73 8.69 .65
55 1.18 1.08 7.92 44
60 1.39 1.19 7.21 .54
65 1.26 1.20 6.57 .59
70 0.87 0.82 6.00 .44
75 1.10 0.98 5.5 .58
8o 0.97 0.88 5.06 .57
83 0.86 0.77 4770 .53
90 0.87 0.76 4.37 .56
95 1.05 0.87 4.11 .69
100 1.03 0.88 3.89 73
105 1.13 0.9o 3.68 79
110 1.49 1.30 3.52 1.20
115 1.48 I.12 3.38 1.08
120 1.39 114 3.26 1.13
125 1.16 0.84 3.14 .87
130 0.94
135 1.14
165 1.29:: 1.09:: 3.08 1.15::
170 0.91 0.76 3.18 78
175 1.28 0.98 3.26 .98
180 0.94 0.70 3.39 .66
185 1.18 0.86 3.53 79
190 0.84 0.62 3.73 .54
195 0.77 0.61 3.91 .51
200 1.22 0.96 4.14 75
205 1.22 0.82 4.42 .60
210 0.87 0.63 476 43
215 0.78 0.54 5.I5 34
220 1.26 0.96 5.61 .55
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These values are shown under Ny in Table 5. The
same table also gives, under N, the estimated num-
ber in a similar column extending to the circle with
radius 11.2 kps around the centre, i.e. to a distance
3 kps larger than the sun’s distance from the centre.
This includes the region of the Perseus arm and the
distant arm. The numbers N}, were obtained by inte-
grating to the velocity equal to the effect of galactic
rotation at that distance. The length of the column in
kps is shown under . The average number of hydro-
gen atoms per cm? over this length is given under
ng in the last column. When the optical thickness
becomes large its exact value cannot be determined
with any certainty. For this reason the longitudes
140° — 160° have been left out, while the values for
[ =40° and 45° have been marked as uncertain.
Leaving out these uncertain values the straight aver-
age n is found to be 0.68. Had we confined ourselves
to the ring between R =8.2 and R =11.2, by leaving
out / =30° and 35°, the result would have been o.70.
This includes arms as well as inter-arm regions. In
the arms, as we shall see below, the density is con-
siderably higher.

The optical thickness ' in the absence of random
motions is proportional to 2(V,) by the same factor
as 7 is proportional to N(V). Evidently, =’ can be com-
puted from ¢ in the same manner as in (21) 42 is cal-
culated from N. Again taking 7" =110° we find from
(12) and (18)

ny(r) = 0.0655 ' (V,)dV,/dr, (22)

where dV,/dr is in km/sec.kps, while the relation be-
tween r and V,, and the quantities dV,/dr are given
by curves like those shown for a few selected longi-
tudes in Figures 10 and 13.

TaABLE 6
Longitudes where v differs from 8.5 km/sec.
l n l )
75° 7.0 180° 7.5
110 7.5 205 7.0
165 7.0 210 7.0
175 75 215 7.0%)
* for the region within 2 kps; for larger distances  was taken
8.5 km/sec.

The detailed calculations of «’ from I, and the
determination of dV,/dr have been carried out by Mr
WOLTERBEEK MULLER, to whom we are much in-
debted for his able assistance.

The average random velocity » has generally been
taken 8.5 km/sec, the value found in section 17. In
some longitudes, however, this value gave clearly an
overcorrection, leading to considerable negative den-
sities. In these cases, which are listed in Table 6,
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smaller values of n had to be adopted, as shown in the
second and fourth columns of this table.

Maps of the hydrogen densities obtained in this
way are shown in Figures 15 and 16, where points of
equal density have been connected by curves. Figure
15 comprises the entire galactic plane so far as this is
visible from the Netherlands. Figure 16 shows the
region within 3 kps from the sun on a larger scale.

The very tentative nature of these results should be
stressed. The correction for random motions is evi-

dently a most uncertain link in the reductions. Its
statistical nature makes it applicable only when there
are large numbers of clouds moving independently. If
we adopt BLaAUW’s estimate !) that a line of sight of
1 kps in the galactic plane crosses 10 clouds, and if we
suppose the clouds to have diameters of 10 ps, the
volume surveyed in the field of our telescope, and in a
velocity range corresponding to the band width of

1) B.A.N. 11, 459, 1952.
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8.4 km/sec, would contain some 20 clouds at a point
in the near-by arm at 500 ps distance, and about 8oco
clouds at a point in the Perseus arm at 3 kps. These
numbers are considerable. But it is doubtful whether
the second condition, that of independent and entirely
random motions is always sufficiently fulfilled. Devia-
tions from this state are likely to appear in a much
exaggerated form in the resulting values of 7n,. For
this reason some of the irregularities shown in Figures
15 and 16 must be expected to be fortuitous. The diffi-
culties increase when the longitude approaches that
of the centre or anticentre. The effects of differential
galactic rotation then gradually decrease, and the
random motions begin to wipe out all structural de-
tails. For longitudes differing less than 20° from the
direction of the anticentre the arms can no longer be
separated.

Accordingly, in Figures 15 and 16 the sector be-
tween 132° and 162° longitude, as well as that be-
tween 345° and the centre, has been left blank. The
results for 125° 130°, 165° and 170° are very uncer-
tain. For instance, the long drawn-out region of high
density shown in Figure 16 at / =165° may well be a
combination of two separate maxima. For the sake of
clarity the contours have been connected through the
blank sector. These parts have been indicated by
broken lines; they are largely arbitrary.

The various densities have been indicated by differ-
ent shading. The average top density in the Orion
arm is 1.3 for the part between 70° and 130° Jongi-
tude, and 1.6 for the part between 170° and 220°. In
the former longitudes the part of the arm where the
density exceeds 0.8 extends from the sun to about 8oo
ps distance. Between 170° and 195° the density is less
than o.4 up to a distance of 180 ps, while it generally
exceeds 0.80 between 350 and 2000 ps. From 200° to
220° longitude the region of low density (ng<<o.4)
extends to 600 ps, while the subsequent high-density
region (ng>> 0.8) extends roughly from 8oo to 1600 ps.

Between the Orion arm and the Perseus arm the
density generally decreases to zero, and similarly be-
tween the Perseus arm and the “thin outer arm”. The
densest part of the Perseus arm occurs between 97°
and 123°, where the mean top density is 2.7. The
mighty association around h and y Persei is contained
in this region. Between ¢5° and 65° the average top
intensity drops to 1.2. After this there is a break with
considerably lower densities, extending to about 47°.

_Between the longitudes 45° and 20° the long distant

arm shows top densities averaging 1.0. In the sub-
sequent part the density seems appreciably lower: the
mean top density between 3 55 °and 15°is found to be
0.5. Nevertheless the arm is still well pronounced,
being separated by a deep and wide minimum from
the more inward part of the system.

Finally, the top density in the thin outer arm ob-
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served between 70° and 110° longitude is found to be
about o.12.

Between [ =20° and /=125° the width of the
“distant”” and the Perseus arm between points where
the density is half the top value is roughly 0.8 kps,
this width being measured in the galactic plane in a
direction perpendicular to the arm. The distance be-
tween the point where the density in the Orion arm
has become half the top density and the corresponding
point in the Perseus arm is about 1.2 kps in the region
between 60° and 120° longitude, again measured in a
direction perpendicular to the arm. Between 20° and
50° this is about 2.0 kps.

It is not unlikely that in broad features the density
of hydrogen atoms will reflect that of solid particles.
If this is so, the hydrogen densities may be used to
estimate the absorption. We are starting an investiga-
tion on the correlation between absorption and hy-
drogen density. To carry this out in a satisfactory way
a survey up to 10° or 20° latitude is required. This is
now in progress.

19. Comparison with other data on spiral structure.

Large-scale features in the distribution of the gas
have been investigated by MoRrGAN, SHARPLESS and
OsterBROCK '), and by Guipo MoncH2). The former
studied the distribution of regions of ionized hydro-
gen, and thereby found the first definite evidence for
spiral structure in the Galactic System. The arrange-
ment which they discovered follows closely the pat-
tern of the neutral hydrogen outlined in the present
article. MtncH’s investigation refers probably to
the neutral clouds. He studied the interstellar absorp-
tion lines of Na and Ca™ in distant stars with the aid
of 200-inch coudé spectrographs. He observed that
stars with longitude in the range 65° to 130° and at
distances of the order of 2 kps, consistently show two

strong components, which he ascribed to clouds in the

two principal arms. Between 85° and 115° longitude,
where the differential rotation is a maximum, the
average velocities of the two components are about
— 7 and —46 km/sec, after the solar motion has been
eliminated. The former corresponds to a mean dis-
tance of 400 ps, agreeing well enough with the mean
distance of the hydrogen in the Orion arm, as shown
in Figure 16. The latter velocity is very nearly identic-
al with the mean velocity of the Perseus arm as shown
by the line profiles of Figure 5. This would indicate
that the clouds observed by MiUncH are distributed
over the whole width of the Perseus arm.

The early-type stars have been studied extensively
by W. W. Morcan and several collaborators. A pre-

1y A.7. 57, 3, 1952; a plot has been given in Sky and Telescope

11, 134, 1952.
%) Publ. A.S.P. 65, 179, 1953-
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liminary determination of the space distribution, in
particular of the O associations, has been published
by Morcan, WHitForRD and Cobpk!). The distances
were based on calibrations of MoRrcaN’s luminosity
classes that are fairly independent of the distances
based on differential rotation used in the present
article. The associations listed by Morcan, WHiT-
rForD and Cobk have been plotted as small circles in
Figure 16, except No. 16 at [ =71°, r =3.6 kps, that
fell outside the limits of this figure. Apparently the
general distribution of the associations follows the
same pattern as the hydrogen. In all directions where
the hydrogen density is known, the associations are
observed inside or on the edge of the regions where
ny exceeds 0.8; the only exception is No. 19 in
MorcaN, WHiTFORD and Cobr’s list, which falls
about 200 ps outside the .80 contour. The four asso-
ciations between 40° and 50° longitude are very prob-
ably in a long stretch of dense hydrogen, as is indi-
cated by the high 21-cm intensities observed in this
direction.

The five associations in the Perseus arm are all near
the inner edge of the arm as outlined by the 21-cm
measures. It is possible that this is due to an effect of
absorption, which blots out the far side of this arm.
For the inner arm indicated by MorcAN, WHITFORD
and Cobpk (the Sagittarius arm) no comparison with
hydrogen densities is possible at present.

A direct comparison of our hydrogen densities with
the distribution of O and B stars in general will have
to await the publication of individual distances based
on MORGAN’s lun}inosity classes. Meanwhile we may

1y Ap.F. 118, 318, 1953.
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refer to an investigation by WEAVER, based princi-
pally on radial velocities 2). WEAVER gives, first, a
comparison of our preliminary results with the distri-
bution of open clusters, HII regions and O associations
(cf. Figure 1 of his article). He uses 42 open clusters
classified by TrRuMPLER as IB2 or earlier. The distan-
ces rest partly on photometric data, partly on radial
velocities (galactic rotation) and partly on diameters.
On the whole, the distributional features of the clus-
ters are seen to agree satisfactorily with those of the
hydrogen. The distribution of early B stars, as shown
in WEAVER’s Figure 13, is based on observations of the
distribution in longitude, and on distances derived
from radial velocities. In general there is again good
agreement with the hydrogen results, except for a
region between 70° and 100° longitude, where WEa-
VER locates a structure of B stars just in between the
main hydrogen arms, in a region where the overall
density of hydrogen is quite low. The evidence for the
existence of this extensive intermediate structure does
not seem quite convincing to us. A closer study of
the luminosities of the B stars would be of interest. It
may be noted that the association around NGC 7380,
which WEAVER, assuming the distance of the cluster
to be 1.9 kps, assigns to this intermediate concentra-
tion, occurs in MorcaN, CopeE and WHITFORD’s list
with a distance of 3.6 kps, which would locate it in the
Perseus arm.

Aninteresting fact to which WEAVER draws attention
is the scarcity of early B stars in the longitude range
110° to 145°, which possibly indicates some kind of a
break in the spiral arms.

*) 4.7. 58, 177, 1953
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