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SUMMARY, We report a new upper limit for the strength
of the 327 MHz absorption line of deuterium in the di-
rection of the galactic centre., Our observations do
not confirm the possible detection of this line repor-
ted by Cesarsky et al (1973) and Pasachoff and Cesarsky
(1974), We obtain an upper limit of 5.8x10-5 for the
atomic D/H ratio by correlating the observed spectrum
with the HI absorption spectrum of Sgr A. This limit
is comparable to that of Weinreb (1962) of 8x10-5 for
the direction of Cas A, and cowmpatible with the direct
measurement of the D/H ratio in nearby interstellar
clouds from UV observations by ghe Copernicus satellite.
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INTRODUCTION

The astrophysical importance of the deuterium to
hydrogen abundance ratio, D/H, and the extremely high
hydrogen optical depth towards the galactic centre have
prompted several attempts in the past to detect the
ground state hyperfine transition of deuterium at 327
MHz in this direction (see Cesarsky et al 1973). A
possible detection of this line in absorption towards
the galactic centre and a further compatible observa.
tion have been reported by Cesarsky et al (1973) and
Pasachoff and Cesarsky (1974). However, recent obser-
vations of Sarma and Mohanty (1978) do not show any
positive detection.

We report in this note a further atteapt to
detect this line in the same direction using the Ooty
Radio Telescope described by Swarup et al (1971),

OBSERVATIONS AND ANALYSIS

The 530 m x 30 m Ooty Radio Telescope operates at
a nominal centre frequency of 326,5 MHz and has an HPBW
of 5,6 cos &§ arcmin in the north-sovth and 2° in the
east-west direction in the total power mode of opera-
tion. With the new RF amplifiers, installed recently,
the system temperature is now about 250° K when the
antenna is pointed towards a cold region in the sky.
The observations were carried out using a 36-channel
filter bank receiver as the back-end, having a 2,5 KHz
(2.3 kn s'l) filter bandwidth and 3 KHz (2.7 km s-1)
filter separation, A frequency synthesizer operated
from a rubidium frequency standard was used as the
first local oscillator,

Observations were made during two major observing
sessions in June 1978 and July 1978 totalling about
84 hours of data, Interference was noticed in only a
few records and these were rejected. During the
initial observations, simple frequency switching was
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employed in which the first local oscillator was
switched every 200 ms between an on-line frequency

(ON) and a reference frequency 120 KHz away. This
resulted in a baseline slope which is natural to any
phased array because of the slight beam shift produced
when the frequency of the first local oscillator is
altered. To minimise this slope during the subsequent
observations, data was acquired in a double frequency
switched mode; the first local oscillator was switched
between an on-line frequency and two reference
frequencies (REF1, REF2) on either side of the on-line
frequency in the sequence ON-REF1.ON-REF2-ON- etc,,
spending 200 ms on each frequency., LSR corrections
were applied as necessary to keep the O km s~

velocity channel for the deuterium line located at

the centre of the filter bank,

Data was acquired only while tracking the region
Sgr A (&= t7hy2m3ps, & = _28 59 (1950)) over an hour
angle range generally between -3030® and 5hOR, Each
individual day's data was analysed to obtain the
spectrum for that day. These one-day spectra were
averaged with weighting factors proportional to their
integration time, A linear baseline with a slope of
0,19 x 10~*(km s-1)-1 was fitted to the outer 12
channels of the averaged spectrum to get the final
integrated spectrum shown in Fig, 1. The total
integration time for this spectrum is 2,737 x 10%s,
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Fig., 1., Spectrum in the direction of Sgr A at the
frequency of the deuterium line. The filter bandwidth
was 2,3 km s~ and the ordinate is in units of optical
depth., The position and full width at half optical
depth of the HI absorption component used for the
correlation (see text) is also indicated.

INTERPRETATION OF THE OBSERVATIONS AND DISCUSSION

We have plotted in the ordinate of Fig. 1 the
antenna temperature in the line (Tj) divided by the
antenna temperature due to the continuum background
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source (Tc). The points in the_Blot of Fig. 1 show
an rms fluctuation of 0,93 x 10" as against the

theoretically estimated value of 1,04 x 10-% expected
in the abtsence of any spectral line, No feature above
2,50 is seen in the spectrum. This implies an upper
1imit of 2,3 x 10* (2.50) for TL/Tc for the deuterium
line, in the direction of the galactic centre.

In view of the number of references in the
literature for the abundance ratio D/H in the direction
of the galactic centre, we compare our observations
with those of Cesarsky et al (1973) and Sarma and
Mohanty (1978). 1In their analysis Cesarsky et al (1973)
use the relation Tp = -TL/ch where 'a fraction f of
the observed continuum radiation originates behind an
absorbing cloud of optical depth ¥p in the deuterium
line and Ty in the hydrogen line', We show in Fig, 2a
and Fig. 2b the spectra reported by Pasachoff and
Cesarsky (1974) and Sarma and Mohanty (1978)., 1In
Fig, 2¢ we show our spectrum smoothed to the same
resolution (4,5 km s~1) and with Ty/fT¢ plotted in the
ordinate for comparison purposes, The value of f for
Fig., 2a is 0.4 and for Fig. 2b and Fig. 2¢ is 0.77
(instead of 0.56 used by Sarma and Mohanty (1978);
they used fTg instead of fT¢ in their plots). As can
be seen from the figure, we do not find any evidence
in our spectrum for the dip at -4 km s-* seen in the
spectrum of Pasachoff and Cesarsky (1974).

To estimate an upper limit to the abundance ratio
D/H, of deuterium to hydrogen, we assume, in the
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Fig. 2, A comparison of various observations in the

directlon of Sgr A at the deuterium line frequency.

The observations reported in this paper are shown

in Fig. 2c smoothed to the same resolution (4.5 km s-1)
as reported for the observations in 2a and 2b., The
ordinates were also chosen to make the observations
directly comparable as explained in the text.

absence of any positive detection of the deuterium
line, that whatever deuterium is present in the
interstellar gas between us and the galactic centre is
distributed in the same way as neutral atomic hydrogen.
A knowledge of the optical depth in the 21 cm hydrogen
1line, in this direction to the required accuracy was
hitherto lacking. However, a recent analysis by
Radhakrishnan and Sarma (1979) of an interferometer
measurement obtained with the Parkes Interferometer
(Radhakrishnan et al, 1972) has provided a very
reliable estimate of the parameters of the 21 cm
absorption components in the spectrum of Sgr A, The
high S/N ratio in the wings of the deep central
feature was used to determine its peak optical depth
of 4,3, its mean velocity of -0.2 km s-1 and a full
width at half maximum optical depth of 11.8 km s-1,

In our analysis we further assume that the
optical depth due to hydrogen over such a long path
length in the plane is, to first order, independent
of the direction. This assumption is based on the
statistical study of Radhakrishnan and Goss (1972) 1in
which they conclude that neutral hydrogen appears in
cloud concentrations, of which there are at least
2.5 per kpc in any line of sight along the plane, The
above assumption, therefore, is likely to cause errors
only as a result of differential galactic rotation
altering the shape of the hydrogen absorption profile,
whose area however, should depend on the distance
only. We have estimated the magnitude of possible
lowering of the peak optical depth over the angle of
the continuum source, taking account of the decrease
in intensity of the continuum radiation away from the
central peak, We find this effect to be negligible
and correspondingly analyse our results on the
assumption that the parameters of the 21 cm absorption
profile that would be obtained with the antenna bean
of the Ooty telescope would be essentially the same
as found from the Parkes measurement referred to above.
To estimate the optical depth in the deuterium line
we have used the simple relation Tp = -TL/Tc, and to
estimate an upper limit for D/H a value of 4.3 for the
21 ecm hydrogen optical depth, The appropriateness of
this value of 21 cm optical depth for the present
purpose has been discussed by Radhakrishnan and
Sarma (1979).

From the above assumptions it follows that in our
spectrum of Fig, 1, the deuterium profile, if present,
should resemble the hydrogen profile discussed above.
The velocity width of the deuterium profile should be
same as that of the hydrogen profile since the broad-
ening of the latter must clearly be due to the
external motions of the large number of clouds along
the line of sight; the line widths of individual
clouds are much smaller as determined from studies in
other directions of the galaxy.

We have accordingly correlated the deuterium
spectrum shown in Fig., 1 with the 11,8 kn s-1 wide
component centred at -0.2 km s-1 1n the HI absorption
spectrum, This component was least-square fitted
to the deuterium spectrum by varying its peak optical
depth,

The best fit was obtained for a peak optical
depth of (2.3 + 3,0) x 10-%, The errors quoted are
the 95% confidence limits from a Chi-square goodness-
of -fit test and indicate an upper limit for the
deuterium optical depth of 0.7 x 10-4; using the
value for Ty = 4,3 referred to earlier, we get an
upper limit for the ratio of the optical depths
Tp/TH of 1.6 x 10-3,

The relationship between the ratio of optical
depths in the deuterium and hydrogen lines and the
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ratio of their column densities has been discussed by
Weinreb (1962), who showed that Tpfty = 0.33xNp/Ny

on the assumption that half of the doppler broadened
width of the lines arises due to thermal motions., We
have shown above that thermal broadening must contri-
bute negligibly to the line widths in this case, and
the appropriate relation becomes Tp/Ty = 0,28xNp/NH.
Using this we get the 95% confidence upper limit for
the mean abundance ratio of atomic deuterium to
hydrogen in the interstellar gas between us and the
galactic centre as 5.8 x 10-5,

COMPARTSON WITH OTHER OBSERVATIONS AND CONCLUSIONS

Our ugper 1imit is comparable to the upper limit
of 8 x 10-” obtalned by Weinreb (1962) in a notable
attempt to measure this line in the direction of Cas A,
Direct and unambiguous determination of the atomic
deuterium to hydrogen ratio in nearby interstellar
space has been made with the Copernicus satellite by
observing the Lyman abtsorption lines of atomic D and H
in the direction of several stars ranging in distance
between 1 and 1,000 parsecs (York and Rogerson 1976,
Vidal-Mad jar et al 1977, Dupree et al 1977), In the

9 directions for which these lines are observed, the
abundance ratio D/H has an unexpected scatter with
values ranging from 2 x 106 to 4 x 10-5 and a mean
value around 2 x 10-5, These results seem to indicate
that even if the highest D/H ratio observed by
Copernicus were typical of all the clouds along the

10 kpc pathlength between us and the galactic centre,
we would still have failed to detect the line,

If we assume that the clouds observed by
Copernicus are typical of those found in the direction
to the galactic centre, we should expect a D/H ratio
of the mean value referred to above, namely 2 x 10-5,
The unambiguous detection in the 327 MHz absorption
line of a value one third of our upper limit would
require an increase in observing time of at least an
order of magnitude over the 84 hours taken for the
present otservation, As the continuum radiation from
the source Sgr A dominates system noise for most large
radio telescopes no improvement can be expected with
even larger collecting areas, It also appears that
unless the atomic D/H ratio were anomalously higher

L11

in certain clouds, by over an order of magnitude, it
would be even more difficult to detect this line in
absorption against continuum sources in other directions
where differential galactic rotation would contribute
to reducing the value of the peak optical depth,
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ABSTRACT - ‘

" The number density and random motions of interstellar HI clouds have been stu-
 died using an entirely novel method involving the comparison of the terminal velo-
cities of HI absorption spectra in the direction of HiI regions with their recombina-
tion line velocities. We confirm the conclusions of an earlier study attributing these
velocity differences mainly to the random motions of the clouds. We also show that
these motions are better described in terms of two populations with quite different
velocity dicpersions than by a single population with an exponential distribution of
velocities. The present analysis yields estimates of the number densities and disper-
sions of ng=771+18kpc! 0g=4.1 0.7 kms™ for the "slow” clouds, and ng=
0.6 + 0.15 kpc™!, 0p=15.243.2kms™ for the "fast” clouds. These values are com-
pared with earlier estimates and the implications discussed. It is concluded that the
values for the slow clouds are an improvement over earlier de terminations, but that
thosé for the population of fast clouds are underestimates because of selection ef-
fects in the data used, ‘

1. INTRODUCTION

The radial velocities of interstellar clouds do not conform strictly o the predic-
tions of the Schmidt model of galactic rotation. This is because there are non-sys-
tematic or random motions in addition to the systematic circular motions around
the centre of the galaxy. The magnitude of these random motions can in principle
be estimated by comparing the measured radial velocities with the predicted radial
velocities if the distances to the clouds could somehow be determined independent-
ly. While this is almost impossible in practice for distant clouds in the galactic plane,
a similar comparison can be made with HI absorption measurements against back-
ground continuuni sources with independent radial velocity determinations. In such
cases, one could compare the radial velocity of the background continuum source
with the terminal velocity (corresponding to the greatest distance) of the HI absorp-
tion spectrum of the source. If there were no random motions, one would expect
only the velocity difference corresponding to the distance between the background
source and the HI cloud nearest to, and in front of it: the magnitude of this differ-
ence would depend on. the galactic longitude. '

Shaver et al (1981, hereinafter referred to as paper 1) have made such a compari-
son. The recombination line velocity of each of 38 HIl regions of known distance
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Table 1. Parameters for the 38 HII Regions (1)

Source av) | Distance®) | (dv/dr)(*)

kms! (3 k kms™ kpc™!

G Optical max Pe e
2065-164  NGC 2024 | +37 | 53 0.5 10.8
209.0-194  Orion ‘ +83° 1.05 0.5 114
243.140.4 RCW 16 +14 >0.7 42 125
265.141.5 RCW 36 +20 | 35 0.6 6.1
268.0-1.1 RCW 38 +5.3 43 06 6.6
274.0-1.1 RCW 42 L3 ~12 6.1 118
282.0-1.2 .24 ~1.0 6.6 11.3
284.3:0.3 RCW 49 +4.7 ~3.0 6.0 9.5
298.2.0.3 .24 ~25 11.7 13.4
298.9.0.4 ' | +08 | ~15 115 13.6
3222406  RCW92 442 (| ~23 3.7 135
326.6%0.6 Nebulosity +25 ~1.0 32 -14.6
327.30.6 RCW 97 +0.7 29 35 14.6
330904 +69 || >09 42 150
332204 il ~16 7 4.1 150
333.104 09 | 22 - 4.1 150
333.6-0.2 Nebulosity +217 | ~12 3.7 15.5
336.5-1.5 RCW 108 +1.1 ~2.3 2.1 125
337905 +196 ~0.3 35 146
3389406 -1 >1.2 52 159
340.8-1.0 RCW 110 +32 ~1.6 2.5 115
345.4.09 RCW 117 +10.5 15 50 110
345.4+1.4 Nebulosity +9.4 ~1.2 19 86
348.7-1.0 RCW 122° +272 1| 02 2.0 125
351.440.7 NGC 6334 +18 (| 15 0.7 47
351.7-122 +165 || 35 26 9.6
353.140.7 NGC 6357 +09 || ~16 1.0 3.8
353.240.9 NGC 6357 +72 | ~10 1.0 L .38
60-12 M8 +124 || 044 1.0 35
12.8:02 0.0 29 4.6 112
15.0-07 M17 +4.6 ~1.4 23 9.2
16.9+0.7 M16 - 5.0 1.3 2.7 9.9
25.402 +6.0 0.2 4.7 15.6
28.843.5 RCW 174 +6.5 25 0.1 126
30.80.0 +49 1.3 7.0 6.2
34.3+0.] +2.] >12 3.8 143
352-18 .22 | 35 34 145
11154038 S158 +14 | 49 123

Notes to Table 1:
1. Sce Shdver et al (1981) for references.

2. AV is positive when the };H velocity corresponds o a g

of the H 109« line.

E-N

5. Computed near the H reglon.

reater distance than that

< Tynax 18 the optical depth of the extreme HJ absorption feature.
. Distances are based on recombination line veloclity,
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(Taken from Shaver et al 1981). Histogran; of the difference between the
H 109« velocity and that of the extreme HI absorption feature (corres-
ponding to the greatest distance) for 38 galactic Hll regions. The dashed
line is the fit obtained by Shaver et al (1981) considering the dispersion
of normal clouds only; the solid line includes the effect of a small frac-
tion of clouds with much larger random motions.
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was compared with the terminal velocity of its HI absorption spectrum (Table 1),
Figure 1 shows a histogram of the velocity differences from paper 1. Shaver et al
(paper 1) found that in most (80%) of the cases, the velocity of the HI absorption
feature corresponds paradoxically to a greater distance than that of the Hil region.
They showed that this was simply a consequence of the random motions of the
clouds, and that in these cases the values of AV (the difference between the recom-
bination line velocity and extreme HI velocity) must provide lower limits to such
motions. On account of these motion, some clouds will appear to be beyond the
HII region as illustrated in Fig. 2.

|

HI region

Y v

A}

i
1
i

Figure 2. Schematic representation of radial velocity of HI clouds (unfilled blobs) ‘

lying along the line of sight to an HII region. The hatched curve represents
the HI absorption spectrum in that direction. Note that the true order in

|

distance of the clouds is replaced by their order in velocity in the absorp-

tion spectrum due to their random motions (arrows).

B-4



From many attempts to fit the histogram (Fig. 1) in terms of the random mo-
tions of HI clouds, it was concluded (paper 1) that the histogram can be fitted in
its entirety only on the assumption that there are two populations of HI clouds; the
standard clouds easily seen in absorption and characterised by a gaussian velocity
distribution With 0 = 5 kms™ ("slow™), and a smaller population with a much lar-

ger o (fast”). They also noted that while the dispersion of the slow clouds cannot '

be very different from the assumed value (0 = § kms™), there was considerable
room (1540 kms™*) for varying the velocity dispeysion and the number density of
the fast population; when one was increased, the pther had to be decreased to get
a good fit to the histogram of Fig. 1. o

In the simple analysis in paper 1, average values for the velocity gradients and
number densities were implicitly assumed. In this paper, we reanalyse the same da-
ta. In the next section, we investigate the effect of random motions and number
densities of HI clouds on the expected velocity differences by taking into account
the velocity gradient and distance of each individual HII region. In section 111, we
estimate the number densities and dispersion of random motions of the two popu-
lations of HI clouds from a least squares fit to the abserved velocity differences AV.
We also try a fit with a single exponential distribution of random velocities for the
HI clouds, and show that even on the basis of this limited sample the two popula-
tion hypothesis is to be preferred. Finally the implications of these results are dis-
cussed in section IV,

1. EFTFECT OF VELOCITY GRADIENTS, DISTANCES AND RANDOM MOTIONS ON HII
TERMINAL VELOCITIES ' L
The influence of random motions on the velogity differences’ AV depends on

the position of the HII region in the galactic disk ps explained below. Consider for

example an HII region in a direction close to that of the galactic centre for which
the radial velocity gradient | dv/dr!will be very small. In such a situation, and in the
absence of random motions, most of the clouds alapg the line of sight to the HII re-
gion will have nearly the same Velocily as the HIJ region itself. Given random mo-
tions, then in principle nearly half of these clouds gan have velocities corresponding
to a greater distance than the Hll region. If the distance to the HIl region were in-
creased, then the number of clouds which could masquerade as being more distant
than the HII region will increase. On the other hand, if the velocity gradient is very
large, only a few: clouds will have syStemalic veloclties close to that of the HII repi-
on; but if the random velocities are large enough, then some of these clouds could
have velocities corresponding to a greater distance than the Hil region. In such a si-
tuation, increasing the distance to the HII region will have a negligible effect on the
number of clouds which could appear as being more distant. In other words, a small

Idv/dr! coupled with a large distance is what is required for a clear manifestation of

the random motions in this fashion.

We will now illustrate this effect with a few real cases taken from the sample of

38 HIl regions. Following paper I, consider N HI clouds along the line of sight to an

HII region. Let the velocity AV of the i™ H1 cloud be governed by a gaussian distri-
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bution with mean AY; and standard deviation o. AV is the systematic velocity dif-
ference between the Hll region and the cloud. The probabilny distribution of
AV max corresponding to the terminal velocity of the spectrum is then given by

N N AV
L p(BV a0V 1 f_w Pj (AV'-AVj) dav’ 1)
i=1 _ j#H

P BV may) =

where p; (AV-AV)) = A exp - (AV-AVi)2 [20*
o/ 2n

Eq. (1) is derived by assuming that any one of the clouds has a velocity-AV, nax and
the remainder have smaller velocities. Suppose now there are N slow clouds charac-
terised by a dispersion o, and Nf fast clouds with a dlspersxon of o5. The over-all
probability distribution.of AV .y Which we shall call AV is then given by

-

N Ns AV N AV
PevI= z oy mfy Bgav) o g ppoaav
i=1 j4i k=1 |
SN | [N v s oV ,
+ X pg N { {N P dav' } n f Py dav
i=1 i k=1 ]
where Pgi = Pgi (AV-BV,) = exp - (AV-AV))*/20
. a m
S
and P = Pg (BV-AV,) = exp -(AV-AVi)’/2or’
o

The N slow clouds and Nf fast clouds are assumed to be dxslnbuted umformly
but at random along the line of sight to the HII region. Then depending on its posi-
tion, the systematic velocity difference AV for each cloud is given by the Schmidt
model of galactic rotation. We derive in the Appendix a probability distribution eq
(A1) for AV corresponding to eq (2) above, but taking full account of the distance
and velocity gradient for each source. We show there that this is given by the convo-
]ution of a "window" function for each source w1th the probabllny dlslnbullon of

The figures marked al, a2, a3 show P(AV) computed using Ny = 7.7 d (wherc d
is the distance to the source in kpc), og=4.1 kms™ and Ne=0 (only slow clouds);
the figures marked bl, b2, b3 show P (AV) computcd using the same values ofN
and o; but with Ng=0.6d and op = 15.2 kms™ (both slow and fast clouds). The
cho:ce of these numbers is explained in Section 11I. The figures marked cl, ¢2, ¢3
show the window functions (1/ ldv/dr[) as a function of velocity, and the arrows in-
dicate the observed AV for the respective sources. G248.3-0.3 in Fig. 4 is an exam-
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Figure 3. The overall probability distributions of AV for different HII regions. (al),
(a2), (a3) are the distributions computed assuming that only slow clouds
are present along the line of sight; (b1), (b2), (b3) show the effect on the
distribution of including fast clouds. (c1), (c2), (c3) are the window func-
tions for the respective sources and represent the probability distribution
of systematic velocity for each cloud along the line of sight, according to
the Schimidt model (see Appendix). The arrows indicate the observed AV

for the respective sources.
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the value of (dv/dry' is doubled for the region between the tangential
point and the solar circle because of velocity folding (see Appendix).
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ple of an HII region outside the solar circle for which the window function has a
step at the solar circle velocity (see Appendix).

-1t is clearly seen in these figures that we cannot account for thc high positive AV
cases.without mtroducmg the second population of [ast clouds with a high o. Itis
also seen that dv/dr and the distarfces to the individual sources have in fact the ex-
pected effects on the probability distributjon P(AV). The distributions and in par-
ticular their tails shift to more positive AV values as the area under the window func-
tion increases. For example, G348.7-1.0, G351.7-1.2 and G284.3:0.3, all of which
have small values of Mdv/drland are at relgtively large distance, have a long tail ex-
tending out to AV = 30 kms™, whereas G353.2+0.9 although it has a small ldv/dr],
has a very low probability for high positive AV due to its small distance. On the
other hand, G333.6-0.2 has a large Idv/dr|but still has a tail in the distribution due
to its large distance, and in fact the observed AV for this source is 21.7 kms™' . For
G206.5-16 .4, the addition of fast clouds has a negligible effect on the P (AV) dis-
tribution due to its small distance and large kv/dr|.

It should be pointed out here that P (AV) is only a probability distribution and
therefore the presence of a long tail extending to large positive AV’s does not re-
quire that for these sources the observed AV should necessarily be large. The pre-
sence of a long tail shows that there is a finite probability of observing a large posi-
tive, AV, and for those sources for which the tail is absent the probability of obser-
ving a large positive AV is extremely smal}. We have examined these probability dis-
tributions for all the 38 HII regions in Table 1 and find that for all those cases in
which high positive AV’s are observed, the distributions indeed have long tails as for
(348.7-1.0 and G333.6-0.2 in Fig. 3. For six of the sources for which the observed
AV is negative, the distribution extends to negative AV’s. It may be noted that for
several sources the expected distribution is practically restricted to positive AV’s
only.

It is clear that these tests confirm the conclusions drawn in paper I where the
sample was treated as homogeneous. It gppears established that the random mo-
tions of HI clouds and their number densities manifest themselves in the observed
differences between recombination line velocities and the velocities of the terminal
HI absorption features. We can now ask how much more information we can get
about these properties from the observed velocity differences in Table 1.

1II. THE NUMBER DENSITY AND VELOCITY DISPERSION OIF HI CLOUDS

It was shown in paper I and further confirmed from the tests described in Sec-
tion 11 above that we need two populatiops of HI clouds with different random mo-
tions and number densities to account for the histogram of Fig. 1. If we assume
that these two populations of HI clouds are randomly distributed throughout the
Galaxy, we can then estimate the number densities (ng and np) and velocity disper-
sions (ors and og) from the observed OV's alone, to the accuracy permitted by the
limited number in the sample.

Consider ng slow clouds per kiloparsec with a dispersion og. and n; fast clouds
per kiloparsec with a dispersion 0. Then the probability of observing a velocity dif-
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ference AV is given by eqn. (A2) in which N =dngand Ny = dng where d is the dis-
tance to the source in kiloparsecs. If AV,, AV, ... AV a5 are the observed velocity
differences for the 38 Hil regions, then the individual probabilities of observing
these differences are Py (AV,), P, (AV,) . ... P35 (AVy4). The joint probability of
observing these velocity differences is

38
P=1 P(aV) 3)
i=1

We have maximised the quantity P by varying the four parameters ng, o, npand
0gin an iterative procedure and obtained the best fit values. These values along with
their errors and a measure of tlie goodness of fit are given in Table 2. (The estima-

Table 2 v
Best fit values of HI cloud parameters
Velocity Cloud Dispersion Number :
Distribution population or scale length density Y2
kms™! kpc!

2 Gaussian Slow 41207 7718

Fast 15.2¢3.2 0.6+0.15 455
Exponential Single 44406 6.3£14 72.2

e e gomeo T ENEE —_—

*Indicates goodness of fit (see Appendix).
tion of errors and goodness of fit are discussed in Section 11 of the Appendix).
These were the values of the four parameters that were used in the tests described
in Section 11. Fig. 5 shows the resulting predicted probability distribution (full line)
for the histrogram computed using these parameters; the dashed line is the probabi-

lity distribution computed using only one population of (slow) clouds (np=0). 1t
can be seen that as noted in paper I, the positive AV side of the histogram, including

its long tail, requires the presence of the second population of fast clouds to give a .

good fit.

It is interesting that the inability of a single gaussian to fit the peculiar motions
of interstellar clouds was noted even in the earliest such study by Blaauw (1952)
who analysed the measurements of Adams (1949) to determine the distribution of
radial motions. He concluded that the high radial velocities observed for many
clouds could be better accounted for by an exponential distribution of velocities
for interstellar clouds. Both for the sake of completeness and for its appeal of sim-
plicity, we have also considered here the possibility of a single population of clouds
with an exponential distribution of velocities accounting for the observed high ve-
locity differences shown in Table 1.

Consider again n clouds per kpc distributed randomly along the line of sight to
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Figure 5. The cpmposite probability distribution for AV obtained by adding the in-
dividual probability distributions for the 38 HII regions in the histogram,
computed using the best fit values of the cloud parameters (Table 2). The
full curve is the distribution computed using both slow and fast clouds. In
the dashed curve the effect of fast clouds has been removed: the parame-
ters for the slow clouds are asin Table 2. The dashed and dotted curve is
the distribution computed using an exponential distribution of random
velocities. Note that the curves are drawn with their peak values normal-
ized to the peak of the histogram.

B-1)



an Hil region. Let the random velocity of each cloud be described by an exponen-
tial probability function of the form

Pyan (BV-8V;) = A exp (-1AV-AV,|jn) @)

where 1 is the scale length of the distribution. As before, AV represents the diffe-
rence between the velocity of the HII region and the cloud. The velocity distribu-
tion functions can be obtained in a similar fashion using equation (A1). Using these
the probabilities P, (AV,), P, (AV3) ... Py (AV3g) can be obtained from eqn.
(A2) by replacing N by nd (d is the distance to HII region in kpc), and setting
"‘Np=0. .

We have again maximized the joint probability P (eqn. 3) in an iterative proce-
dure by varying the parameters n and n. The best fit values of these parameters
dong with their errors and goodness of fit are given in Table 2. We have also shown
in Fig. 5 the total probability distribution for the histogram computed on this basis
(dots and dashes). '

* It can be seen both from Fig. 5 and from the goodness of fit values that the ex-
ponential distribution of radial velocities of a single population of HI clouds does
not account for the observed velocity differences as well as the two-population hy-
pothesis described earlier. It should be noted however, that the curves in Fig. § are
a much poorer indication of the agreement between observation and prediction
than the goodness of fit values. The latter represent a more stringent test involving
the agreement in each individual case, as opposed to the general agreement with the
total distribution of AV values in Fig. 5. Since it would be unwarranted at this stage
to introduce more complicated distributions, we conclude from our analysis that
the observed velocity differences in Table 1 can be best accounted for by two po-
pulations of HI clouds characterised by the number densities and velocity disper-
sions listed in Table 2.

AY
IV. DISCUSSION

As noted in paper 1, independent evidence indicating the presence of two popu-

lations of HI clouds has in fact been obtained from an investigation of the HI ab-

sorption spectrum towards the galactic centre, a direction free in principle of galac- |

tic rotation effects (Radhakrislmaﬁl[and Srinivasan, 1980, hereafter RES). These au-
thors have also discussed even earlier evidence in the work of Routly and Spitzer
(1952) and Siluk and Silk (1974), suggesting the existence of more than one popu-
lation of interstellar clouds. While there is a qualitative agreement between the re-
sults obtained in Section HI and the two-population picture of HI clouds proposed
by RES, there is considerable apparent disagreement in the number densities and
dispersions. particularly those of the fast clouds. We shall discuss these discrepan-
cies below. .

Table 2 shows the characteristics of slow and fast clouds obtained from the ana-
lysis in Section I1I. While the slow clouds fall into the category of standard clouds
very-easily seen in 21 cm absorption studies and discussed by Radhakrishnan and
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Goss (1972), the fast clouds may be tentatively identified with the "shocked clouds”
with high random velocities discussed by R&S. Our value for the slow cloud num-
ber density of 7.7¢1.8 kpc™' is about 3 times that (2.58kpc™') estimated from a
statistical analysis of the Parkes 21 cm absorption survey (see Radhakrishnan and
Goss, 1972 and references therein). It may seem intriguing at the outset that diffe-
rent number densities are obtained from fwo analyses of essentially the same data,
since most of the HI absorption measurements of Table 1 were also taken from the
Parkes survey (see paper I). However, the statistical analysis of Radhakrishnan and
Goss (1972) suffered severely from blepding of absonpnon features in velocity
space as was noted by them. ‘

If the number density of slow clouds is as high as indicated by the present analy-
sis, then we may expect considerable blending of features in any HI absorption
measurements irrespective of the velocity resolution used. Further, as discussed and
emphasised by R&S, the estimates from optical observations have always been even
higher, typically 10-20 kpc™ . It is to be expected therefore that a gaussian analysis
of the HI profiles would yield a smaller number density than the true value. In the
present analysis of the differences in the velocity of the recombination line and that
of the extreme HI absorption feature, we are working in a special region of velocity
space where such blending is unlikely or very small. We' therefore believe that our
number density for the slow clouds is more accurate than earlier determinations.

While the velocity dispersion for the slow clouds obtained by us is in reasonable
agreement with earlier determinations, it happens to be the smallest yet, The value
of 0g is 4.140.7 kms™* as given in Table 2, whereas earlier estimates for it have been
somewhat higher; for example, Crovisier (1978) obtained 5.7 ¢+ 0.9 kms™ (see that
paper also for a discussion of previous determinations). Crovisier points out the dif-
ficulty of discriminating between a gaussian and an exponential distribution from
his sample, and notes the presence of higher-velocity features the inclusion of which
suggests the tail of an exponential. Whije choosing a gaussian distribution obtained
by excluding these features, Crovisier jn fact suggested that these higher-velocity
clouds may belong to another population.

If there are really two populations, then it is only to be expected that the disper-
sion obtained by treating the data as belonging to a single population will tend to
be higher through contamination of the sample. Radhakrishnan & Sarma (1980)
quote a dispersion of 4.8 + 0.2 kins™ bascd on a gaussian analysis of the HI absorp-
tion profile towards Sgr A, and which refers to the slow clouds only. In spite of the
errors in these various determinations, the trend is seen to be consistent with the
two-population hypothesis. It must be mentioned here that in the present analysis
we have consistently ignored the effec| of any random motions associated with the
HII regions themselves. If these are significant, the dispersions obtained by us will
have to be reduced further; in any case, to within the errors, they may be consi-
dered upper limits.

We tum now to the fast clouds for which both our number densities and disper-
sions are subslantially lower than the values suggested by R&S., ng = 15-20 kpe!
and op =~ 35 kms™' . The discrepancies are so large that either one or both estimates
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of each quantity are severely in error, or they do not refer to the same set of clouds.
We discuss below a possible selection effect which could simultaneously explain the
discrepancy in both the number density and the dispersion of the fast clouds.

There are a number of good reasons to believe that whatever mechanism accele-
rates the fast clouds — e.g. supernova shocks — will also heat and partially evaporate
them (McKee and Ostriker 1977). Both the reduction in mass and increase in tem-
perature will thus contribute to reducing the Hl optical depth of the fast clouds. As
discussed by RES, there is also observational evidence supporting the correlation of
high peculiar velocities with higher temperatures and lower optical depths in the
measurements of Dickey et al (1978). As a direct result, any absorption survey will

‘select only a fraction of the fast clouds whose optical depths (and corresponding
mean speeds) are within the senﬁitivity limits of the survey.

The lowest optical depth of the features listed in Table 1 is 0.2, and the distribu-
tion of their optical depths indicates a sharp sensitivity cut-off around 7~ 0.3. The
median optical depth for the fast clouds is expected to be of the order of 0.] or less
(RE&S). If the number of fast clouds as a function of their optical depth follows an
exponential law as is true-for the slow clouds (Clark 1965; Radhakrishnan and Goss
1972), then we should expect only a very small fraction (=€ ~ 1/20) of the fast
clouds to appear in the data of Table 1. This is in reasonable agreement with the
ratio of 0.6 kpc™! found here, to 15-20 kpc™' suggested by RES,

The cut-off in peculiar velocity as a result of the same selection effect is not as
easy to estimate because of the lack of a detailed theory relating cloud acceleration
by shocks to their resultant HI optical depths. Even so, given that there exists a cor-
relation of peculiar velocities with optical depth, it seems to us that the reduction
in the observed dispersion (15/35 ~ 40%) is not at all surprising for a sample of the
optically thickest 5% of the total population of fast clouds. It should be noted that
given a sensitivity cut-off, it would in general make it harder to distinguish between
two gaussians and a single exponential for the total velocity distribution of the

clouds. This has presumably contributed to the choice of an exponenlial distribu-

tion in some earlier analyses. In the present case however, goodness of fit tests, par-
ticularly on the tail of the histogram reject a single exponential distribution with
more than 95% confidence.

In conclusion, the present analysis has demontrated that jt can provide estimates
of the number densities and random velocity dispersions of interstellar HI clouds.
The novel method used here has the advantage of operating in a region of velocity
space [ree of the blending effects which plague other types of analysis of similar ob-
servations in the galactic plane. The results support a two-population picture for ga-
lactic HI clouds. The values obtained here describing the population of slower and
optically thicker clouds are believed to be better than other previous estimates. On
the other hand, the number density and dispersion for the population of fast clouds
are clearly underestimates because of a selection effect due to a sensitivity cut-off.

While it can be shown that the present and previous estimates for the numbers
describing the fast clouds can be reconciled in terms of the selection effect, the
overall uncertainties would not warrant an attempt to correct forit. If more sensi-
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tive HI absorption measurements could be obtained near the terminal velocities of
the spectta of even the present limited sample of sources, the parameters of the fast
clouds could be well established. It would therefore be of value to carry out such
measurements which we predict will reveal a number of low optical depth (r <0.1)
features located beyond the terminal velocities in the present data.
“
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'APPENDIX '
1. THE DISTRIBUTION OF CLOUD VELOCITIES .

Consider a line of sight to an HII region along which the rate of change of radial
velocity with distance (dv/dr) is a constant (the radjal velocity increases or decreases
linearly with distance). Then given a random distribution of N clouds along this line
of sight, each of the clouds will have an equal probability of having any systematic
velocity between 0 and the velocity of the HIJ reglbn (VH"). We ignore here large
scale density fluctuations such as spiral arms, interarm regions, etc. Then, for each
of the clouds the probability distribution of systematic velocity ia a rectangular
(window) function extending from 0 to the velocity of the HII region,

The 38 HII regions in paper I were selected to a)l lie either much nearer than the
tangential point or beyond the solar circle (otherwise AV values of both signs can
occur even in the absence of random motions). If the Hil region is outside the solar
circle, the systematic velocity range is from the tangential point velocity (VTP) to
the velocity of the HII region, and each of the clouds will have twice the probabili-
ty of having any systematic velocity between 0 and the tangential point velocity. In
this case the probability distribution is a step function, the step being at the solar
circle, viz. at a systematic velocity of 0. '

Given a systematic velocity, the true velocity of the cloud will be given by a ga-
-ussian probability distribution function of dispersion o centred on this systematic
velocity. Clearly, the overall probability distribution for the velocity of any cloud
is the convolution of the systematic velocity distribution and the random velocity
distribution.

Mathematically, for any cloud the total probability distribution for the velocity i

difference between the HII region and it is given by

P (8V) = I’sy‘s * Pran

oo
L =1 Pays OV)Ppn (AV-AV) daV' | A1

P, ap is the random velocity distribution given by

N ]
Pran (BV-08V) = =

exp - (AV-AV')/20? |

n L S |
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l’s s is the systematic velocity distribution (the. window functnon) obtained as
described below.

In general, dv/dr varies as a function of distance (therefore as a function of velo-
city) and equal intervals in velocity space will not have equal probabilities. The pro-
bability of a cloud having a certain systematic velocity, and thus the number of
clouds, will be inversely proportional to |dv/dr| at that velocity.

According to the Schmidt model of galactic rotation, 1/|dv/dr] varies smoothly
as a function of distance (therefore as a function of velocity) except near the ta-
ngential point. If we ignore a small stretch near the tangential point, then the pro-
bability distribution function can be approximated by a trapezoidal window func-

tion. Some typical window functions are illustrated in Fig. 6. The one with a step is
for an HII region outside the solar circle.

The probabnhty dlstrlbuuon of AV for each of the clouds is then given by the

R S DO

‘disfance fo HI region (kpc)

Ot 2 3 4 5
IT‘IIV'V‘TIVIY

F-IVHiI 0
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=\Vre~Wn| ~|Vur| ©

' JARVAESS .
Figure 6. Typical probability distribution (the window function) of systemanc ve-
locity with respect to the HII region of any cloud lying along the line of
sight to it. The one with a step is for an HIl region outside the solar circle.
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convolution of a trapezoidal window function such as shown in Fig. 6, with the
gaussian probability distribution of peculiar velocities. If P Is the total probability
function of the fast clouds, then the equation (2) for the overall probability distri-
bulmn of AV -can be written as

_ Nl  Np Nel o Ny
P(AV) =N, P, I.’Ts Pr + NP P PTs p (A2)
where P = { - Py dav’

Equation (A2) can now be used for computing the probability distribution of AV

for individual HII regions. As noted earlier, if random motions of HI clouds are the .

origin of their apparently anomalous distances, we would expect a finite probability
of finding large positive AV values for those HII regions which are distant and have
a small |dv/dr| along the line of sight. In other words, large positive values of AV
can occur for those sources for which the window functxons are oflarge widths or
heights or both.

It should however. be pointed out here that the exact probability distribution
will depend on the number density and o of the two populations. In the extreme
case of very large number density and o, there is always a high probability of large
AV values irrespective of dv/dr and distance. But given reasonable number densities,
and o of the order indicated in paper I, we show in the text that the probability
functions for AV in individual cases do indeed depend on the window functions.

2. GOODNESS OF FIT AND ESTIMATION OF ERRORS

To obtam the best {it values of the parameters ng, 05, Np and or (or n and 7 for
the exponential distribution) which correspond to the maxinmum value of lhe)omt
probability P (eqn. 3) we have minimized the quantity

38 ‘
-logP= ;] -log P, (AV)) (A3)
i= :

The expectation value of -log P, for the it region is given by
<JogP>=/ (logP;) P, dAV

and its variance Is given by

oo
o; =/ (logp;- <logp;>)’ p; dav
- 00
we define .
38

X (Jogp; - <log p‘>)’/o (A4)
=] .

N
NK -

v =
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where N-K is the number of degrees of freedom left after fitting K parameters to N
data points (N=38).

The quantity W? can be considered as a measure of goodness of {it and similar to
the conventional x?. For a good fit the value of W2 must be close to N. The value
of W2 computed using the best fit values for the two-gaussian and a single expo-
nential distribution of velocities of HI clouds is given in table 2.

The parameters ng, o, ny and o¢ (n and 1 for the exponential distribution) of the
fit using the maximum likelihood method (of maximizing the joint probability P,
eqn. 3) are not independent. The variation of -Jog P (eqn. A3) as a function of one
of the parameters depends on how well the other parameters have been fitted. We
have estimated the errors in each of the parameters assuming that the variation of
-log P is parabolic, at least near its minimum, and taking into account the correla-
tion between these variations with respect to different parameters. The errors quoted
in table 2 correspond to one standard deviation.
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DISCUSSION

Wynn-Williams: Could the presence of high velocity clouds have led to errors in
the Schmidt rotation curve, which is based on HI velocities at the
tangent points? '

e
Answer : Yes, bur mé’i.er!the magnitude is significant is not yet clear. We
are looking into it.



