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ABSTRACT 

We present measurements of the velocity line width, size, virial mass, and CO luminosity for 273 molecular 
clouds in the Galactic disk between longitudes of 8° and 90°. These are obtained from three-dimensional data 
in the Massachusetts-Stony Brook CO Galactic Plane Survey. From an analysis of these measurements we 
show that the molecular clouds are in or near virial equilibrium and are not confined by pressure equilibrium 
with a warm or hot phase of interstellar matter. The velocity line width is shown to be proportional to the 0.5 
power of the size, <jv oc S0 5. Combined with virial equilibrium, this shows that the clouds are characterized by 
a constant mean surface density of 170 M0 pc-2 and have a mass M oc (t^. A tight relationship, over four 
orders of magnitude, is found between the cloud dynamical mass, as measured by the virial theorem, and the 
CO luminosity M oc (Lco)0-81. This relationship establishes a calibration for measuring the total molecular 
cloud mass from CO luminosity for individual clouds and for the Galactic disk. The cloud CO luminosity is 
LCo ^ Gv’ which is the molecular cloud analog of the Tully-Fisher or Faber-Jackson law for galaxies. 

The mass-luminosity law is accounted for by a cloud model consisting of a large number of optically thick 
clumps in virial equilibrium, each with a thermal internal velocity dispersion, but with the clouds effectively 
optically thin at a fixed velocity along the line of sight. The typical clump mass is of order a stellar mass and 
approximately equal to the Jeans mass at the clump density and thermal velocity dispersion. 
Subject headings: interstellar: molecules — galaxies: Milky Way 

I. INTRODUCTION 

The identification of molecular clouds in the inner Galaxy, 
from CO emission contours, has led to the conclusion 
(Solomon, Sanders, and Scoville 1979; Solomon and Sanders 
1980) that most of the mass in the molecular interstellar 
medium is in the form of clouds with diameters greater than 20 
pc and masses greater than 105 M0 which were named giant 
molecular clouds (GMCs). The high abundance and weak 
dipole moment of CO make the millimeter rotational lines by 
far the best available tracers of molecular hydrogen. The 
minimum local density of n(H2) æ 100 cm-3 required to excite 
the j = 1 -► 0 line appears to be well matched to the densities 
of giant molecular clouds. 

From a sample of 38 clouds, defined as closed contours at a 
radiation temperature T£ = 3 K in longitude-velocity space at 
a fixed latitude (23° < / < 30°, b = 0°), Solomon, Sanders, and 
Scoville (1979) and Solomon and Sanders (1980) obtained a 
spectrum of cloud sizes ranging from 15 to 90 pc. The mass- 
fraction distribution was shown to have a positive index with 
half of the total mass contained in clouds with diameters larger 
than ~60 pc and mass greater than or equal to 106 M0. A 
similar analysis of longitude-velocity contours, using 13CO 
emission (Liszt, Xiang, and Burton 1981), also showed that the 
mass-fraction spectrum has a positive idex but with the largest 
clouds being of order 50 pc in size. From 13 CO two- 
dimensional maps of three fields, each Io square, Stark (1979) 
found the emission dominated by large clouds in two of three 
fields. More recently, 80 clouds were identified from latitude- 
velocity contours (Sanders, Scoville, and Solomon 1985) yield- 
ing a size and mass spectrum having half the total mass in 
clouds larger than 48 pc and masses greater than 5(10)5 M0. 
Dame (1984), Dame et al (1986), Myers et al (1986), and 
Cohen et al (1985) have analyzed the two-dimensional, low- 
resolution Goddard Institute for Space Studies (GISS) CO 

survey and found, after subtracting a “background,” about 30 
giant cloud complexes in the northern inner Galaxy and 37 in 
the southern Carina arm with typical masses of 106 M©. 

While there is general agreement among these recent surveys 
as to the gross properties of giant molecular clouds, these pre- 
vious studies have all been unable adequately to define and 
measure the physical properties and the distribution of most of 
the molecular clouds in the inner Galaxy. The reason for this 
shortcoming has been that the data were taken either with high 
spatial resolution, but very wide (12') sampling (Sanders, Sco- 
ville, and Solomon 1985), or with complete sampling, but with 
resolution too low (8') to resolve typical inner Galaxy clouds 
(Dame et al 1986; Meyers et al 1986; Cohen et al 1985). 

In this paper we present an analysis of cloud sizes, velocity 
line widths, viral masses, and CO luminosities which utilizes 
the higher resolution Massachusetts-Stony Brook Galactic 
plane CO survey. This survey has approximately 20 times the 
area sampling of Sanders, Scoville, and Solomon (1985) and to 
10 times that of the Dame et al (1986) survey. 

II. OBSERVATIONS AND CLOUD DEFINITION 

The survey observations were carried out during 1981 and 
1982 on the FCRAO 14 m antenna operating at a frequency of 
115.271 GHz (HPFW = 47"). Approximately 40,000 CO 
spectra were obtained between the limits of 8° to 90° in longi- 
tude, — Io to +1° in latitude, and —100 to +200 km s_1 in 
velocity, with a typical rms noise level of 0.35 K. The survey 
spacing of 3' (over the range / = 180-54°) was chosen to enable 
measurement of essentially all molecular clouds inside the 
solar circle with size greater than 20 pc. For example, on the far 
side of the Galaxy (with respect to the tangent point) at dis- 
tances of 14 kpc the spacing is 13 pc; on the near side, in the 
molecular ring at a distance of 4 kpc, the spacing is 3.5 pc. A 
more complete discussion of the observations and calibration 
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procedures, along with maps of the complete data in latitude- 
velocity space, is in Sanders et al. (1986). Longitude-velocity 
maps and spatial (longitude-latitude) maps at fixed velocities 
are given in Clemens et al (1986) and Solomon et al (1987). 
Inspection of the actual survey contours in the above refer- 
ences shows that many clouds easily stand out from the back- 
ground and can be defined with little difficulty. However, there 
are also regions of strong emission where blending of features 
in the three-dimensional /, b, v space complicates the definition 
of clouds, and results are subject to different interpretations by 
different observers. In order to obtain a cloud data set in an 
objective manner we have adopted a procedure which unam- 
biguously defines cloud boundaries in three dimensions. 

Clouds are defined as topologically closed surfaces of 
antenna temperature, T%, in the three-dimensional space /, b, v. 
Clouds can be defined at any intensity level. Typical values for 
boundary intensities are 7^ = 3,4, 5,6, 7 K. Thus each spatial 
point within the boundary has a peak intensity greater than 
Tmin. The Galactic plane emission is thus broken up into a set 
of discrete clouds for each minimum intensity. For the purpose 
of this analysis a cloud was required to have a minimum total 
integrated intensity summed over all locations inside the 
surface of 40 K km s"1 for Tmin = 6 and 7 K and 60 K km s"1 

f°r Tmin = 4 and 5 K. For each value of 7^ chosen there is a 
corresponding population containing about 400 clouds. Typi- 
cally there are about 1000 clouds smaller than the minimum 
integrated intensity. Large sections of the galactic plane are 
blended at the 3 K level with features extending over as much 
as 5° and 60 km s_1. By contrast there is very little blending of 
the surfaces at the 6 K level. The 4 K list was adopted except 
for the confused regions between longitudes of 8° and 32° and 
velocities v > 60 km s-1. Here a selection was made of the 
lowest intensity surface which was not severely blended. The 
area quadrupole moment (in /, b) of each cloud was used as a 
quantitative measure of the cloud asymmetry to eliminate spa- 
tially blended clouds. The final catalog presented in this paper 
thus consists of a mixture of clouds defined at the Tmin = 4, 5,6, 
or (in a few cases) 7 K level. A complete list of all clouds at 
Tmin = 3, 4, 5, 6, 7 K will be published separately. Above longi- 
tudes of 54°, where the emission is weaker, the 3 K cloud 
boundaries were substituted for the 4 K clouds, but only if the 
cloud met the size criteria at 4 K. 

The catalog is tabulated in Table 1. Each cloud in the 
catalog is described by a set of parameters including: the cloud 
boundary intensity 7^ and an index “I” referring to its 
number on the appropriate list, location of the emission peak 
in /, h, v space, peak line intensity Tp, Galactocentric radius R, 
(determined from circular rotation), distance from the Sun D, 
height from Galactic plane z, the rms dispersions from the 
means in all three coordinates ab, (tv, the CO luminosity 
Lco, and the virial theorem mass MyT. The location of the 
peak line intensity is not necessarily the location of peak 
integrated intensity. The dispersions were computed from 
the intensity-weighted variances over all elements T(/, b, v) 
within the clouds. Explicitly crx = (<x2> — <x>2)1/2, <x> = 
Zi TiX/^i Thx = l, b, v. Since a meaningful measure of disper- 
sion requires a minimum cloud size, we accepted for the 
catalog only those clouds with a total number of /, b, v elements 
greater than 25 above the boundary intensity. The last column 
in Table 1 contains flags describing distance assignment 
(N = near, F = far) and method used. Clouds flagged with an 
“X” fit the kinematics of the 3 kpc expanding arm (see, e.g., 
Cohen and Davis 1976). In addition to the parameters in Table 

1 each cloud has maximum extents in /, b, v which define a 
“ box ” circumscribing the true cloud boundaries. In computing 
the dispersions, (rh <rfc, av, and the total cloud luminosities we 
have included all emission down to the 1 K level within the 
cloud boxes. This procedure extrapolates the clouds to the 1 K 
boundary within the box and is necessary in order to include 
most of the emission from the clouds which comes from 
regions with T < Tmin—e\en for the warmest clouds. The 1 K 
boundaries within the boxes approach, but are not equal to, 
the true 1 K boundaries which in most cases are blended with 
nearby emission. Since the cloud velocity boundaries in most 
cases truncate the cloud-averaged line profiles we have further 
extended the box in velocity-space by ±2 km s_1. Use of the 1 
K boundary within the above defined cloud boxes typically 
increases the dispersions in ah ab by ~15% and the velocity 
dispersions by - 50%. The final catalog has 273 clouds. 

The minimum apparent size criteria above a Tmin = 4 K level 
means that the peak intensity in the cloud is always greater 
than 5 K. All but 13 clouds in the catalog have a peak intensity 
greater than 6 K. These clouds thus represent the warm popu- 
lation described by Solomon, Sanders, and Rivolo (1985) and 
Rivolo, Solomon, and Sanders (1986). 

There is a two-fold (near-far) distance ambiguity for all kine- 
matic distances in the inner Galaxy. We have resolved the 
ambiguity by utilizing a bootstrap process based on the cloud 
physical properties measured for a subset of clouds with 
known distances which serve as calibrators. The calibrator 
clouds include those with small near-far distance ratios 
(tangent point clouds), and clouds which can be assigned either 
near or far on the basis of an association with an H n region 
(Downes et al. 1980) for which a distance assignment has been 
made on the basis of radio absorption line data. These clouds 
are identified by the flags T = tangent, H = H n region in 
column ( 15) of T able 1. 

Near or far distances to all noncalibrator clouds were 
assigned using three criteria: (1) choosing the distance with the 
better fit to the size-line width relation, discussed in the next 
section, (2) choosing the near side if the far distance places the 
cloud more than 150 pc out of the plane, and (3) choosing near 
or far based on the fit for the scale height of the emission in the 
longitude and velocity range of the cloud. The third method 
utilizes the well-determined value for the half-width at half- 
maximum of the molecular layer of 60 pc (see, e.g., Sanders, 
Solomon, and Scoville 1984). The details of these methods are 
presented elsewhere (Solomon et al. 1986). The flags in column 
(15) of Table 1 reflect these methods: V = velocity line width- 
size relation, Z = height from disk, G = scale height. 

III. EMPIRICAL RESULTS 

a) Size-Line Width and Mass-Luminosity Laws 
For each cloud we define a size parameter S given by 

where D is the distance to a cloud. For the calibrators we find a 
well-defined relationship between the cloud size and the veloc- 
ity line width. Figure 1 shows the data for all clouds in Table 1 
with the calibrators shown as solid symbols. A linear least- 
squares regression to the logs using only the calibrators leads 
to the result 

(Jv = 1.0 + OTS*0'510 05 (km s_1), (1) 

where S is in parsecs. The dispersion in log (aj is ±0.11 corre- 
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TABLE 1 
Galactic First Quadrant Molecular Cloud Catalog 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (ll) (12) (13) (14) (15) 

No. Tmin-I tp bp Vp Tp R D z a¿ ab av LCO/104 M^/104 Flag 

(Deg.) (Deg.) (km-s”1) (K) (kpc) (kpc) (pc) (Deg.) (Deg.) (km-s"1) (K-km-s-^pc2) (M0) (K) 

1 4-3 
2 5-3 
3 4-4 
4 4-5 
5 5-6 
6 
7 
8 
9 

10 

16 
17 
18 
19 
20 

5-4 
5-2 
4-6 
4-8 
4-11 

11 4-10 
12 4-16 
13 6-14 
14 6-15 
15 5-15 

5-17 
5-21 
4- 21 
5- 18 
4-22 

21 5-24 
22 4-26 
23 4-25 
24 4-27 
25 5-27 
26 
27 
28 
29 
30 

4-31 
4- 33 
5- 29 
4-36 
6- 30 

31 5-33 
32 4-35 
33 6-32 
34 4-40 
35 4-43 
36 
37 
38 
39 
40 

4-42 
4-44 
6-33 
6-35 
4-47 

41 6-37 
42 5-40 
43 4-51 
44 4-50 
45 4-57 
46 4-56 
47 4-60 
48 4-58 
49 4-62 
50 5-45 
51 5-48 
52 5-50 
53 4-63 
54 4-61 
55 4-64 

8.00 
8.20 
8.30 
8.30 
8.40 
8.50 
8.30 
8.70 
8.90 
9.30 
9.30 
9.60 
9.80 
10.00 
10.20 
10.60 
10.80 
11.10 
11.10 
11.40 
11.60 
11.70 
11.90 
11.90 
12.00 
12.20 
12.40 
12.70 
12.70 
12.80 
12.90 
13.00 
13.00 
13.70 
13.90 
13.90 
14.00 
14.00 
14.20 
14.60 
15.00 
15.00 
15.10 
15.30 
15.70 
15.90 
15.90 
15.90 
16.20 
15.80 
16.25 
16.70 
16.30 
16.30 
16.50 

-0.50 
0.20 
0.00 

-0.10 
-0.30 
-1.00 
-0.30 

0.60 
-0.50 

0.70 
0.00 
0.80 

-0.75 
-0.04 
-0.30 
-0.40 
-0.80 
-0.40 
-0.50 
-0.30 
-0.40 
-0.30 

0.80 
-0.10 
-0.60 
-0.10 
-0.70 

0.70 
-0.10 
-0.20 

0.50 
0.40 

-0.10 
-0.10 

0.90 
0.30 

-0.10 
-0.60 
-0.20 
-0.60 
-0.70 

0.00 
0.90 
0.00 

-0.20 
-0.60 

0.30 
-1.00 
-0.80 
-0.60 
-0.05 
-0.45 
-0.40 

0.40 
0.40 

128. 
20. 
3. 
48. 
37. 
16. 
16. 
22. 
12. 
15. 
31. 
26. 
28. 
32. 
8. 
-2. 
29. 
-2. 
34. 
49. 
32. 
47. 
26. 
42. 
35. 
23. 
25. 
18. 
56. 
32. 
35. 
32. 
47. 
48. 
27. 
49. 
26. 
18. 
39. 
37. 
20. 
25. 
43. 
32. 
57. 
19. 
19. 
58. 
56. 
48. 
48. 
43. 
19. 
28. 
38. 

5.7 1.4 
10.2 6.2 
5.7 4.0 
8.2 3.6 
17.0 4.4 
10.5 6.9 
6.7 6.8 
7.8 6.1 
5.4 4.0 
6.6 7.3 
7.5 
6.5 

5.3 
5.9 

8.7 5.7 
9.7 5.4 
10.9 3.8 
16.8 3.8 
8.1 5.9 
12.9 4.0 
7.6 5.5 
6.0 4.5 
6.3 
6.7 

8.2 
9.0 

10.1 -89. 
15.9 56. 
6.2 0. 
13.2 -23. 
5.7 -30. 
3.2 -55. 
3.2 -17. 
4.0 42. 
6.3 -21. 
2.8 34. 
4.8 
4.2 
4.4 

0. 
59. 

-57. 
4.7 -33. 
6.5 -34. 
6.5 -45. 
4.2 -59. 
6.3 -44. 
4.8 -42. 
6.1 -32. 

5.8 
4.7 

10.5 6.5 
5.9 5.1 
7.1 5.7 
10.0 6.9 
6.2 6.7 
16.1 7.5 
9.7 4.4 
22.5 6.1 

5.9 
6.2 

10.5 5.0 
7.5 5.1 
5.2 6.8 
9.0 5.1 
5.7 6.9 
15.3 7.7 
15.5 5.8 
6.6 6.1 

42.6 7.7 
8.1 7.2 
9.5 5.7 
6.7 6.6 
6.9 5.0 
12.7 7.9 
6.8 7.9 
5.1 5.0 
6.0 5.1 
7.1 5.5 

10.0 5.6 
9.9 6.0 
8.5 7.9 
10.0 7.1 
10.0 6.3 

4.3 
5.6 
3.6 
14.4 
4.5 
16.3 
3.4 
2.5 
13.6 
4.1 
4.3 
4.0 
5.3 
5.2 
3.3 
5.2 
3.2 
2.4 
4.4 
4.2 
2.5 
3.0 
4.6 
3.6 
5.4 
2.2 
2.2 
5.5 
5.3 
4.8 
14.5 
4.3 
2.2 
3.1 
3.9 

-30. 
-29. 

51. 
-25. 
-47. 
-28. 
-42. 

31. 
-24. 
-14. 

38. 
28. 

-9. 
-9. 
53. 
27. 

-6. 
-25. 
-15. 
-43. 
-30. 

0. 
71. 
0. 

-19. 
-23. 

12. 
-95. 
-74. 
-51. 
-13. 
-34. 
-15. 

22. 
27. 

732 

0.06 
0.17 
0.40 
0.05 
0.32 
0.25 
0.16 
0.08 
0.04 
0.03 
0.08 
0.19 
0.05 
0.10 
0.16 
0.17 
0.16 
0.10 
0.30 
0.09 
0.06 
0.05 
0.13 
0.07 
0.10 
0.04 
0.05 
0.23 
0.04 
0.29 
0.08 
0.20 
0.17 
0.10 
0.10 
0.12 
0.10 
0.49 
0.36 
0.09 
0.16 
0.08 
0.08 
0.13 
0.09 
0.27 
0.15 
0.07 
0.03 
0.08 
0.07 
0.14 
0.03 
0.09 
0.11 

0.07 
0.21 
0.11 
0.05 
0.15 
0.25 
0.15 
0.09 
0.04 
0.11 
0.08 
0.11 
0.10 
0.07 
0.11 
0.11 
0.10 
0.08 
0.33 
0.07 
0.10 
0.06 
0.13 
0.04 
0.11 
0.04 
0.04 
0.19 
0.05 
0.16 
0.06 
0.13 
0.12 
0.10 
0.10 
0.12 
0.08 
0.33 
0.18 
0.11 
0.09 
0.04 
0.04 
0.13 
0.08 
0.13 
0.09 
0.05 
0.04 
0.08 
0.07 
0.15 
0.07 
0.17 
0.22 

4.4 
4.1 
3.8 
2.2 
3.9 
3.5 
2.4 
1.9 
3.1 
2.0 
2.4 
4.4 
3.4 
3.1 
5.0 
3.0 
2.9 
3.1 
4.8 
2.1 
2.8 
2.8 
2.4 
3.4 
2.6 
3.9 
2.6 
2.3 
2.2 
6.8 
2.5 
3.3 
4.4 
3.2 
3.2 
3.0 
2.3 
4.8 
4.2 
2.3 
3.0 
2.2 
1.6 
2.3 
2.2 
2.5 
1.9 
1.5 
1.8 
2.7 
2.9 
3.2 
1.7 
2.7 
5.4 

7.27 
140.2 
22.6 
5.02 
23.3 
10.6 
2.81 
0.86 
0.94 
0.20 
1.56 
5.39 
1.83 
1.83 
18.8 
10.4 
3.80 
4.55 
57.8 
1.79 
1.67 
1.23 
2.24 
8.46 
2.95 
8.30 
0.32 
2.81 
4.57 
27.8 
1.05 
3.53 
14.0 
3.16 
1.32 
4.72 
0.76 
19.5 
29.7 
1.79 
2.51 
0.35 
0.48 
1.81 
1.32 
1.60 
0.42 
0.73 
0.32 
1.83 
14.3 
6.60 
0.08 
1.61 
5.36 

44.4 
176.3 
65.4 
11.1 
66.5 
33.7 
10.0 
4.2 
8.4 
2.2 
7.8 

41.0 
12.4 
13.3 
75.1 
27.9 
15.6 
18.9 
121.3 
7.4 
9.1 
8.3 
9.5 

30.8 
11.1 
34.6 
3.6 
9.8 
10.2 
140.6 
6.5 

24.5 
50.8 
18.6 
12.0 
19.7 
5.3 

76.2 
68.8 
7.6 
9.2 
2.8 
2.3 
8.6 
7.8 
9.1 
3.3 
2.5 
2.1 
9.8 
29.7 
22.2 
1.0 
9.7 

62.1 

T 
F,V 
X 

F,U 
N,H 
N,V 
N,V 
N,V 
X 

N,V 
N,V 
N,V 
N,Z 
N,V 

X 
X 

N,V 
X 

F,G 
N,G 
N,V 
N,V 
N,Z 
F,G 
N,V 
F,H 
N,Z 
N,Z 
F,H 
N,H 
N,Z 
N,V 
N,H 
N,V 
N,Z 
N,V 
N,V 
N,V 
N,V 
N,Z 
N,H 
N,V 
N,Z 
N,V 
N,V 
N,Z 
N,V 
N,Z 
N,Z 
N,V 
F,G 
N,G 
N,V 
N,G 
N,G 
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(1) 

No. 

56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 

TABLE 1—Continued 

(2) (3) W 

bD 

(5) (6) (7) (8) (9) (10) (11) (12) 

R D <rt 0b 

(13) (14) (15) 

LCO/104 Mvr/104 Flag 

(K) (Deg.) (Deg.) (km-s x) (K) (kpc) (kpc) (pc) (Deg.) (Deg.) (km-s x) (K-km-s 1*pc2) (M©) 

4- 67 
5- 55 
5-54 
4-71 
4- 74 
5- 59 
4-78 
6- 56 
6-61 
4- 82 
5- 63 
4- 86 
5- 68 
4-88 
4-91 
4-89 
4-92 
4-95 
4-94 
4-90 
4-97 
4-99 
4-101 
4-104 
4-102 
4-103 
4-108 
4- 98 
5- 84 

4-113 
4-110 
4-116 
4-118 
4- 122 
5- 93 
5-94 
5-96 
7- 82 
5- 98 
4-130 
4-129 
7-85 
6- 88 
4- 131 
7-94 
5- 106 
7-95 
4-133 
4- 132 
6- 100 
5- 115 
4-141 
6- 102 
4-143 
6-109 

16.65 
16.80 
16.90 
17.20 
17.30 
17.70 
17.70 
18.15 
18.85 
18.65 
18.85 
19.20 
19.25 
19.55 
19.60 
19.65 
19.70 
19.75 
19.80 
19.90 
20.40 
20.55 
20.70 
20.75 
20.75 
20.85 
20.90 
21.35 
21.40 
21.75 
21.40 
21.50 
21.90 
22.05 
22.35 
22.40 
22.55 
22.55 
22.75 
22.80 
22.85 
23.00 
23.00 
23.10 
23.40 
23.50 
23.55 
23.70 
23.80 
23.95 
24.20 
24.45 
24.45 
24.50 
24.40 

-0.05 
0.10 
0.30 

-0.20 
-0.90 

0.30 
0.10 

-0.30 
0.05 
0.30 

-0.50 
-0.30 

0.05 
0.25 

-0.05 
-0.65 

0.10 
-0.65 
-0.45 
-0.55 

0.60 
-0.45 
-0.30 
-0.10 

0.10 
0.00 

-0.30 
0.35 

-0.65 
0.00 
0.00 
0.25 

-0.35 
0.20 
0.10 
0.30 

-0.05 
-0.20 
-0.25 

0.40 
0.40 

-0.40 
0.00 
0.60 

-0.25 
-0.40 

0.20 
0.50 
0.55 
0.15 

-0.05 
-0.80 

0.25 
0.20 

-0.25 

59. 
30. 
24. 
43. 
46. 
22. 
41. 
54. 
50. 
21. 
66. 
33. 
26. 
5. 

58. 
55. 
26. 
24. 
69. 
44. 
7. 

67. 
63. 
59. 
77. 
30. 
68. 
8. 
55. 
67. 
75. 
77. 
82. 
50. 
85. 
84. 
115. 
77. 
109. 
92. 
114. 
74. 
81. 
38. 
102. 
73. 
82. 
82. 
10. 
79. 
88. 
56. 
120. 
38. 
60. 

8.7 5.1 
12.5 7.0 
18.0 7.5 
13.0 6.1 
7.9 5.9 
8.2 
7.0 

7.8 
6.3 

25.3 5.6 
11.7 5.9 
7.1 8.0 

17.9 5.1 
6.4 7.1 
8.0 
7.1 

6.3 
7.0 

5.2 
8.7 

8.8 
5.3 

7.6 
0.0 

17.8 5.6 
5.8 
7.7 

10.2 7.8 
10.4 5.1 
17.8 6.4 

9.3 
5.3 

14.4 5.5 
15.9 5.7 
6.5 4.9 
6.7 7.5 
5.1 5.3 
7.3 9.3 
10.0 6.0 
9.7 5.4 
10.0 5.1 
7.4 5.0 
10.5 4.8 
10.2 6.3 
9.7 4.8 
15.0 4.8 
6.5 3.9 
10.2 5.1 
7.7 4.1 
7.2 4.6 
7.3 4.0 
13.5 5.3 
8.7 5.0 
12.0 7.2 
13.4 4.4 
7.1 5.4 
12.0 5.1 

5.1 
9.2 

15.3 5.2 
8.6 4.9 
5.1 6.3 
16.5 4.1 
8.5 
7.5 

7.3 
6.1 

5.4 
15.9 
2.6 
14.9 
4.4 
2.4 
15.1 
4.9 
14.4 
16.8 
5.6 
15.7 
2.6 
0.5 
4.9 
4.8 
16.3 
2.4 
5.6 
4.0 
0.7 
13.3 
13.6 
13.8 
6.0 
15.9 
5.4 
0.8 
4.6 
5.3 
12.8 
5.9 
12.4 
4.2 
12.2 
12.2 
8.5 
12.6 
9.2 
11.7 
8.4 
12.8 
12.4 
3.2 
11.0 
5.5 
12.3 
6.1 
0.9 
5.8 
11.9 
4.3 
9.1 
15.1 
13.6 

-5. 
28. 
14. 

-52. 
-70. 

12. 
26. 

-25. 
13. 
88. 

-48. 
-82. 

2. 
2. 

-4. 
-54. 

28. 
-27. 
-44. 
-38. 

8. 
-105. 
-71. 
-24. 

10. 
0. 

-28. 
5. 

-52. 
0. 
0. 

26. 
-76. 

14. 
21. 
64. 

-7. 
-44. 
-34. 

82. 
59. 

-89. 
0. 

34. 
-48. 
-38. 

43. 
53. 
9. 
0. 

-10. 
-61. 

40. 
53. 

-59. 

0.17 
0.08 
0.22 
0.18 
0.04 
0.15 
0.04 
0.25 
0.11 
0.09 
0.31 
0.10 
0.11 
0.11 
0.08 
0.07 
0.10 
0.08 
0.16 
0.23 
0.11 
0.08 
0.07 
0.08 
0.09 
0.11 
0.11 
0.42 
0.30 
0.16 
0.11 
0.05 
0.12 
0.19 
0.04 
0.06 
0.04 
0.05 
0.06 
0.05 
0.06 
0.29 
0.09 
0.08 
0.08 
0.09 
0.09 
0.08 
0.17 
0.06 
0.09 
0.04 
0.22 
0.05 
0.05 

0.09 
0.09 
0.42 
0.10 
0.06 
0.09 
0.04 
0.18 
0.09 
0.04 
0.25 
0.09 
0.08 
0.11 
0.06 
0.08 
0.08 
0.06 
0.26 
0.18 
0.20 
0.10 
0.05 
0.06 
0.11 
0.09 
0.09 
0.23 
0.11 
0.09 
0.07 
0.04 
0.14 
0.19 
0.07 
0.04 
0.04 
0.02 
0.05 
0.07 
0.00 
0.18 
0.07 
0.11 
0.07 
0.06 
0.08 
0.04 
0.15 
0.04 
0.05 
0.05 
0.18 
0.07 
0.05 

3.2 
3.3 
4.1 
5.8 
2.6 
2.6 
3.4 
5.7 
3.2 
3.5 
7.5 
4.2 
2.6 
1.1 
3.1 
3.1 
3.3 
1.6 
4.9 
4.3 
0.9 
3.9 
3.0 
3.7 
3.5 
4.5 
3.2 
1.9 
3.1 
4.4 
3.6 
2.3 
4.7 
3.8 
3.0 
2.2 
3.2 
3.0 
3.1 
3.9 
2.7 
7.6 
5.0 
1.4 
4.9 
3.1 
4.8 
2.4 
1.5 
2.9 
3.0 
2.9 
6.6 
2.9 
3.5 

4.98 
28.4 
9.73 
91.0 
0.53 
0.99 
5.10 
24.5 
33.0 
6.35 
57.6 
27.2 
0.77 
0.01 
1.37 
1.46 
21.8 
0.18 
15.3 
11.1 
0.04 
10.8 
7.27 
16.8 
3.16 
26.2 
3.16 
0.30 
8.75 
4.62 
15.3 
0.55 
40.9 
7.09 
7.17 
5.30 
2.32 
6.48 
4.03 
9.05 
0.81 

290.1 
20.2 
0.33 
25.8 
2.18 
28.0 
0.97 
0.11 
I. 50 
9.07 
0.48 
109.5 
7.82 
II. 1 

23.9 
51.4 
46.8 
234.2 

5.1 
6.5 
24.3 
117.0 
51.2 
43.0 

302.8 
91.6 
5.7 
0.3 
11.5 
11.9 
55.3 
1.5 

95.7 
51.8 
0.3 

63.1 
25.2 
45.7 
25.4 
111.8 
19.3 
3.1 
27.7 
42.8 
50.8 
4.9 

123.5 
39.7 
20.2 
10.1 
12.2 
12.5 
16.9 
36.7 
9.1 

588.6 
85.6 
2.1 

68.9 
13.6 
83.7 
6.9 
1.1 
8.4 
24.9 
5.7 

274.9 
26.2 
29.0 

N,V 
F,V 
N,H 
F,V 
N.Z 
N,G 
F,V 
N,V 
F,G 
F,V 
N,H 
F,V 
N,V 
N,V 
N,V 
N,V 
F,V 
N,V 
N,V 
N,U 
N,V 
F,V 
F,G 
F,H 
N,V 
F,V 
N,V 
N,V 
N,Z 
N,V 
F,V 
N,V 
F,V 
N,G 
F,? 
F,? 
T 

F,U 
T 

F,V 
T 

F,H 
F,V 
N,V 
T,H 
N,V 
F,V 
N,V 
N,Z 
N,V 
F,H 
N,Z 
T 

F,G 
F,V 
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(1) 

No. 

Ill 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 
146 
147 
148 
149 
150 
151 
152 
153 
154 
155 
156 
157 
158 
159 
160 
161 
162 
163 
164 
165 

TABLE 1—Continued 

(2) 

Tmin-I 

(K) 

6-110 
6-113 
4- 138 
5- 119 
5-121 
5-124 
4- 142 
5- 130 
4-145 
4- 146 
5- 128 
5-133 
5-138 
4- 148 
5- 137 
4- 151 
5- 140 
5-142 
4-150 
4-153 
4-156 
4- 152 
5- 146 
4- 159 
5- 149 
4-158 
4- 162 
5- 154 
4-165 
4-160 
4-167 
4-170 
4-174 
4-173 
4-176 
6- 155 
4-175 
6-157 
6-159 
4- 178 
6-158 
6-165 
5- 174 
6- 162 
6-168 
4-187 
6-171 
6-169 
4-189 
6-174 
4-191 
6-179 
4-194 
4-193 
4-199 

(3) W (5) (6) (7) (8) (9) (10) (11) 

bp Vp îp R D z 

(12) (13) 

¿co/104 

(14) (15) 

Mvt/10* Flag 

(Deg.) (Deg.) (km-s x) (K) (kpc) (kpc) (pc) (Deg.) (Deg.) (km-s x) (K-km-s 1-pc2) (M©) 

24.50 
24.45 
24.50 
24.50 
24.55 
24.60 
24.65 
25.20 
25.25 
25.55 
25.45 
25.65 
25.45 
25.80 
25.80 
25.90 
25.70 
25.90 
25.95 
26.20 
26.35 
26.50 
26.55 
26.60 
26.65 
26.70 
26.65 
26.90 
26.95 
26.95 
27.05 
27.25 
27.30 
27.35 
27.50 
27.50 
27.65 
27.75 
28.20 
28.30 
28.30 
28.60 
28.80 
28.85 
29.10 
28.95 
29.35 
29.00 
29.35 
29.55 
29.60 
29.85 
29.90 
29.90 
30.40 

-0.15 
-0.50 
-0.70 
-0.25 
-0.50 
-0.15 
-0.10 

0.15 
0.30 

-0.40 
-0.20 
-0.10 
-0.20 

0.45 
0.25 
0.20 

-0.15 
-0.15 
-0.60 

0.10 
0.80 

-0.60 
-0.30 

0.00 
0.00 
0.50 
0.00 
0.10 

-0.40 
-0.10 
-0.15 

0.15 
-0.30 
-0.15 

0.20 
0.15 
0.10 
0.10 

-0.05 
-0.35 
-0.10 

0.05 
0.20 

-0.25 
-0.30 
-0.65 
-0.45 

0.05 
-0.55 

0.20 
-0.60 
-0.05 

0.10 
-0.80 

0.45 

44. 
44. 
47. 
101. 
61. 
83. 
114. 
105. 
47. 
116. 
65. 
94. 
120. 
48. 
109. 
69. 
109. 
107. 
63. 
71. 
47. 
67. 
108. 
26. 
100. 
86. 
112. 
91. 
69. 
81. 
101. 
33. 
72. 
93. 
36. 
95. 
83. 
101. 
95. 
47. 
81. 
100. 
79. 
88. 
94. 
51. 
77. 
98. 
64. 
79. 
75. 
100. 
40. 
83. 
45. 

11.7 6.9 
10.7 6.9 
6.7 6.8 
17.8 4.5 
8.2 6.1 
9.0 
5.1 

5.2 
4.2 

11.2 4.5 
11.2 6.8 
7.6 4.3 
12.0 6.0 
12.8 4.9 
9.2 
6.2 
9.0 
5.3 
6.9 

8.8 
8.0 

4.3 
6.8 
4.4 
5.9 
4.4 

10.2 4.5 
5.8 6.1 
5.9 5.8 
6.6 6.9 
7.8 6.0 
10.9 4.6 
7.2 8.2 
9.1 0.6 
7.7 5.3 
6.4 4.5 
9.6 5.1 
12.5 6.0 
7.5 5.5 
7.4 4.8 
8.5 7.8 
6.5 5.9 
10.5 5.1 
10.2 7.6 

5.1 
5.5 

8.7 4.9 
9.3 5.1 
7.6 7.1 

13.0 5.6 
10.0 5.0 
7.2 5.8 

15.8 5.4 
11.0 5.2 
12.0 7.0 
10.5 5.9 
10.9 5.1 
6.3 6.4 
11.0 5.8 
7.9 6.0 

20.5 5.1 
6.6 
7.0 

7.6 
5.7 

10.0 7.4 

3.5 
3.5 
3.7 
10.9 
4.8 
12.1 
9.1 
9.1 
14.4 
9.0 
13.2 
11.5 
9.0 
3.7 
9.0 
5.1 
9.0 
9.0 
4.7 
5.2 
3.6 
4.9 
8.9 
15.8 
9.6 
6.2 
8.9 
6.5 
5.0 
5.8 
8.9 
15.2 
5.2 
6.6 
15.0 
10.9 
5.9 
8.9 
10.8 
3.5 
5.8 
8.8 
11.9 
6.3 
7.1 
3.8 
5.4 
8.8 
4.6 
5.6 
12.1 
8.7 
14.4 
5.9 
3.3 

-9. 
-31. 
-46. 
-48. 
-42. 
-32. 
-15. 

27. 
75. 

-63. 
-46. 
-20. 
-32. 

29. 
43. 
18. 

-21. 
-27. 
-49. 

9. 
51. 

-52. 
-42. 

0. 
0. 
54. 
0. 
11. 

-35. 
-1Ó. 
-19. 

40. 
-27. 
-17. 

52. 
29. 
10. 
13. 

-9. 
-21. 
-10. 

9. 
42. 

-27. 
-37. 
-43. 
-43. 

6. 
-44. 

20. 
-126. 
-6. 
25. 

-82. 
26. 

0.08 
0.20 
0.09 
0.09 
0.10 
0.08 
0.08 
0.12 
0.08 
0.04 
0.12 
0.21 
0.10 
0.14 
0.25 
0.04 
0.13 
0.15 
0.07 
0.09 
0.13 
0.15 
0.08 
0.03 
0.10 
0.07 
0.06 
0.12 
0.09 
0.14 
0.06 
0.09 
0.07 
0.06 
0.04 
0.08 
0.11 
0.13 
0.04 
0.21 
0.15 
0.09 
0.06 
0.12 
0.25 
0.09 
0.19 
0.19 
0.11 
0.14 
0.11 
0.15 
0.05 
0.12 
0.04 

0.11 
0.19 
0.08 
0.08 
0.08 
0.07 
0.13 
0.05 
0.09 
0.02 
0.16 
0.13 
0.04 
0.20 
0.09 
0.06 
0.11 
0.11 
0.07 
0.08 
0.05 
0.21 
0.04 
0.11 
0.16 
0.07 
0.04 
0.07 
0.02 
0.08 
0.04 
0.05 
0.07 
0.04 
0.04 
0.07 
0.07 
0.12 
0.10 
0.09 
0.14 
0.09 
0.04 
0.07 
0.11 
0.08 
0.12 
0.10 
0.10 
0.11 
0.13 
0.10 
0.02 
0.05 
0.07 

3.2 
4.2 
3.4 
5.0 
3.4 
6.3 
3.2 
4.2 
4.5 
2.6 
4.4 
6.0 
2.8 
2.8 
6.6 
2.0 
3.0 
5.6 
2.1 
2.9 
1.9 
4.3 
2.8 
3.9 
4.3 
2.0 
2.9 
3.0 
2.2 
2.5 
2.3 
4.4 
3.2 
2.3 
2.9 
4.7 
3.5 
3.3 
5.5 
3.2 
4.1 
5.2 
3.5 
6.0 
4.0 
2.5 
5.3 
3.7 
3.3 
3.0 
4.4 
5.2 
3.3 
2.3 
1.6 

2.15 
9.85 
1.18 
15.7 
3.50 
21.2 
6.34 
8.59 
16.1 
1.04 
62.0 
79.3 
3.22 
3.47 
34.7 
0.45 
13.3 
27.3 
0.94 
1.73 
0.53 
9.35 
3.95 
18.6 
22.2 
1.34 
2.39 
4.44 
0.57 
2.21 
2.15 
14.8 
1.45 
1.80 
4.61 
16.7 
3.21 
14.1 
15.0 
1.86 
18.6 
14.1 
6.81 
9.44 
22.3 
0.76 
14.1 
25.5 
2.57 
8.74 
27.4 
35.0 
4.40 
1.75 
0.20 

11.8 
42.3 
12.8 
80.8 
17.2 

125.5 
33.1 
43.1 
86.2 
6.0 

123.4 
238.4 
15.6 
17.0 

204.9 
3.5 
33.8 
126.3 

5.1 
12.9 
3.7 
56.4 
13.8 
48.1 
78.2 
6.0 
12.8 
18.7 
3.6 
13.4 
8.0 
68.8 
13.0 
6.0 
17.5 
63.0 
22.2 
41.9 
72.0 
17.2 
49.1 
74.5 
24.9 
72.2 
65.6 
6.9 
80.1 
57.5 
18.3 
21.9 
97.2 
100.1 
17.3 
8.4 
1.5 

N,V 
N,V 
N,G 
F,V 
N,U 
F,V 
T 
T 

F,V 
T 

F,H 
F,G 
T 

N,Z 
T 

N,V 
T 
T 

N,V 
N,V 
N,Z 
N,G 

T 
F,V 
T 

N,V 
T 

N,V 
N,V 
N,V 
T 

F,V 
N,V 
N,V 
F,V 
F,V 
N,V 

T 
F,V 
N,V 
N,G 
T,H 
F,V 
N,G 
N,V 
N,Z 
N,G 

T 
N,V 
N,G 
F,V 
T,H 
F,V 
N,V 
N,V 
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(1) 

No. 

166 
167 
168 
169 
170 
171 
172 
173 
174 
175 
176 
177 
178 
179 
180 
181 
182 
183 
184 
185 
186 
187 
188 
189 
190 
191 
192 
193 
194 
195 
196 
197 
198 
199 
200 
201 
202 
203 
204 
205 
206 
207 
208 
209 
210 
211 
212 
213 
214 
215 
216 
217 
218 
219 
220 

TABLE 1—Continued 

(2) 

Tmin-I 

(3) 

i? 

(4) (5) 

Vv 

(6) (7) (8) (9) (10) 

D °i 

(11) 

Vb 

(12) (13) 

Wio4 

(14) (15) 

Mvrr/104 Flag 

(K) (Deg.) (Deg.) (km-s x) (K) (kpc) (kpc) (pc) (Deg.) (Deg.) (km-s"1) (K-km-s“1-pc2) (M©) 

4- 198 
5- 186 
4-197 
6- 191 
6-188 
7- 174 
4- 201 
5- 193 
4-204 
6- 196 
7- 173 
6-199 
4- 207 
5- 198 
6- 204 
4- 215 
5- 200 
4-217 
4-218 
4-223 
4-220 
4-222 
4-225 
4-226 
4-227 
4-221 
4-233 
4-228 
4-229 
4-235 
4-239 
4- 232 
5- 222 
5-223 
5-220 
4-240 
4-241 
4- 244 
5- 230 
4- 248 
5- 234 
5-237 
5-238 
4-254 
4-258 
4-261 
4-265 
4-269 
4-272 
4-276 
4-281 
4-279 
4-284 
4-288 
4-286 

30.50 
30.55 
30.60 
30.60 
30.60 
30.80 
30.85 
30.90 
30.95 
30.95 
30.30 
31.30 
31.40 
31.40 
31.45 
31.95 
32.00 
32.45 
32.60 
33.35 
33.40 
33.45 
33.80 
33.65 
33.85 
33.90 
34.15 
34.25 
34.35 
34.40 
34.80 
34.65 
35.05 
35.15 
34.70 
35.20 
35.75 
35.80 
35.95 
36.10 
36.40 
36.50 
36.90 
37.35 
37.45 
37.75 
38.25 
38.95 
39.85 
40.30 
41.00 
41.15 
41.90 
42.35 
42.15 

-0.65 
0.35 

-0.05 
-0.45 
-0.10 
-0.05 
-0.15 
-0.60 

0.10 
0.40 

-0.25 
0.00 
0.00 

-0.25 
0.05 

-0.30 
0.00 
0.20 

-0.25 
-0.55 

0.00 
-0.10 
-0.20 

0.20 
0.00 
0.10 

-0.10 
0.10 

-0.85 
-0.20 
-0.15 
-0.80 

0.30 
-0.75 
-0.70 
-0.10 

0.15 
-0.20 
-0.50 

0.65 
-0.10 
-0.15 
-0.05 

0.25 
0.10 

-0.20 
-0.15 
-0.45 
-0.20 
-0.45 
-0.20 
-0.20 
-0.40 
-0.05 
-0.60 

12. 
95. 
43. 
94. 
115. 
92. 
53. 
102. 
40. 
77. 

105. 
79. 
39. 
88. 
104. 
97. 
98. 
51. 
90. 
92. 
75. 
87. 
48. 
42. 
89. 
106. 
89. 
53. 
13. 
53. 
76. 
55. 
51. 
35. 
46. 
13. 
82. 
29. 
58. 
77. 
52. 
77. 
80. 
88. 
41. 
60. 
65. 
42. 
57. 
74. 
38. 
60. 
59. 
58. 
67. 

15.3 9.2 
9.9 5.3 
7.2 7.5 
11.2 5.4 

0.9 -10. 
8.6 63. 
14.1 -12. 
10.3 -81. 

8.1 5.1 8.6 -15. 
16.1 5.4 
11.5 7.0 
7.2 
7.7 
8.4 

8.8 
8.5 

7.1 
6.0 
6.4 
9.5 
6.8 
8.2 
5.3 

6.2 
8.5 
7.7 

8.9 
9.9 

8.0 
7.3 

5.2 
7.6 
6.0 

7.4 
7.7 
5.8 
5.6 
5.8 
7.2 
9.2 

6.4 7.2 
6.7 6.3 
7.1 7.2 

13.8 7.4 
22.3 7.5 
10.0 7.5 

9.3 
6.2 
8.4 

10.5 7.1 
11.5 6.4 

7.4 
6.4 

8.9 6.5 
6.4 6.1 
9.2 7.9 

7.1 
7.0 

16.3 7.9 
8.1 7.4 
7.8 6.8 
6.0 8.2 
11.0 7.3 

6.8 -6. 
3.9 -10. 
8.6 -96. 
14.2 
5.5 

14.9 5.2 
7.7 6.0 

7.7 
5.7 

6.2 5.4 
10.5 5.4 
6.4 7.2 
10.5 5.7 
6.6 5.7 
13.3 6.3 
7.2 5.9 

25. 
38. 

8.6 -36. 
5.6 0. 

14.2 0. 
10.7 -47. 

8.7 5.2 8.5 7. 
-38. 

0. 
46. 

10.3 -45. 
8.4 0. 

8.5 
8.5 
13.3 

11.4 
10.3 

0. 
-18. 

13.2 -47. 
13.6 35. 
10.0 0. 
8.3 14. 
8.3 -17. 

8.2 
6.7 

7.4 
7.4 

10.7 7.1 

3.7 
0.9 
3.7 
5.6 
3.9 
3.6 
3.3 
3.3 
0.9 
10.2 
2.0 
4.1 
5.6 
3.6 
5.9 
5.9 
8.6 
3.0 
11.6 
11.1 
2.9 
11.3 
5.7 
2.7 
10.7 
10.6 
10.5 
5.4 

7. 
-14. 
-13. 
-15. 
-54. 

19. 
-43. 
-40. 
-2. 
27. 

-7. 
-36. 

63. 
-6. 
-15. 
-5. 
38. 
6. 

-40. 
-29. 
-23. 
-39. 
-45. 
-9. 
-37. 
-74. 
-9. 
-57. 

0.08 
0.08 
0.14 
0.04 
0.09 
0.20 
0.07 
0.05 
0.08 
0.09 
0.07 
0.08 
0.19 
0.05 
0.10 
0.07 
0.22 
0.04 
0.17 
0.07 
0.16 
0.15 
0.11 
0.06 
0.10 
0.20 
0.06 
0.19 
0.22 
0.10 
0.10 
0.22 
0.19 
0.15 
0.26 
0.15 
0.20 
0.36 
0.05 
0.17 
0.23 
0.17 
0.08 
0.13 
0.08 
0.05 
0.06 
0.12 
0.42 
0.08 
0.12 
0.10 
0.09 
0.06 
0.07 

0.14 
0.10 
0.09 
0.06 
0.07 
0.24 
0.09 
0.02 
0.10 
0.07 
0.19 
0.10 
0.11 
0.04 
0.08 
0.07 
0.09 
0.04 
0.14 
0.10 
0.07 
0.10 
0.07 
0.05 
0.05 
0.08 
0.10 
0.15 
0.21 
0.05 
0.10 
0.14 
0.12 
0.12 
0.38 
0.43 
0.08 
0.14 
0.06 
0.22 
0.12 
0.14 
0.08 
0.15 
0.08 
0.08 
0.02 
0.14 
0.19 
0.07 
0.20 
0.20 
0.08 
0.08 
0.16 

1.4 
4.2 
4.7 
3.9 
3.4 
5.2 
2.6 
3.3 
4.2 
3.0 
4.0 
3.4 
4.5 
2.9 
4.2 
3.5 
3.0 
2.6 
7.9 
2.2 
4.3 
3.9 
3.7 
2.8 
3.6 
4.2 
3.2 
4.6 
1.5 
2.6 
3.7 
3.0 
3.1 
3.1 
6.7 
1.7 
4.2 
1.8 
2.4 
4.3 
3.6 
3.2 
2.8 
3.8 
2.5 
5.2 
3.9 
3.6 
6.3 
2.8 
2.7 
6.7 
3.6 
4.0 
3.1 

0.04 
7.94 
32.1 
7.57 
5.69 
76.6 
0.82 
1.31 
23.7 
2.97 
26.5 
4.19 
51.4 
3.02 
10.2 
4.93 
16.6 
3.43 
56.5 
3.65 
16.7 
19.1 
13.8 
4.89 
5.73 
18.2 
4.04 
5.09 
0.25 
0.67 
3.89 
3.75 
4.41 
3.08 
23.0 
0.38 
27.3 
0.77 
0.62 
10.1 
6.06 
10.7 
3.65 
19.9 
0.40 
13.7 
3.27 
1.63 

171.8 
1.47 
1.61 
46.4 
8.43 
8.02 
5.03 

0.7 
47.3 
121.7 
26.8 
27.5 
140.4 
7.4 

10.3 
78.2 
13.6 
55.5 
20.2 
145.2 
14.1 
46.9 
25.4 
37.3 
12.5 

344.2 
11.8 
77.6 
67.1 
55.3 
20.4 
32.0 
64.5 
22.9 
46.4 
1.6 
6.2 

26.9 
21.2 
18.1 
14.8 

162.3 
2.4 

79.2 
5.2 
4.5 

69.7 
27.3 
32.3 
12.9 
60.7 
5.2 

68.9 
20.3 
17.2 

441.5 
11.6 
10.4 

236.7 
40.5 
40.6 
19.2 

N,V 
T 

F,G 
F,V 
T 

N,H 
N,V 

T 
F,G 
N,G 
T,H 
N,V 
F,G 
F,H 
T 
T 
T 

F,G 
F,V 
T 

F,G 
F,G 
F,G 
F,G 
F,G 
T 
T 

N,H 
N,Z 
N,G 
N,V 
N,G 
N,G 
N,Z 
N,Z 
N,G 
F,V 
N,V 
N,V 
N,G 
N,V 
N,V 
N,V 

T 
N,V 
F,H 
F,G 
N,G 
F,G 
N,V 
N,V 
F,G 
F,G 
F,G 
N,U 

735 
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TABLE 1—Continued 

(1) (2) 

No. Tmin-I 

(3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 

R D <rt <rb 

(13) (14) (15) 

¿CO/104 Mvt/104 Flag 

(K) (Deg.) (Deg.) (km-s"1) (K) (kpc) (kpc) (pc) (Deg.) (Deg.) (km-s x) (K-km-s ^pc2) (M0) 

221 
222 
223 
224 
225 
226 
227 
228 
229 
230 
231 
232 
233 
234 
235 
236 
237 
238 
239 
240 
241 
242 
243 
244 
245 
246 
247 
248 
249 
250 
251 
252 
253 
254 
255 
256 
257 
258 
259 
260 
261 
262 
263 
264 
265 
266 
267 
268 
269 
270 
271 
272 
273 

4-289 
4-292 
4-291 
4-297 
4-300 
4-304 
4-305 
4-306 
4-307 
4-313 
4-312 
4-311 
4-314 
4-317 
3-281 
3-290 
3- 294 
4- 326 
3- 301 
4- 333 
3-307 
3-318 
3-321 
3- 323 
4- 345 
4-347 
3-335 
3-337 
3-339 
3-346 
3-345 
3-354 
3-357 
3-359 
3- 361 
4- 367 
4-370 
4-374 
4-377 
4-379 
4-384 
4-381 
3-373 
3- 374 
4- 391 
4-394 
3- 377 
4- 395 
4-396 
3-380 
3-381 
3-383 
3-387 

42.75 
43.10 
43.20 
44.35 
45.45 
46.30 
47.05 
47.40 
47.55 
48.60 
48.60 
48.85 
49.50 
49.75 
50.05 
50.85 
51.35 
52.30 
52.55 
53.15 
53.55 
54.10 
54.65 
55.30 
59.30 
60.00 
60.90 
61.50 
63.10 
70.90 
71.10 
76.20 
76.30 
77.20 
78.00 
78.10 
78.20 
78.80 
79.20 
79.10 
79.50 
79.60 
80.70 
80.80 
81.20 
81.40 
81.40 
81.70 
82.00 
83.30 
83.50 
84.60 
85.40 

-0.35 
0.05 

-0.50 
-0.20 

0.05 
-0.20 

0.25 
-1.00 
-0.55 

0.25 
0.00 
0.15 

-0.40 
-0.55 

0.60 
0.25 

-0.05 
-0.05 
-0.95 
-0.25 

0.05 
-0.05 

0.80 
0.20 

-0.20 
0.10 

-0.10 
0.10 
0.40 
0.70 

-0.40 
0.10 

-0.70 
0.70 

-0.30 
-0.80 

0.10 
-0.50 

0.10 
1.00 
1.00 

-0.60 
0.70 

-0.50 
1.00 
0.70 
0.00 
0.60 

-0.40 
-0.20 
-1.00 

0.20 
0.00 

59. 
12. 
57. 
64. 
58. 
59. 
55. 
7. 

59. 
10. 
20. 
51. 
57. 
68. 
-2. 
43. 
54. 
52. 
64. 
61. 
23. 
40. 
31. 
30. 
28. 
22. 
23. 
22. 
20. 
12. 
10. 
-2. 
-1. 
2. 

-4. 
0. 
11. 
-1. 
8. 
7. 
12. 
4. 

-1. 
-3. 
13. 
-2. 
-4. 
-2. 
5. 
2. 
2. 

-1. 
-38. 

6.0 
8.7 
8.2 
7.4 
10.5 
7.7 
9.2 
5.3 
5.6 
7.0 
13.5 
8.0 
24.1 
10.7 
10.5 
7.0 
11.5 
5.7 
13.4 
10.7 
17.8 
14.2 
6.2 
7.2 
11.7 
11.9 
19.9 
15.5 
11.9 
5.7 
7.0 
16.3 
16.0 
5.8 
8.2 
10.7 
6.2 
11.5 
10.0 
9.7 
6.4 
6.6 
9.3 
9.0 
14.0 
9.2 
14.0 
14.0 
6.2 
7.4 
5.5 
12.7 
8.7 

7.4 
9.4 
7.5 
7.3 
7.6 
7.5 
7.7 
9.7 
7.6 
9.6 
9.1 
7.9 
7.7 
7.6 
10.1 
8.3 
7.9 
8.0 
7.9 
8.0 
9.1 
8.4 
8.8 
8.8 
8.9 
9.2 
9.1 
9.2 
9.3 
9.6 
9.6 
10.1 
10.0 
10.0 
10.2 
10.0 
9.8 
10.0 
9.8 
9.8 
9.8 
9.9 
10.0 
10.0 
9.9 
10.1 
10.1 
10.1 
9.9 
9.3 
9.9 
10.0 
11.8 

4.6 
13.8 
4.4 
9.2 
9.5 
9.1 
9.3 
0.5 
8.5 
12.5 
11.8 
6.6 
6.6 
6.5 
13.0 
3.6 
6.3 
6.1 
6.1 
6.0 
1.8 
8.2 
9.0 
9.0 
2.7 
8.0 
7.5 
7.4 
7.0 
1.8 
1.4 
5.1 
4.9 
4.1 
4.8 

4.1 
2.0 
4.1 
1.9 
1.9 
1.8 
2.5 
3.5 
3.8 
1.5 
3.5 
2.0 
2.0 
1.4 
1.2 
1.1 
2.0 
7.1 

-28. 
12. 

-38. 
-32. 

8. 
-32. 

40. 
-9. 
-82. 

55. 
0. 
15. 

-47. 
-62. 
136. 
16. 

-5. 
0. 

-101. 
0. 
2. 

-7. 
125. 
31. 

-9. 
14. 

-13. 
13. 
49. 
21. 

-10. 
9. 

-60. 
4. 

-25. 
0. 
4. 

-36. 
3. 

33. 
32. 

-26. 
42. 

-34. 
27. 
42. 
0. 
21. 

-10. 
-4. 
-20. 

7. 
0. 

0.16 
0.05 
0.07 
0.16 
0.25 
0.14 
0.14 
0.11 
0.09 
0.06 
0.06 
0.14 
0.28 
0.07 
0.08 
0.07 
0.19 
0.06 
0.27 
0.07 
0.36 
0.06 
0.10 
0.10 
0.11 
0.18 
0.05 
0.09 
0.07 
0.07 
0.23 
0.22 
0.10 
0.36 
0.09 
0.15 
0.18 
0.16 
0.10 
0.12 
0.03 
0.15 
0.18 
0.05 
0.14 
0.13 
0.21 
0.03 
0.18 
0.11 
0.15 
0.18 
0.03 

0.11 
0.05 
0.05 
0.20 
0.12 
0.02 
0.04 
0.04 
0.06 
0.04 
0.06 
0.11 
0.24 
0.06 
0.08 
0.08 
0.12 
0.06 
0.12 
0.04 
0.28 
0.05 
0.12 
0.10 
0.10 
0.15 
0.05 
0.07 
0.05 
0.07 
0.21 
0.19 
0.23 
0.21 
0.15 
0.13 
0.23 
0.14 
0.22 
0.04 
0.04 
0.14 
0.12 
0.09 
0.18 
0.11 
0.10 
0.30 
0.18 
0.06 
0.20 
0.45 
0.03 

3.6 
4.9 
2.5 
5.2 
4.8 
3.5 
2.5 
1.3 
2.1 
3.0 
2.6 
2.6 
7.4 
2.5 
2.5 
2.7 
3.3 
2.3 
3.4 
2.6 
1.8 
2.6 
3.1 
3.1 
1.9 
3.3 
1.3 
1.8 
1.8 
1.6 
1.9 
2.7 
2.5 
3.4 
2.5 
2.6 
2.9 
2.8 
2.3 
1.6 
2.6 
3.1 
3.3 
1.3 
4.6 
1.9 
1.8 
5.7 
2.2 
0.9 
1.9 
3.5 
2.2 

3.98 
10.2 
0.75 
42.6 
28.9 
4.65 
4.18 
0.01 
2.47 
3.65 
6.34 
3.87 
66.5 
I. 54 
II. 2 
0.57 
7.13 
0.73 
9.72 
I. 17 
1.11 
2.19 
6.71 
7.26 
0.61 
II. 0 
1.38 
3.29 
2.12 
0.11 
0.52 
7.20 
4.32 
7.57 
1.98 
2.97 
1.13 
4.21 
0.64 
0.07 
0.07 
1.21 
1.41 
0.36 
0.90 
1.03 
0.36 
4.29 
0.41 
0.03 
0.20 
4.86 
0.61 

27.3 
57.6 
5.7 

155.6 
132.2 
20.5 
15.1 
0.2 
9.6 
19.2 
16.7 
19.3 

326.5 
9.1 
22.7 
6.8 

35.8 
6.8 

44.1 
7.5 
6.3 
10.6 
32.9 
30.1 
3.5 
49.8 
2.2 
6.6 
4.7 
1.1 
3.9 
26.5 
16.2 
45.2 
12.1 
13.6 
12.2 
16.7 
5.1 
1.2 
1.5 

12.2 
19.3 
1.5 

17.9 
5.2 
3.3 
21.5 
4.2 
0.3 
2.5 

23.7 
3.6 

N,U 
F,V 
N,U 
F,V 
F,H 
F,G 
F,G 
N,V 
F,G 
F,V 
F,H 
T 

T,H 
T 

F,G 
N,V 

T 
T 
T 
T 

N,V 
F,G 
F,V 
F,V 
N,H 
F,G 
F,G 
F,G 
F,G 
N,G 
N,V 
F,H 
F,H 
F,V 
F,V 

F,V 
T 

F,V 
T 
T 
T 

F,V 
F,V 
F,V 
T 

F,V 
N,H 
N,H 

T 
T 
T 

F,V 
F,V 
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GALACTIC MOLECULAR CLOUDS 737 

S (pc) 
Fig. 1.—Molecular cloud velocity dispersion a{v) as a function of size S (defined in text) for 273 clouds in the Galaxy. The solid circles are calibrator clouds with 

known distances and the open circles are for clouds with the near-far distance ambiguity resolved by the method discussed in the text. The fitted line is a(v) = 5° 5 km 
s .For virial equilibrium the 0.5 power law requires clouds of constant average surface density. 

spending to 30% in (tv. This size-line width relation holds over 
a factor of 30 in size. Nearly identical fit parameters are 
achieved using all data points for the fit. The quoted error in 
the exponent is larger than the formal fit error and represents 
an estimate of the systematic error based on several fits to the 
data with varying definitions of cloud boundaries. We note 
that without the 2 km s “1 extrapolation in velocity, the con- 
stant in equation (1) is 0.83—a reduction of 17%. 

Myers (1983, and references therein) has found a similar 
relation using 46 small dark clouds with radii less than 2 pc. He 
finds a very similar exponent (0.52), but his constant of pro- 
portionality is smaller by almost a factor of 2. Myers’s cloud 
sizes were defined by peak intensities rather than integrated 
intensities and thus a direct quantitative comparison is not 
possible. Larson (1981), from a literature search, suggested that 
the observed exponent was close to ^ and reflected a Kolmogo- 
rov turbulent spectrum. This hypothesis is ruled out by the 
data presented here. We interpret the size-line width relation 
as arising from virial equilibrium (Solomon, Scoville, and 
Sanders 1979; Myers 1983). Previous determinations of the 
size-line width relation using 80 GMCs (Sanders, Scoville, and 
Solomon 1985) and 26 GMCs (Dame et al. 1986) are consistent 
with the results presented here, although those data are much 
less complete and cover a smaller range in size. 

Having determined physical sizes for each cloud a virial 
theorem mass can now be determined from the measured 
velocity dispersion 

Mvt = 3/p ^ (M0), (2) 

where fp is a projection factor, and G = 1/232 is the Newtonian 
constant using units of km s_1 and parsecs. In applying the 
virial theorem we are interpreting the CO velocity dispersion 
as a measure of the internal dynamics of the mass distribution 

within the clouds. This intepretation is motivated by the obser- 
vation that the CO line profiles, averaged over a cloud, have 
Gaussian shapes, even though the emission is known to be 
optically thick, and that these profiles are very much broader 
than the thermal line widths (typically a few tenths of km s_1) 
i.e., the velocity field is highly supersonic. In § IV we present a 
cloud model which is consistent with the above interpretation. 

From relations (1) and (2) it immediately follows that the 
mean surface density of the clouds is independent of size, and 
the mean spatial density scales inversely with size. For simpli- 
city we consider spherically symmetric clouds with a power- 
law density distribution 

P(r) = (3) 

truncated at r = Since we have used rectangular bound- 
aries to compute cloud sizes, we define an effective radius such 
that TiRg = A = AlAb where A/, Ab are the extents of the 
clouds projected in / and b. From the data we find that on 
average Ax = 3.4crx; thus the effective radius is related to the 
parameter S by 

3.4 o 
Re - {jt)ll2 

S- 

If all clouds have the same density profile, then a = 1 and the 
projection factor isfp = 2.9. We believe that a = 1 is close to 
the real case, since this results in surface density profiles which 
are similar to those observed. We adopt a = 1 henceforth; 
however, we note that variations in a have little effect onfp and 
therefore on derived masses. For example, if a = 2 then/p = 
2.5. The virial theorem in equation (2) can be rewritten as 

M = 1040.ReT2 (M0). 
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Lco (K km s 1 pc2 ) 

Fig. 2.—The virial mass-CO luminosity relation for molecular clouds. The clouds range in distance from 2 to 15 kpc and in flux over more than two orders of 
magnitude. The solid circles and open circles are the same as in Fig. 1. The fit is MVT = 39(Lco)°‘81 M0. For a given CO luminosity the dispersion in virial mass is 
0.13 in the log. 

Using equations (1) and (2) with fp = 2.9 and ,4 = 11.6 S2 

then yields an average surface density 

£ = 170 M0 pc-2 (4) 

and an average spatial density 

134 
p = —MoPc-3. (5) 

Since typical values of Re range from 6 to 60 pc, the mean 
molecular hydrogen densities in the clouds are in the approx- 
imate range 50 < n(H2) < 500 cm-3. Equations 1 and 2 also 
directly yield a mass-line width relation 

M = 2000at (Mq) (6a) 

and a mass-radius relation 

M = 5401^ (Mq) . (6b) 

For each cloud a CO luminosity is obtained directly from 
the survey data within the boxes circumscribing the cloud 
boundaries. Explicitly 

Lrn — L)2 T*(/, b, v)dldbdv (K km s-1 pc2) (7) 

for all T% > Tmin = 1. Figure 2 shows the virial mass as a 
function of CO luminosity for all clouds with the calibrators 
shown as filled circles. Again, a least-squares fit to all the data 
gives essentially the same result as a fit to the calibrators only. 
The result yields a very tight power law for the mass- 
luminosity relation over four decades given by 

Mvt = 39(LCo)0-81±0 03 (Mo) (8) 

with a dispersion of 0.11 in log (MVT) or 30% in MVT. This 
relationship clearly shows that CO luminosity is a good tracer of 
mass in the inner Galaxy. 

Combining the empirical size-line width and mass- 

luminosity relations with the virial theorem yields a relation 
between luminosity and velocity-width analogous to the Tully- 
Fisher or Faber-Jackson relation for galaxies 

Lco = 130<j3 (K km s-1 pc2), (9) 

in agreement with the relation that can be found directly from 
the data. 

The large number statistics of these data allows a réévalua- 
tion of the mass spectrum for molecular clouds. Figure 3 shows 
the mass spectrum of all clouds in Table 1. The differential 
distribution varies as dN/dM oc M_3/2. This is consistent with 
previous determinations by Solomon and Sanders (1980), 

Fig. 3.—The molecular cloud mass spectrum dN/dM. A fit to the data 
above M = 7 x 104 M0 gives dN/dM oc M-3/2. There are 15 clouds in each 
bin and the standard deviation is ±24%. The turnover at low mass is due to 
undercounting of smaller clouds in the more distant parts of the galactic disk. 
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TABLE 2 
Calibration of CO Integrated Intensity with H2 Column Density 

a = Ñ(H2)/7co 
Method Location (cm 2/K km s ^ References 

< 4 (in dark clouds)  Local 2.2 (10)20 Dickman 1975 
Av >5  Local 5.0 (10)20 Liszt 1982 
Av >5  Local 3.6 (10)20 Sanders, Solomon, and 

Sco ville 1984 
7-rays  Orion 2.6 (10)20 Bloemen ei <z/. 1984 

5 < R < 10 kpc I.O(IO)20 Bhat et al 1985 
7-rays    5 < R < 10 kpc 2.8 (10)20 Bloemen et al. 1986 
Virial theorem    4 < R < 8 kpc 3.0 (10)20 This work 

Liszt, Xiang, and Burton (1981), and Sanders, Scoville, and 
Solomon (1985). 

The turnover below M = 5 x 104 M0 results from incom- 
pleteness in this catalog due to the combination of survey 
resolution and our strict minimum flux criteria for inclusion in 
the catalog. The mass fraction of clouds per logarithmic mass 
interval varies as M(dN/d log M) oc M+1/2 demonstrating that 
most of the mass resides in clouds at the high end of the spec- 
trum (Solomon and Sanders 1980). 

b) Mass to CO-Luminosity Calibration 
The observed cloud mass-CO luminosity relation can be 

translated into a molecular hydrogen column density using the 
CO integrated intensity averaged over the cloud, 7co = 
<J Tdv}. The cloud mass and luminosity are then related to 
the averaged integrated intensity by 

^co = ^co 
M = AÑ(H2)mH2 , 

where Ñ(H2) is the mean H2 column density in the cloud, and 
A the area of the cloud projected onto the line of sight. Letting 
AT(H2) = aIco and substituting into the empirical mass- 
luminosity law (eq. [8]) then yields the values a = 4A x 1020 

for M = 105 Mg and a = 2.5 x 1020 for M = 106 M0. 
Although the mass is not strictly a linear function of CO 

luminosity, the conversion factor varies by only a factor of 2 
between clouds ranging in mass over a factor of 25 = 32. For 
the cloud mass distribution observed here the median of the 
distribution is near M = 5 x 105 M0 which yields 
a = 3.0 x 1020. 

Table 2 presents a summary of conversion factors derived by 
various methods. The only other technique which has deter- 
mined the CO luminosity-to-mass conversion factor for giant 
molecular clouds with M > 105 M0 uses the observed y-ray 
flux resulting from cosmic-ray interactions with hydrogen mol- 
ecules, There is excellent agreement between the y-ray derived 
conversion factor of Bloemen et al (1986) and that derived here 
by application of the virial theorem. The conversion factor 
based on the variation of optical extinction determined along 
lines of sight with measured 12CO or 13CO integrated intensity 
also gives good agreement with this work. Bhat et al (1985) 
have argued for a substantially lower conversion factor for the 
inner Galaxy scaling from the Bloemen et al (1984) Orion 
data. Their method, however, is founded on the erroneous 
assumption that the CO line intensity scales with CO abun- 
dance. This assumption is in direct contradiction with the 
observations, which show that that 13CO emission is typically 
1/5 that of 12CO although the abundance ratio is typically 

1/90. There is no evidence for a radial decrease in the conver- 
sion factor between R = 10 and R = 5 kpc as suggested by 
Bhat et al (1984) and Blitz and Shu (1980). 

The consistency of results between these independent 
methods for determining the H2 mass, demonstrates that the 
assumption of virial equilibrium in molecular clouds is indeed 
correct. Molecular clouds are therefore bound by self-gravity 
and not by pressure equilibrium with a hot phase of the inter- 
stellar medium (ISM). 

The agreement in the conversion factor between very diverse 
techniques, particularly between the y-ray results for the inner 
Galaxy and this work, supports the use of CO emission as a 
tracer of molecular hydrogen and provides an empirical basis 
for the determination of the total mass of molecular hydrogen 
in the inner Galactic disk (see, e.g., Sanders, Solomon, and 
Scoville 1984 and Table 3). 

IV. CONCEPTUAL MODEL 

The empirical size-line width relation (eq. [1]) and mass-CO 
luminosity law (eq. [8]) provide a basis for a simple conceptual 
model which allows the use of optically thick CO emission as a 
tracer of mass, primarily molecular hydrogen, in interstellar 
clouds. Both the existence and the form of the mass-CO lumin- 
osity law may be interpreted as a consequence of the internal 
structure and gravitational equilibrium of giant molecular 
clouds. We adopt what may be called a “ mist ” model for the 
clouds. This model assumes that a cloud consists of a large 
number of small, optically thick regions (droplets), but with a 
filling factor at any fixed velocity which is less than 1 ; a molec- 
ular cloud may thus be interpreted as a cluster of separated, 
discrete particles which is effectively optically thin at each 

TABLE 3 
Total Galactic H2 Mass for 2 < R < 10 kpc 

Reference 
M a 

(109 M0) (cm~2/K km s-1) 

Scoville and Solomon   
Gordon and Burton 1976   
Solomon, Sanders, and Scoville 1979 . 
Thaddeus and Dame 1983   
Sanders, Solomon, and Scoville 1984 . 
Bronfman and Thaddeus 1987   
This work     

1-3 
2.1 
3.9 
0.7 
2.6 
1.3a 

2.0b 

5 x 1020 

(1-2) x 1020 

3.6 x 1020 

2.8 x 1020 

3.0 x 1020 

a The difference between this and 2.0 is primarily due to a different weigh- 
ting used to obtain the radial emissivity and to a 20% lower CO intensity 
calibration. 

b The emissivity has been calculated using equal weight per unit of project- 
ed face on area for each radial bin. 
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velocity. The observed line profiles averaged over the cloud 
have an optically thin appearance in that they have a Gauss- 
ian, or near Gaussian, shape. In this model the emission inten- 
sity, T£, along any line of sight and velocity v will be 
proportional to the filling factor of the droplets at v and the 
kinetic temperature of the droplets Tk. For a Gaussian line 
profile the average surface brightness of the cloud is / = 
(2n)1/2T0(Tv, where av is the velocity dispersion between the 
droplets, and T0 is the peak intensity at the line center averaged 
over the cloud. 

The CO luminosity of a cloud is the product of the surface 
area (11.6S2) and the surface brightness which is given by 

Lco=n.6(2n)1/2T0GVS
2 . (10) 

In the above model the ratio T0/Tk is the average filling factor 
of the droplets in the cloud at line center. In contrast, if the 
clouds were smooth and the emission optically thin, T0/Tk 
would represent a measure of the optical depth. Utilizing the 
size-line width relation in equation (10) then yields 

Lco = 30T0ct5v(Mo). (11) 

Combining the above equation with the virial theorem (eq. 
[2]) and utilizing the empirical size-line width relation (eq. [1]) 
yields a derived mass-luminosity relation 

Mvt = 132(^)4/5 (M0) . (12) 

For the clouds in our catalog T0, averaged over the entire 
cloud, is typically 4 K which gives 

Mvt = 43(Lco)4/5 (M0), (13) 

in good agreement with the empirical relation (eq. [8]). We 
have shown that the 4/5 exponent in the observed mass- 
luminosity law is a direct consequence of observing clouds in 
virial equilibrium obeying the size-line width relation (eq. [1]). 

From equation 12 we see that the effective conversion factor 
from luminosity to mass is lower for hotter clouds than for 
cooler ones and is lower for more luminous or massive clouds. 
For a fixed luminosity the mass-to-luminosity ratio can be 
expressed as a function of the average density which scales as 
p oc S~ \ thus yielding 

Mvx p112 

L ^ T ^co Jo 
(14) 

Thus the small scatter in Figure 2 may be interpreted as evi- 
dence of a small scatter in the mean density of the clouds at a 
fixed luminosity. 

While the empirical virial mass-CO luminosity relation 
establishes a firm calibration for the molecular cloud mass in 
the disk of the Milky Way, our analysis shows that caution 
must be exercised in extending this approach to external gal- 
axies and particularly to clouds near the centers of galaxies 
which may have very different densities and temperatures. 
Molecular clouds near the centers of galaxies require substan- 
tially higher densities than disk clouds in order to maintain 
stability against tidal forces. Regions of extremely active star 
formation will have higher temperatures. The combination of 
these two effects could either increase or decrease molecular 
mass estimates derived from CO luminosities. While the range 
of temperatures is likely to be small (factors of 2) due to effi- 
cient gas cooling, the range of densities may be large (102). 

Central regions in external galaxies1 with the most dense and 
massive clouds will have a larger molecular hydrogen mass 
than that indicated by the use of the Galactic conversion 
factor. 

The mist model of the giant molecular clouds can be carried 
a step further if we assume that each droplet is supported by its 
thermal pressure only, unlike the cloud as a whole, which is 
supported by the much larger velocity dispersion of the drop- 
lets. In that case the average number of droplets along a line of 
sight through a cloud, Nd, should be of the order of the ratio 
between the three-dimensional velocity dispersion of the drop- 
lets, a,, « 5 km s_1, and the speed of sound in each droplet, 
cs æ 0.5 km s-1. We then have 

Nd 10. 

If Nd is much smaller, the line profiles would breakup into 
several distinct lines; while if it is much larger the droplets 
would overlap in velocity space, the cloud would then become 
optically thick, and the line shape would saturate. Most of the 
average line profiles observed for the clouds in the catalog have 
Gaussian shapes. Since the beam size is greater than the 
droplet size for virtually all of the clouds in this survey, the 
number of droplets in the beam will be substantially greater 
than the number along the line of sight. For very nearby giant 
clouds, fully mapped at high-resolution, we would expect to see 
changes in the line profile due to the droplet statistics. 

Assuming that most of the mass of a cloud is in the droplets, 
Nd is then simply the product of the cross section per unit mass 
of the droplets and the mean mass surface density of the cloud. 
If for simplicity we assume that the droplets are identical 
homogeneous spheres with density pd and radius R,, we have 

Nd = 
3S 

Rd 

(15) 

3 ïcs 

* Pd°v 
(16) 

If we adopt a characteristic value of n(H2) = 103 cm-3, which 
is intermediate between the mean density of the clouds ~ 102 

cm-3 and the upper limit on the local density of ~ 104 cm-3 

based on weakness or absence of CS emission over the cloud 
surface (we find CS emission only over a very small core 
section of the clouds), then using the empirically derived value 
for 2 and the characteristic mass of a droplet Md = (47r/3)pd Rj 
yields 

In this mist model a giant molecular cloud then consists of 
~ 105 stellar mass-sized droplets. The filling factor of the drop- 
lets is given by the ratio of the mean density of the cloud and 
the mean density of the droplets ~0.1. All of the parameters in 
this model are obviously tentative, and they are not required 
by the empirical size-line width or mass-luminosity relations 
which are the main results of this work. Although the model 

1 A discussion of the use of CO luminosity to determine molecular mass in 
external galaxies has also been given by Dickman et al. (1986). 
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appears to satisfy the constraints of optically thick emission in 
an optically “ thin ” cloud, many problems remain. In particu- 
lar the droplet model leaves unanswered the question of the 
support of the cloud or the source of the energy input, prob- 
ably feedback from star formation necessary to sustain the 
motion of the droplets which will collide in less than a crossing 
time. An elaborate treatment of the radiative transfer in a 
clumpy cloud model is given by Kwan and Sanders (1986). 

The droplet radius (or mass) derived above is tantalizingly 
close to the Jeans wavelength (mass) for the density and sound 
speed inside the droplets 

<9 y/2 

4nGpJ 

Most recent scenarios for gravitational instability and star for- 
mation in giant molecular clouds have used the observed 
velocity widths to determine the Jeans mass. The resulting 
masses are much larger than stellar masses, and a further 
process of fragmentation therefore had to be invoked. In our 
model star formation occurs in the droplets, and no further 
fragmentation is needed. Thus the thermal velocity dispersion 
is returned to the star-formation problem. 

V. CONCLUSIONS 
From an analysis of several hundred Galactic molecular 

clouds we have shown the following. 
1. The velocity line width of giant molecular clouds is pro- 

portional to the 0.5 power of the size, (tvcc S0 5. Combined 
with viral equilibrium this shows the clouds are characterized 
by a constant mean surface density of 170 M0 pc-2 and have a 
mass M oc . 

2. The virial mass-CO luminosity law for giant molecular 
clouds is M oc (Lco)0-81. This establishes a calibration for mea- 
suring the total molecular cloud mass from CO observations in 
the disk of the Galaxy. The molecular hydrogen column 
density is, on average for clouds in the Galactic disk inside the 
solar circle, AT(H2) = 3.0 x 1020/co cm-2, where Ico is the CO 
integrated intensity. The total mass of molecular clouds 
between R = 2 kpc and the solar circle is 2.0 x 109 M0. 

3. The mass-CO luminosity calibration is proportional to 
the square root of the mean density of the clouds and inversely 
proportional to their temperature. Caution should be used in 
attempting to use this calibration for drastically different 
environments such as the central regions of galaxies where the 
density within individual clouds may be much greater than 
that in Galactic disk clouds, and the temperature may be 
higher if star formation is enhanced. 

4. Molecular clouds are in or near virial equilibrium since 
their mass per unit CO luminosity, determined dynamically, 
agrees with other independent measurements. This shows that 
clouds are not confined by pressure equilibrium with a warm 
or hot phase of the interstellar medium. 

5. The cloud CO luminosity is Lco oc a*. This is the molecu- 
lar cloud analog of the Tully-Fisher or Faber-Jackson law for 
galaxies. 

6. The mass-luminosity law can be accounted for by a cloud 
model which consists of a large number of optically thick 
clumps in virial equilibrium, each with a thermal internal 
velocity dispersion. The cloud is effectively optically thin at a 
fixed velocity along the line of sight. Typical droplets are of 
order a stellar mass and approximately equal to the Jeans mass 
at the density and thermal velocity dispersion of the droplets. 
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