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ABSTRACT 
We present a technique for determining the molecular cloud size spectrum that corrects for incompleteness 

in the observational data. We apply the method to a survey of molecular clouds in the Outer Galaxy that 
used the J — 1-0 spectral line of 12CO. The fields observed were near the Galactic positions l = 125°, b = 2° 
and / = 220°, b = —2°. A total of 16 molecular clouds ranging from 2 to 45 pc in size were detected. 

Models that correct for the incompleteness of the survey are compared with the molecular cloud data. The 
best-fitting size spectrum is determined by using the maximum likelihood method, while the reliability of the 
fit is estimated by using the Kolmogorov-Smirnov small-number statistic. Two different rotation curves are 
used, in order to indicate the level of sensitivity of the fit to the choice of rotation curve. 

When kinematic distances are assigned using the Blitz, Fich, and Stark (1980) rotation curve, or a flat 
rotation curve, the best-fitting cloud size spectrum has a power-law exponent of — 2.6(+1.9 —0.7) or 
— 2.8(+1.3 —1.0), respectively, where the 90% confidence limits are as indicated. 

The measurements of the molecular cloud size spectrum fall within the range of values reported in the inner 
Galaxy and are close to measurements of the local H i cloud size spectrum. The simplest interpretation is that 
one physical mechanism is responsible for cloud formation. Given this interpretation, then, the decline in the 
ratio of H2 to H i surface densities by roughly an order of magnitude between the peak of the molecular ring 
and the outer Galaxy suggests that (1) the cloud formation process is substantially independent of whether the 
interstellar gas is in atomic or molecular form and (2) most of the interstellar mass is contained in the largest 
clouds. Near the peak of the molecular ring, much of the gas is found in giant molecular clouds; in the outer 
Galaxy we would expect giant H i complexes to contain most of the mass. 

Subject headings: galaxies: internal motions — galaxies: Milky Way — galaxies: structure — 
interstellar: molecules 

I. INTRODUCTION 

Observations of the outer Galaxy have the potential to tell 
us a great deal about the physical processes that are important 
in star formation and the formation of molecular clouds. Over 
the range from the well-studied inner portions of the Galaxy 
using 12CO, H I, and H n regions (Burton 1976; Burton and 
Gordon 1978; Lockman 1979; Robinson et al. 1984; Sanders, 
Solomon, and Scoville 1984) to the outer Galaxy (Henderson, 
Jackson, and Kerr 1982; Kulkarni, Blitz* and Heiles 1982; Fich 
and Blitz 1984; Sanders, Solomon, and Scoville 1984), there is a 
significant global variation in important physical parameters 
such as the molecular gas surface density and gas scale heights. 
In brief, the azimuthally averaged surface density of molecular 
gas has a peak near 6 kpc in the “molecular ring” and 
decreases sharply and monotonically outward. In contrast, the 
H i gas surface density is nearly constant from about 4 kpc to 
18-20 kpc with the surface densities of the molecular and 
atomic gas crossing somewhere. inside the solar circle. The 
scale height of the gas is fairly constant from 4 to 10 kpc in 
both 12CO and H i, but increases outside the solar circle in H i 
by a factor of about 3 out to 18-20 kpc. Clemens (1985) finds 
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no evidence for variations in the cloud-cloud random velocities 
throughout the inner Galaxy. 

The apparent low density of molecular clouds measured in 
the outer Galaxy implies that it is a harsh environment for the 
formation of molecular gas. In trying to understand the cause 
of the variation in the global molecular gas distribution, it 
becomes important to determine how other cloud properties 
such as the cloud size spectrum and cloud mass may vary 
throughout the Galaxy. Comparison of this information with 
theory will lead to better understanding and development of 
global models of star formation (e.g., Guibert, Lequeux, and 
Viallefond 1978). 

A number of workers have measured the molecular cloud 
size or mass spectrum in the inner Galaxy (Solomon, Sanders, 
and Scoville 1979; Liszt, Xiang, and Burton 1981; Sanders, 
Scoville, and Solomon 1985) and in the Perseus arm near the 
solar circle (Casoli, Combes, and Gerin 1984). The derived or 
inferred mass spectra imply that in terms of logarithmic mass 
size intervals, the mass in molecular clouds is a slowly increas- 
ing function of cloud mass. Although the results of various 
groups tend to agree reasonably well, there are a number of 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
8 

6A
pJ

. 
. .

30
8.

 .
35

7T
 

TEREBEY ET AL Vol. 308 358 

selection effects that may introduce biases into the results : the 
near-far ambiguity of kinematically assigned distances interior 
to the solar circle, the line blending of spatially unrelated cloud 
emission especially near the tangent point in the inner Galaxy, 
and incompleteness in the surveys. 

We have developed a technique to derive the cloud size 
spectrum that corrects for the incompleteness of molecular 
cloud surveys. We have mapped two regions in the outer 
Galaxy in order to test the method and also to investigate how 
molecular clouds in the outer Galaxy differ from their inner 
Galaxy counterparts. By working in the outer Galaxy we avoid 
the near-far distance ambiguity that has plagued other surveys. 
In addition, the low density of molecular clouds ensures that 
accidental line blending is not a problem. Our analysis pays 
careful attention to the biases in our survey as well as to the 
statistical significance of our results. In order to examine sys- 
tematic effects on the results we have assigned kinematic dis- 
tances using two different rotation curves, that of Blitz, Fich, 
and Stark (1980, hereafter BFS) and a flat rotation curve 
outside the solar circle with velocity parameters RQ = 10 kpc 
and 9q = 250 km s“1. Some recent work (Fich and Blitz 1986) 
derives an outer Galaxy rotation curve that has properties 
intermediate between the two. 

In § II we discuss the design of the survey and the molecular 
clouds that were detected. The large-scale structure found is 
discussed in § III, using at most an assumed rotation curve to 
interpret the data. We derive the cloud size spectrum from a 
comparison of our cloud sample with a calculated model. The 
technique is presented in § IV, where the incompleteness cor- 
rection and the assumed model for the outer Galaxy are 
described, while the results for the cloud size spectrum can be 
found in § V. Readers who are mainly interested in the results 
are directed to §§ II and V and the discussion in § VI. 

II. OBSERVATIONS 

a) Instrument and Calibration 
Most of the data were taken with the NRAO1 36 foot (11 m) 

telescope on Kitt Peak during the periods 1982 January 4-10 
and May 22-27. The telescope was operated in double- 
sideband spectral line mode at the frequencies of the J = 1-0 
12CO transition at 115.3 GHz and the J = 1-0 13CO tran- 
sition at 110.2 GHz. 

The two receivers were operated in parallel to increase the 
sensitivity. The filter-bank configuration provided 128 chan- 
nels at 250 kHz resolution and 128 channels at 500 kHz 
resolution, giving a velocity coverage of 83 and 166 km s~1 

and a velocity resolution of 0.65 and 1.3 km s~ \ respectively. 
The data were taken by position switching with respect to a 

small number of fixed reference positions. Typical integration 
times varied from 1 to 4 minutes. 

Calibration was done using the chopper-wheel method. 
Antenna temperatures are expressed in terms of TR*, as defined 
by Kutner and Ulich (1981). A discussion of the telescope 
parameters and calibration during the period when the obser- 
vations were made can be found in Kutner, Mundy, and 
Howard (1984). 

The measured antenna temperatures were multiplied by a 
correction factor to compensate for the attenuation of the sun- 
screen and the double-sideband instead of single-sideband 

1 The National Radio Astronomy Observatory is operated by Associated 
Universities, Inc., under contract to the National Science Foundation. 

mode of observation. The correction factors used (Howard 
1982) are 0.93 for the quasi-optics box without single-sideband 
rejection filter, 1.11 for the sunscreen, 1.05 for the vane heated 
above ambient temperature (varies with ambient temperature), 
and 1.07 for the gain of the image to signal sideband for the 
two receivers, leading to a net correction of 1.16. 

To check the calibration we observed the standard sources 
Orion A (60 K), S146 (13.2 K),W51 (28.4 K), and W30H 
(16.0 K) (Ulich and Haas 1976). We also monitored two H n 
regions that were near our fields, SI87 and S287, every few 
hours, to check for consistency. The average measured inten- 
sity of the standard sources was 0.93 times the quoted values, 
with an rms variation of 12%; the internal rms variations of 
SI87 and S287 were similar. It should be kept in mind that 
many of the detected lines have antenna temperatures that are 
only 3 or 4 times the rms noise level in a single channel and 
therefore have a large noise contribution. 

At the frequency of 12CO the telescope beam is El FWHM. 
Use of the sunscreen led to small differences in the pointing. 
From monitoring of pointing calibration sources we estimate 
the pointing to be accurate to (X2-0Í3 rms. 

In addition to the NRAO millimeter-wave telescope data, 
some 12CO data of higher sensitivity were obtained with the 
7 m offset Cassegrain antenna (FWHM V.l) at AT & T Bell 
Laboratories on 1983 April 13 and 30. The single-sideband 
data were collected in position switching mode with a spec- 
trometer consisting of 256 1 MHz and 256 250 kHz channels 
operated in parallel. The beam efficiency was 90%. Calibration 
and pointing accuracies were ± 10% and ± 25", respectively. 

b) Fields Observed 
The design of the experiment was to observe two fields, one 

near Galactic coordinates / = 125°, h = 2° and one near 
l = 220°, b = — 2°. No attempt was made to pick directions 
that contained peaks in the H i gas or previously observed CO, 
and in that sense the fields are unbiased. The latitudes were 
chosen to give a long path length under the assumption that 
the CO would follow the H i mean midplane. Two different 
grid spacings were used with the 1!1 telescope beam, a coarse 4' 
and a fine 1' spacing in the two different fields. The sensitivity 
level was increased partway through the survey in order to 
detect more of the weak lines characteristic of the region. The 
average rms noise levels of the high and low-sensitivity por- 
tions of the survey were 0.45 and 0.82 K, respectively. 

A total of 621 grid points at 4' spacing and 486 grid points at 
1' spacing were observed in the second quadrant. A total of 150 
grid points at 4' spacing and 391 grid points at L spacing were 
observed in the third quadrant. A diagram of the positions 
observed and typical rms noise levels is shown in Figure 1. In 
addition, latitude strips were observed at / = 216°, 218°, 220°, 
236° and with the Bell Laboratories telescope at / = 124?2 and 
/ = 125°. 

c) Detection Rate 
For our survey we find that the observed detection rate for 

12CO lines increases with increasing sensitivity, as is shown in 
Figure 2, where the ratio of number of line detections to obser- 
vations is plotted against rms noise level. In order to use as 
spatially uniform a sample as possible, only second-quadrant 
observations are included. Some of the variation in the figure 
may be due to actual differences in the number of clouds at the 
different positions observed. However, this possible bias is 
likely to be small, since the longitude range is less than 2° and 
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-1.4 
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125.8 125.7 125.6 125.5 125.4 
Fig. 1.—Coverage of the survey is shown in Galactic coordinates. Areas near / = 125° and / = 220° were mapped with 4' or 1' spacings. The average rms noise 

level is displayed for each outlined region. 

the latitude coverage is similar for the different noise levels. 
Because of the size of the error bars, it is unclear whether the 
detection rate has begun to level off or will continue to rise for 
noise levels below 0.12 K. 

d) Molecular Clouds 
A total of 16 clouds were found that are more than 1 kpc 

distant. Our detection criterion for a candidate cloud required 
that the observed intensity be greater than 3 times the rms 
noise level in at least two adjacent frequency channels. A cloud 
was considered confirmed if either (1) there was a detection at a 
nearby position or (2) reobservation of the position showed a 
positive detection. Some small clouds found in the 4' survey 
were mapped with a finer spacing. Local clouds (with distances 
less than 1 kpc) are not included in the analysis, both because 
of their large angular size compared with the survey area and 
because of the large uncertainties in their kinematic distances. 

The cloud data are tabulated in Table 1. Some parameters, 
such as <TÄ*> and <TÄ*AF>, are defined as averages over the 
cloud emission and so depend on the rms noise level. Despite 
the dependence on noise level, these averages can be useful in 
making comparisons of TR* and AV between clouds and 
within each cloud. 

Table 2 lists the derived properties of cloud diameter b, line- 
of-sight distance r, and galactocentric radius R for both the 
BFS and flat rotation curves. Lower limits on the diameter are 
given for clouds on the survey boundaries whose extents were 

RMS NOISE (K) 
Fig. 2.—Fractional detection rate of spectral lines plotted against the rms 

noise level ; y/N error bars are shown, where N is the number of lines detected. 
Kitt Peak and Bell Laboratories data near / = 125°, b = 2° are included in the 
figure. Local emission lines (| Fr | < 15 km s_1) are excluded. Very weak lines 
are characteristic in the outer Galaxy. 
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TABLE 1 
Molecular Clouds near / = 125° and / = 220° 

Cloud 
Numbel 

K 
(km s"1) /a AL 

CTVT 
(K) 

Tr* 
(K) 

<AF>c,d 

(km s“1) 
<TÄ*AF>c’d 

(K km s-1) 

1. 
2., 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 

-18 
-53 
-58 
-58 
-59 
-61 
-61 
-65 
-71 
-78 
-87 
-94 

125?400 
125.600 
124.667 
125.467 
125.867 
124.133 
125.067 
125.800 
124.400 
124.467 
125.467 
124.200 

2?067 
2.067 
2.200 
1.067 
2.333 
2.200 
2.867 
1.667 
1.867 
2.200 
2.267 
2.117 

2 
15 

Ie 

3 
2 
2 
7 
6e 

12 
2 
2 
Ie 

1.3 
3.9 
0.8 
1.7 
1.4 
1.2 
2.2 
2.5 
1.9 
1.5 
1.4 
1.6 

1.4 
7.7 
0.8 
2.1 
1.5 
1.3 
2.9 
3.4 
3.2 
1.9 
1.5 
2.2 

1.8 
2.5 
1.3 
2.6 
1.4 
2.6 
2.5 
2.4 
2.4 
2.6 

1.5 

2.5 
11.1 

1.2 
4.5 
2.3 
3.4 
6.3 
6.8 
5.1 
3.2 

3.0 

13. 
14. 
15. 
16. 

+ 13 
+ 27 
+ 32 
+ 32 

220.333 
217.967 
220.067 
220.267 

-2.200 
-0.783 
-2.000 
-2.600 

74 
3 

15 
2 

3.5 
1.8 
2.1 
2.0 

6.8 
2.4 
2.7 
2.3 

1.9 
4.3 
2.5 
1.7 

7.8 
7.8 
5.3 
4.4 

a Position at center, not peak, of detected emission. 
b Number of lines detected on a grid of T spacing for cloud 14 and 4' spacing for all other clouds. 
c Average over cloud. 
d Numbers obtained by Gaussian fits to line profiles. 
e Additional mapping with T grid spacing. 

not determined by further mapping. Because of the coarseness 
of the 4' grid spacing compared with the El beam, small 
angular size clouds have less accurate diameters than clouds 
detected at many positions. The relative error, however, is 
made smaller by using the diameter instead of the measured 
cloud surface area in the analysis. 

The cloud surface area is determined by assigning to each 
grid point detected an angular cloud surface area of 4' x 4' and 
E x E, as appropriate. The diameter is then defined as the 
square root of the cloud surface area, and should give a reason- 
able statistical measure of the cloud size. 

We strive to use a well-defined and uniform subsample of 
clouds when we derive a size spectrum in § V by comparing 
data with the models. We therefore excluded clouds with diam- 

eters less than the grid spacing, namely, clouds 3 and 12, 
because such small clouds require large incompleteness correc- 
tions. 

Clouds that overlap the survey boundary require special 
consideration in order not to bias the analysis; large clouds 
lying outside the survey boundary will contaminate the survey 
more frequently than small clouds. The most straightforward 
criterion to apply as part of a statistical analysis is to include 
only those clouds whose centers fall inside the survey bound- 
ary. Except for cloud 5, additional mapping of boundary- 
crossing clouds was done to determine cloud diameters and 
central positions. We included cloud 5 in the subsample, 
judging from its shape and low temperature that the cloud 
probably does not extend past the survey boundary. 

TABLE 2 
Size and Distance of Outer Galaxy Molecular Clouds 

BPS Rotation Curve Flat Rotation Curve 

Cloud 
Number 

Vr 
(km s"1) 

bb 

(Pc) 
r 

(kpc) 
R 

(kpc) 
bb 

(pc) (kpc) 
R 

(kpc) 

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

10. 
11. 
12. 

-18 
-53 
-58 
-58 
-59 
-61 
-61 
-65 
-71 
-78 
-87 
-94 

0?22 
1.54 
1.58 
1.84 
1.88 
1.80 
1.81 
1.88 
1.59 
1.53 
2.47 
1.69 

2.2 
23.9 

7.1 
17.5 

>15.4 
16.2 
30.2 
29.0 
43.2 
19.5 
22.2 

8.7 

1.3 
5.3 
8.7 
8.7 
9.4 
9.8 
9.8 

10.2 
10.7 
11.8 
13.5 
14.9 

10.8 
13.7 
16.5 
16.5 
17.1 
17.5 
17.5 
17.8 
18.3 
19.3 
20.8 
22.1 

2.6 
22.5 

4.6 
11.3 

>9.4 
9.7 

18.2 
18.2 
29.0 
13.5 
15.8 
6.3 

1.5 
5.0 
5.6 
5.6 
5.7 
5.9 
5.9 
6.4 
7.2 
8.2 
9.6 

10.8 

11.0 
13.5 
14.0 
14.0 
14.0 
14.2 
14.2 
14.6 
15.3 
16.1 
14.4 
18.5 

13. 
14. 
15. 
16. 

+ 13 
+ 27 
+ 32 
+ 32 

-2.94 
-0.73 
-1.16 
-1.20 

>10.0 
>3.7 
11.4 
4.4 

1.0 
1.8 
2.5 
2.7 

10.8 
11.5 
12.1 
12.2 

>11.2 
>5.0 
13.5 

5.1 

1.1 
2.5 
3.0 
3.1 

10.9 
12.0 
12.5 
12.5 

a Latitude of H i midplane for given l,Vr. b Cloud diameter b = r6gr N^, where 0gr is the angular grid spacing and Ndel is from Table 1. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
8 

6A
pJ

. 
. .

30
8.

 .
35

7T
 

SIZE SPECTRUM OF MOLECULAR CLOUDS 361 No. 1, 1986 

We found that two boundary-crossing clouds, both in the 
third quadrant, had cloud centers lying outside the survey 
boundary. This is not surprising, in the sense that the third- 
quadrant field samples a nearby spiral arm where clouds can 
be expected to have large angular sizes. However, this leads to 
the exclusion of two out of only four third-quadrant clouds 
and to the difficulty that models calculated for the third quad- 
rant cannot be usefully compared with only two clouds. An 
alternative strategy would be to compare the combined 
second- and third-quadrant cloud data to the combined 
second- and third-quadrant models. However, simply adding a 
poorly constrained third-quadrant model to the second- 
quadrant model could easily give rise to a systematic bias in 
the results ; we deemed the gain of two clouds to the subsample 
insufficient to warrant including the third-quadrant data in the 
model analysis. A total of 10 clouds, detected with a 4' spacing, 
comprises the data subsample. 

III. LARGE-SCALE STRUCTURE IN THE OUTER GALAXY 

a) Antenna Temperatures and the 12CO/13CO Ratio 

Shown in Table 1 are the ensemble properties of the cloud 
sample, such as the characteristic cloud temperature <TÄ*), 
i.e., Tr* averaged over each cloud, and the peak cloud tem- 
perature. In addition, Gaussian profiles were fitted to the lines 
in order to estimate AF, the velocity width, and TR*AV, the 
integrated line profile. Although there is a trend for the most 
distant clouds to have somewhat lower antenna temperatures, 
this may simply be the effect of beam dilution, since all the 
small angular size clouds have low temperatures regardless of 
their distance. Outer Galaxy clouds have low characteristic 
temperatures, as can also be seen in the data of Solomon, 
Stark, and Sanders (1983). For the cloud ensemble, average 
values are 2.3 km s-1 for À F and 5.0 K km s-1 for the inte- 
grated line profile. We leave open the question of whether a 
cloud population of even lower intensity and/or narrower lines 
is prevalent, since our values for characteristic line tem- 
peratures and velocity widths are near our detection limits. 
These clouds differ from the inner Galaxy cloud sample of 
Sanders, Scoville, and Solomon (1985), who quote typical peak 
temperatures of 3-6 K and velocity widths (FWHM) between 5 
and 10 km s“1. The clouds have properties similar to those of 
the high-latitude solar neighborhood clouds studied by Blitz, 
Magnani, and Mundy (1984), except for the small size (2 pc) of 
the high-latitude clouds. 

A small number of 13CO spectra were obtained in order to 
investigate the ratio of 12CO to 13CO emissivities. We esti- 
mated the ratio of the integrated line profiles using ^ = 
TÄ*AF(13CO)/TK*AF(12CO). Measured values of ^ ranged 
from 5 to 15, with a number of upper limits. If we define our 
detection criterion for a 13CO line to be 3 a x 2 channels, 
where a is the rms noise level per frequency channel, then the 
median detection limit for & was 9.8 for our sample. A total of 
9 out of 23 spectra, somewhat less than half, resulted in detec- 
tions, implying that the average ratio is somewhat larger 
than 9.8. This is larger than the average value of 5.5 quoted by 
Sanders, Solomon, and Scoville (1984) but close to the local 
high-latitude cloud value of 10.5 given by Blitz, Magnani, and 
Mundy (1984). The trend toward higher values of the 12CO to 
13CO ratio & in the outer Galaxy is consistent with the factor 
of 2 increase found by Liszt, Burton, and Xiang (1984) between 
the peak of the molecular ring and the solar circle. 

b) Galactic Warp 
In agreement with Fich and Blitz (1984) for H n regions, we 

find that the molecular emission follows the warp seen in the 
H i gas. Figure 3 shows the position of the H i midplane near 
/ = 125° in the observational coordinates of latitude versus 
radial velocity. The positions of molecular cloud centers are 
also plotted. Detected emission clusters near the midplane and 
a gap in detections occurs at velocities near — 35kms-1, 
where the midplane drops outside our survey limits. The one 
seemingly discrepant point at —18 km s_1 is nearby (1.3 kpc) 
and so lies only 42 pc away from the midplane. 

c) Spiral Arms 
The number density of molecular clouds is enhanced in the 

spiral arms, as can be seen indirectly from Figure 3. Over the 
velocity range —53 to —100 km s-1, where the H i midplane 
lies inside the survey boundary and where the bulk of the 
clouds were detected, one can see that half of the detected 
clouds fall in the range —58 to —65 km s-1. This correlates 
well with the peak of the emission in H i near / = 125° that is 
part of the Perseus arm. 

IV. MODELS 

a) Method 
For a complete cloud sample, i.e., a sample where clouds of 

different sizes can be detected equally well throughout the 
sample volume, one can calculate the shape of the size spec- 
trum directly from the data. In order to include small clouds 
that are incompletely sampled in the analysis, it is necessary to 
construct a model of the smaller effective volume that is 
sampled as a function of cloud size, i.e., the incompleteness 
correction. After a model is calculated, we use statistical 
methods to fit the model to the data and to estimate the good- 
ness of fit. First, we use the maximum likelihood technique 
(Alexander 1961) to determine the parameters of the best- 
fitting model. We then use the Kolmogorov-Smirnov statistic 
(Hoel, Port, and Stone 1971) to indicate the reliability of the fit. 
We construct 90% confidence bands from the data for the two 
cumulative marginal distributions, i.e., the number of clouds 
versus cloud size and the number of clouds versus line-of-sight 
distance. The cumulative distribution of the real underlying 
process then is bracketed by the confidence limits with a 90% 
probability. In the remainder of this section we discuss how we 
construct the model. 

b) Summary of Model 
The observed sample of clouds nobs(b, /?) is related to the 

joint cloud size and space density n(b, R) by 

«obs(Ö, R) = «(Ö, Â)pdet(ï>, R) , (1) 

where n(b, R) is the number of clouds per unit volume per unit 
cloud diameter and pdet(b, R) is the probability that the tele- 
scope survey will detect clouds of diameter b and position R. If 
we assume that the cloud size spectrum is independent of posi- 
tion, then n(b, R) = nb(b)nv(R\ where nh is the cloud size spec- 
trum and Wy is the cloud space density. In principle, by using a 
large enough sample, one can invert equation (1) to obtain the 
cloud size spectrum and space density from the observed dis- 
tribution. For small samples, however, it is better to compare 
models of the Galactic molecular cloud density n(b, R) with the 
observations. 

To specify nv(R\ we adopt a simple model for the outer 
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12 4 6 8 10 12 

Vr (km/s) 
Fig. 3.—Position of the H i midplane toward the directions / = 124°, 124?5, and 125° is plotted in the observational coordinates of latitude b against radial 

velocity Vr. The top scale shows line-of-sight distances assuming a flat rotation curve. The survey boundaries are indicated by dot-dash lines. Open circles mark the 
positions of cloud centers from the Kitt Peak data, while crosses mark spectral line detections from the Bell Laboratories data. Molecular clouds are seen to cluster 
near the H i midplane, with a gap in detections occurring where the midplane drops below the survey boundary. The one seemingly discrepant point is nearby and 
actually lies close to the midplane. 

Galaxy, described in more detail in § IVc, that the molecular 
gas follows the H i midplane with some perpendicular Gauss- 
ian scale height <jz and that the gas midplane density is con- 
stant except for a density enhancement that is allowed in spiral 
arms with some contrast ratio/cr. The models are not sensitive 
to the small range in reasonable values of az but do vary with 
the parameter/cr. 

The choice of rotation curve is a component of the model in 
that kinematic distances are assigned to the observed molecu- 
lar clouds and also to the position of the H i midplane. We use 
the BPS rotation curve and also compute models using a flat 
rotation curve with R0 = 10 kpc and 0O = 250 km s-1 for 
comparison. 

The cloud detection probability pdet(b, R) describes the 
incompleteness that occurs for clouds close to and smaller than 
the survey grid spacing and is derived in § IVd. It results from 
the ability to detect large clouds out to a greater distance and 
in a larger volume than small clouds. Because many of the 
12CO lines we observed were close to the survey detection limit 
and thus contained substantial amounts of random noise, we 
have chosen not to include the antenna temperature distribu- 
tion in our analysis. In effect, the results we derive from the 
model will hold for those clouds with antenna temperatures 
greater than the survey detection threshold. 

c) Model of Molecular Cloud Density 
We choose a simple power-law functional form to represent 

the cloud size spectrum nb, where 

bmin < b < &„ (2) 

We scale the size spectrum to b0 = 30 pc, a value for which 
selection effects are not usually important in most surveys. We 
set bmin = 1 pc and bmax = 50 pc in order to bracket the 
observed minimum and maximum cloud diameters. There is 
not too great a difference between a power law with a 
maximum cutoff and a pure power law for the relevant values 
of a less than —2 since the integral of the size spectrum over 
cloud diameter differs by less than 2% for the values bmax = 50 
pc and bmax = oo. The model is not sensitive to the specific 
value of bmin, since very small and local clouds are automati- 
cally excluded through the function pdet(b, R). The parameter a 
is varied in the model-fitting procedure. 

The cloud space density, nv(R\ is represented by 

nv(R) = nr(r, l)nz(z, r, /) , (3) 

where nz(z, r, /) is the variation of the cloud density perpendicu- 
lar to the Galactic plane and nr(r, l) is the cloud density in the 
CO midplane. We choose a Gaussian form for the z- 
distribution, 

; r (z-<zhi»
2i 

nz(z, r, /) = exp I   ^ J , (4) 

where <zHI> is the mean plane defined by the H i gas at the 
position (r, /). For the position of the mean midplane we use the 
results of Kulkarni, Blitz, and Heiles (1982). The midplane data 
have a resolution of 0?5 in longitude and about 2.1 km s_1 in 
velocity. 

For the cloud density in the plane, nr(r, l), we choose con- 
stant density n0 plus a feature suggested by the data, a spiral 
arm with arm-to-interarm contrast ratio /cr. The assumption 
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n0 = constant is adequate over the range of galactocentric 
radii present in the data, given our small-number statistics; to 
show this, we relax the assumption by allowing a radial 
decrease in n0 for some of the models presented in § V. The 
form of nr(r, /) is specified by 

nr(r, l) = n0 1 + (/cr - i)n (5) 

The value of n0 gives the absolute scaling in the interarm 
region of the number of clouds per unit volume per cloud 
diameter in units of clouds kpc-4. The parameter/cr is allowed 
to vary from 1 (no spiral arm) to greater than 1 in the model- 
fitting procedure. 

II(x) is a box function defined by 

n(x) = 
I x I > 0.5 , 
I x I < 0.5 . 

The variable R is the galactocentric distance, while the param- 
eter Rm is the distance to the spiral arm midpoint and Rw is the 
galactocentric width of the arm. It should be noted that a given 
width of the Perseus spiral arm in velocity space translates to a 
spatial width that is smaller for the flat rotation curve. To 
compensate partially for this, Rw was given the value of 2 kpc 
for the BFS rotation curve case and a value of 1 kpc for the flat 
rotation curve. This further means that a BFS rotation curve 
model with /cr = N is equivalent to a flat rotation curve model 
with /cr = 2Ñ, in the sense that both predict about the same 
number of clouds in a spiral arm. 

Because the longitude coverage of the survey is small, we did 
not include the azimuthal inclination of the arm in the model. 
Rm was estimated from the data for the Perseus arm in the 
second quadrant. 

We correct for the two different sensitivities present in the 
second quadrant data, with rms noise levels of 0.42 and 0.78 K, 
by giving empirical weights of 1.0 or 0.17, respectively, to the 
model for each line of sight that was observed. The relative 
weight was estimated from the ratio of cloud detections for the 
different data subsamples (see Fig. 2). 

d) Detection Probability pdet(b, R) 
At a given distance from the Sun and for a cloud diameter b 

there is some density of clouds n(b, R). The detection probabil- 
ity pdet(b, R) is a number between 0 and 1 representing the 
fraction of clouds that will actually be detected because of the 
choice of the survey sampling grid, the beam size, and limited 
sensitivity of the instrument. Here we assume that the reservoir 
of clouds n(b, R) contains those clouds having brightness tem- 
peratures greater than the detection limit of the survey, T3 <T. 

If a cloud has an angular diameter much larger than the 
beam size, then detection occurs when at least one line of sight 
intersects the cloud. For this case the detection probability is 
calculated by determining the geometrical blind spots of the 
survey grid. When the cloud angular diameter becomes com- 
parable to the beam size, then the brightness temperature also 
affects detection, since the cloud very rarely overlaps the entire 
beam. Hotter clouds will be detected preferentially. In prin- 
ciple, the cold clouds missed could be estimated if the cloud 
temperature distribution was known. A further complication 
arises if brightness temperature is a function of size; for 
example, if hotter clouds tend to be larger as well, this intro- 
duces a bias in favor of large clouds. In the absence of enough 
information to correct for the brightness temperature depen- 

dence, we purposely limit our analysis to clouds larger than the 
beam size, namely, to clouds with angular diameter larger than 
the grid spacing in a coarsely sampled survey. 

In order to calculate pdet(h, R), we" make the idealizations 
that (1) the projection of a cloud on the sky is circular in shape 
and has uniform brightness temperature, (2) the telescope 
beam is circular with uniform sensitivity inside the half-power 
radius, and (3) a detection occurs only if the cloud overlaps the 
entire beam. 

Let 0gr, 0be, 6cl be one-half the grid spacing on the sky, the 
HWHM powerpoint of the beam, and the angular cloud 
radius, respectively. Then let the corresponding solid angle on 
the sky be given by 

Qgr = 40gr
2 , Qbe = 7i0be

2 , Qcl = 7l6cl
2 . 

The detection probability is then given by 

PdeA *) = , (6) 
*<5gr 

where the solid angle Qdet is defined to include all points where 
a cloud center occurring at that point results in a detection. 

The detection probability equals unity for clouds larger than 
some angular radius 0comp. The clouds that are most difficult to 
detect have cloud centers at the midpoint of the diagonal 
between two grid points (see Fig. 4, upper panel). Positive 
detection occurs for 0cl > 0comp, where 

flcomp = (V2)0gr + 0be , Pde.^cl > Öcomp) = 1 • (7) 
The smallest clouds we consider are those with a cloud radius 
^min = 0gr + ^be* A cloud with radius 6min whose center lies 
within radius 9 = 9gr of a grid point will be detected, so 

Pdet(0c, = 0min) = ^ = ^, emin = egI + ebe. (8) 

For clouds 9min < 6cl < 0comp (see Fig. 4, lower panel) the detec- 
tion probability is given by 

Pdet(0min ^ ^ Oc0mp) = ^ SCC2 (f> + (SCC2 (f> ~ 1)1/2 , 

(9a) 

where 

The detection probability can be calculated in a similar 
fashion for clouds with 0cl < 6min : however, its value quickly 
approaches zero, and in a way that depends on the assump- 
tions used to derive it. Our approach was to exclude clouds 
smaller than 9min from our observational cloud sample. This 
formally implies pdet(0cl < 9min) = 0. Unfortunately, this leads 
to a computationally undesirable discontinuity at 9cl — 9min. 
We have therefore added an ad hoc exponential cutoff for 
9cl < 6min that ensures continuity but does so without signifi- 
cantly affecting the model results. 

v. RESULTS 

In this section we compare the models with the molecular 
cloud data in order to derive the cloud size spectrum and the 
relative strength of the spiral arms. The models, described in 
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Fig. 4.—Figures illustrate the theoretical likelihood of detecting a cloud of 
angular radius 0cl when using a telescope with angular beam radius 9be and 
survey grid spacing 29^r. Top : Shown is the smallest cloud that will be detected 
in at least two grid points with 100% probability. Bottom: A cloud of angular 
radius 9cl < (N/2)0gr + 0be will not be detected if its center lies within the 
hatched region. 

detail in § IV, calculate nobs(b, R), which is the observed cloud 
density per unit volume per unit cloud diameter. 

Two different rotation curves were used; we refer to the flat 
rotation curve as case A and to BFS as case B. The two rota- 
tion curves probably give a good indication of the uncertainty 
in the outer Galaxy rotation curve, and we use them to indicate 
the level of sensitivity of the model results to the choice of 
rotation curve. The known velocity anomaly of 20-30 km s-1 

in the Perseus arm introduces an uncertainty in our results that 
is of the same order as the choice of rotation curve. 

In order to determine the best-fitting model, we have con- 
structed the maximum likelihood function for cases A and B 
and for different values of the spiral arm contrast ratio /cr and 
the size spectrum index a. The best-fitting model is that model 
having the maximum value of the maximum likelihood func- 
tion. 

The log of the maximum likelihood function is plotted 
against the size spectrum index a in Figures 5a and 5b. The 
models use a value of the vertical Gaussian scale height (Tz 
equal to 85 pc, corresponding to a HWHM of 100 pc. The 
models themselves are very insensitive to different choices for 
the scale height. The apparent offset between cases A and B is 

not real, and comes about because the value of the maximum 
likelihood function is not invariant to coordinate transfor- 
mations. Cases A and B should therefore be considered sepa- 
rately when interpreting Figure 5. 

In Figure 5a the value of the maximum likelihood function is 
seen to vary more with the value of the power-law index a than 
with the parameter/cr. The maximum ordinate value aML for 
case A is —2.8 with /cr = 4; for case B it is —2.6 with/cr = 6. 
The entire range of aML in Figure 5a is about —2.4 to —2.8, 
showing that the best-fitting value of aML is fairly insensitive to 
the choice of the rotation curve and the details of the model of 
the molecular cloud space density. 

To further expand on this point, we relax the somewhat 
artificial assumption of constant cloud surface density. We 
have calculated a sequence of models that incorporate a radial 
decrease in the cloud spatial density n0 in order to show the 
resultant magnitude and direction of change in the value of 
aML- We do this because, unfortunately, current observational 
data do not allow us to set good a priori constraints on the 
radial decrease in surface density appropriate to our survey. 
We note that available information (Sanders, Solomon, and 
Scoville 1984) suggests a surface density decrease in the neigh- 
borhood of a factor of 4. 

Figure 5b shows a series of models with a radial linear 
decrease in cloud surface density ranging from 1 (no radial 
decrease) to 8. First notice that the maximum value of the 
ordinate changes little, showing that the significance of the fit is 
not sensitive to the radial surface density. Better a priori infor- 
mation is needed to specify the best model. 

The largest effect introduced by the radial surface density 
decrease is to shift the peak in a by 0.3 to a shallower power 
law. This reflects an uncertainty at the same level as that due to 
the choice of rotation curve and furthermore gives a value that 
lies within our 90% confidence limits. Finally, we note that the 
shift to a shallower power law strengthens the conclusions we 
draw in § VI. 

We display the n0 = constant models by showing the mar- 
ginal and cumulative distributions of clouds versus line-of- 
sight distance and clouds versus cloud diameter. Models for 
case A with /cr = 4 and for case B with /cr = 6 are shown in 
Figures 6 and 7, respectively. The smooth curves seen in all the 
figures represent models with values of the power-law index a 
ranging from 0 to — 4. 

The marginal distribution pb(b), i.e., the number of clouds 
per unit cloud diameter, is shown in Figures 6a and la and is 
defined by 

/vx If nobs(fo? R)dR 
«oJÖ', R)dRdV’ 

(10) 

where V is the survey volume. The marginal density pb(b) has 
the units of clouds per kiloparsec and is normalized to equal 
unity when integrated over cloud diameter. The effects of 
incompleteness can be seen by examining the a = 0 curve. In 
the absence of selection effects, the curve would be horizontal. 
For clouds smaller than about 20 pc the fraction of clouds that 
are detected quickly drops. Most of the incompleteness arises 
from the fact that small clouds can be detected only in a subset 
of the entire survey volume; the effective sample volume 
decreases roughly as R,3

im, where Rlim = b/0gr. As can be seen 
from Figure 6a, a steep power law ensures that many small 
clouds will be detected despite the action of selection effects. In 
addition, note that any analysis that includes small clouds 
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Fig. 5.—The log of the maximum likelihood function is plotted against the cloud size power-law index a. Both flat rotation curve models {dashed lines) and BFS 
rotation curve models {dotted lines) are shown, {a) Curves are labeled by different values of the spiral arm contrast ratio/cr. The maximum value attained by the 
ordinate determines the best-fitting model {solid lines). Thus, the best fit is aML = — 2.8,/cr = 4 for a flat rotation curve, and aML = — 2.6,/cr = 6 for the BFS rotation 
curve. Notice that the maximum likelihood value of a is insensitive to the choice of rotation curve and the spiral arm contrast ratio. The apparent offset between cases 
A and B is an artifact of the method, {b) Models with/cr = 4 for a flat rotation curve and/cr = 6 for the BFS rotation curve are shown. Curves are labeled by different 
values of the surface density variation defined by «o(^m¡n)/no(^max) an<I ranging in value from 1 (n0 = constant) to 8. 

without correcting the observed distribution for selection 
effects will systematically derive a flatter cloud size spectrum 
than is actually present. The detailed features seen in the 
models reflect variations of the spatial cloud density, i.e., the 
spiral arms and the change in the H i midplane. 

The cumulative distribution Pb(b' > b) is plotted in Figures 
6b and lb, where 

Pb(b' > b) = .fc k »obsfo', R)dRdV 
$l:: ¡y nobs(V, R)dRdV ’ (11) 

and where Pb represents the probability that a cloud will have 
a diameter b' > b. The cloud data are plotted in histogram 
form. The fit to the data is reasonable, but it should be kept in 
mind that the maximum likelihood method uses information 
from the joint density nobs(b, /?), which may give a result that 
does not exactly correspond to an eyeball fit of the marginal 
density; this is because the marginal density is constructed by 
integrating nobs(b, R) over one coordinate and so inherently 
contains less information than the joint density. To estimate 
the reliability of the fit, we plot the 90% confidence bands 
using the one-dimensional Kolmogorov-Smirnov statistical 
test for Ncl =10. These are indicated by the dashed histo- 
grams. From the model curves that lie within the 90% con- 
fidence bands we see that values of a in the range [ —1.5, — 3.8] 
for case A and [ — 0.7, — 3.3] for case B are consistent with this 
level of uncertainty. 

The marginal density pr(r) is plotted in Figures 6c and 7c and 
is defined by 

, , _ in jtl »obs(fr'> r, Q')r2db'dii' 
iv fc nobs(b', R')dt'dR' 

(12) 

where Q, is the angular coverage of the survey in steradians. 
The strong feature present is the Perseus spiral arm. The jag- 

gedness apparent in the curves occurs because the models 
depend on an observational quantity, the position of the H i 
midplane, which has some noise associated with it. 

The cumulative probability distribution Pr(r' < r) is shown 
in Figures 6d and Id and is defined by 

PJ/ <r) = 
Lm in .fc: »oJb', P, ny2dr'dCl’db' 

Lfti: n0Jb\ R')db'dR' 
(13) 

and represents the probability that a cloud will occur at a 
line-of-sight distance r' < r. The data show a sharp rise near 
r = 6 kpc and (r = 9 kpc in Fig. Id) which we attribute to the 
presence of the Perseus spiral arm. The fit of the model to the 
data outside the arm region is reasonable. 

The parameter n0, the absolute scaling of the cloud density, 
is determined by setting 

N cl nobs(b', R')dVdR' , (14) 

where Ncl = 10 is the number of clouds observed in the second 
quadrant. For cases A and B, n0 has a value of 800 and 600 
clouds kpc-4, respectively, where n0 has the units of clouds per 
unit volume per unit cloud diameter. 

VI. SUMMARY AND DISCUSSION 

a) Molecular Cloud Size Spectrum 
To summarize our results on the molecular cloud size spec- 

trum, we find that the best-fitting power law has an index 
a = — 2.6(+1.9 —0.7) when kinematic distances are calculated 
using the BFS rotation curve, and a value a= — 2.8(+1.3 
— 1.0) for a flat rotation curve; 90% confidence limits are 
given. For clouds larger than (y/2)6grrmax = 26 pc (BFS) the 
survey is complete. An incompleteness correction was calcu- 
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Fig. 6.—Projections of the models are plotted against cloud diameter b or line-of-sight distance r for different values of the parameter a. The models shown use 
/cr = 4 and a flat rotation curve, {a) Plot of probability density versus cloud diameter. Model curves with a = 0, — 1, —2, —3, —4 are shown. The solid curve denotes 
the a = —3 model, {b) Plot of cumulative probability versus cloud diameter. Model curves with a = 0, — 1, — 2, —2.25, —2,5, —2.75, —3, —3.25, —3.5, —3.75, —4 
are shown. The solid curve denotes the a = —2.75 model. The solid histogram shows the observational data. The dashed histograms mark the Kolmogorov-Smirnov 
90% confidence limits, (c) Plot of probability density versus line-of-sight distance. Model curves with a = 0, — 1, —2, —3, —4 are shown. The solid curve denotes the 
a = — 3 model, {d) Plot of cumulative probability versus line-of-sight distance. Model curves with a = 0, — 1, —2, —2.25, —2.5, —2.75, —3, —3.25, —3.5, —3.75, —4 
are shown. The solid curve denotes the a = —2.75 model. The solid histogram shows the observational data. The dashed histograms mark the Kolmogorov-Smirnov 
90% confidence limits. 

lated for smaller clouds using the survey grid spacing 0gr and a 
model for nv(R\ the molecular cloud spatial distribution. The 
derived size spectrum is insensitive to the details of the model 
nv(R) except for the assumption that the molecular clouds 
follow the warp seen in the H i gas distribution. However, this 
assumption is very reasonable, since there is observational evi- 
dence seen by us (§ III) and by Fich and Blitz (1984), that the 
molecular gas follows the H i warp. 

A number of other researchers have measured the molecular 

cloud size spectrum. Solomon, Sanders, and Scoville (1979) 
find a value of a = — 3.4 for a sample of chords measured from 
two longitude strips in the inner Galaxy. The near-far distance 
ambiguity was treated by assuming all clouds to be at the near 
distance. This has the effect of making the derived size spec- 
trum steeper than its actual value, as can be seen from the 
following argument. Suppose that a given velocity corresponds 
to a near kinematic distance r1 and a far distance r2; then a 
longitude strip of angular size A/ subtends an arc of length r^l 
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Fig. 7.—Figure descriptions are the same as for Figures 6a-6d, except that the models shown use a best-fit value of/cr — 6 and the BFS rotation curve 

and r2A/ at the near and far distances, respectively. There will 
therefore be r2/r1 > 1 times more clouds at the far distance 
than at the near distance; however, the far clouds will have an 
assigned size r1/r2 times smaller than their actual size, leading 
to a relative overabundance of small clouds in the observed 
distribution. 

Liszt, Xiang, and Burton (1981) have measured a value of 
a = — 3.3, also from a sample of cloud chords in the inner 
Galaxy. They assigned distances to the clouds by assuming 
that a cloud had even probability of being at the near or far 
distance, and limited their cloud sample to values of r2/r1 < 2. 
This compensates for the bias toward a steep size spectrum, 
but by an unknown amount. 

Casoli, Combes, and Gerin (1984) mapped several areas near 
but outside the solar circle and have derived a value for a of 

about —2.4 for both their Perseus arm and Orion arm data 
sets. The near-far kinematic distance ambiguity does not affect 
distances outside the solar circle and so is not a consideration 
in their survey. The best result quoted is at the 90% confidence 
level for the Perseus arm data, with clouds defined using a 4 
km s~1 wide velocity window. However, there is some cause 
for the caution because the completeness limit bcomp = 
(x/2)0grrmax = (N/2)(8'X4.5 kpc) = 14.8 pc is larger than the 
quoted 13.5 pc average cloud size. Since no completeness cor- 
rection was included in the analysis, it is to be expected that the 
derived value of — 2.4 is shallower than the true distribution. 

Sanders, Scoville, and Solomon (1985) have rederived the 
size spectrum by measuring chords in the inner Galaxy on a 
much larger data set and find a new value of —2.3 for a. They 
resolve the near-far distance ambiguity and confine their cloud 
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sample to mainly near-side clouds by including only high- 
latitude clouds that would be more than 2 vertical scale heights 
off the plane if at the far distance. However, incompleteness 
seems to affect their result: the completeness limit for detecting 
a chord is slightly different from the completeness criterion for 
cloud detection and is given by ccomp = 20grrmax, which for 
their survey is ccomp = (IXll'XS.S kpc) = 40 pc. Since their 
cloud size bins range from 15 to 85 pc, the effect of incomplete- 
ness may be substantial, implying a steeper actual size spec- 
trum than the measured value of — 2.3 for a. 

We see that previous determinations of the size spectrum 
have derived values ranging from —2.3 to —3.4 for a, but that 
systematic biases affect the results, although by unknown 
amounts. The sense of the biases is such that if one value of a 
characterized the true cloud size spectrum, then that value of a 
is bracketed by the measured range of results. However, the 
results are derived for different cloud size ranges, and in differ- 
ent parts of the Galaxy. The question of whether a may vary 
with Galactic radius or with cloud size, as for example whether 
a is different at the large cloud size end, cannot be answered at 
present. 

The ranges on a given for our analysis are the approximate 
90% confidence limits on a. At this level of significance and 
given the probable uncertainties in other authors’ measure- 
ments, our results in the outer Galaxy show no evidence for a 
different size spectrum. In addition, the data of Kutner and 
Mead (1981) show that giant molecular clouds exist in the 
outer Galaxy and are similar in size to their inner Galaxy 
counterparts. The five molecular clouds that they map in the 
first Galactic quadrant lie in the Cygnus arm, with galactocen- 
tric distances of 13.6-15.0 kpc and sizes of 60-80 kpc. This 
implies that molecular cloud formation takes place in a similar 
manner throughout the Galaxy. 

b) A Single Cloud Formation Processi 
The mass spectrum implied by the size spectrum can be 

simply derived. Suppose that the mass of a cloud is related to 
the size by m oc pb3, with p oc bß. The mass spectrum is then 
given by nm(m) = nh(b) \ db/dm |, where Hb(b) oc ba is the size 
spectrum. The effects of an upper or lower cutoff on the size 
distribution can be included but are unimportant to the argu- 
ment if the maximum cloud size is much larger than the 
minimum cloud size. The total mass dM = mnm(m)dm in clouds 
per logarithmic mass interval is given by dM/d log m oc 
m(a+D/(/? +3)+ i Notice that this implies that most of the mass 
will be found in the largest clouds unless a < — (4 + /?). Given 
that typical values for ß lie between 0 and —0.75 (e.g., Casoli, 
Combes, and Gerin 1984; Sanders, Scoville, and Solomon 
(1985), previous measurements of a have shown that most of 
the molecular gas in our Galaxy resides in the largest clouds. 
This also seems to hold in the very outer Galaxy, considered by 
itself; there the lowest value of a that lies in the 90% confidence 
band occurs near the boundary, where roughly equal contribu- 
tions are made to the total mass by each logarithmic mass 
range. 

A measurement by Knude (1981a, b) of the size spectrum for 
H I clouds, the other important contributor to the mass of the 
interstellar medium, gives a value of —2.6 for a in the solar 
neighborhood, very similar to values for the molecular gas. 
These clouds range from 2 to 10 pc in size and roughly from 1 
to 100 Mq in mass: Knude’s volume limited sample does not 
contain information on nearby clouds that are larger than 10 
pc. This result implies that most of the nearby neutral hydro- 

gen mass lies in the largest H i clouds, but the size and mass of 
those largest clouds are not really known. 

We have discussed a number of similarities in the properties 
of molecular clouds ; in contrast is the marked radial decrease 
of the molecular mass surface density outward from its peak 
near 5 kpc, compared with the nearly constant H i mass 
surface density. The molecular surface density estimates of 
Sanders, Solomon, and Scoville (1984) show a factor of 40 
decrease from the peak of the molecular ring to the average in 
the outer Galaxy. Making an extrapolation for the peak of the 
molecular ring, the data of Bloemen et al. (1986) suggest a 
factor of 10-20 decrease. Both measurements document a very 
substantial decline in the molecular mass surface density. The 
interstellar medium changes in character; at the peak of the 
molecular ring half or more of the gas is molecular, while in the 
outer Galaxy very little of the interstellar gas is in molecular 
form. 

Given that the cloud size spectrum index is nearly the same 
for atomic and molecular clouds in the solar neighborhood, 
and that the molecular cloud size spectrum and maximum 
molecular cloud size are fairly constant throughout the 
Galaxy, the simplest conclusion is that one physical mecha- 
nism is responsible , even in the outer Galaxy, for the forma- 
tion of interstellar clouds. Furthermore, the large decrease in 
the ratio of H2 to H i mass surface densities over the Galaxy is 
evidence that the cloud formation mechanism is substantially 
independent of whether the gas is atomic or molecular. 

Given the decline in the molecular mass surface density, then 
a natural consequence of the idea that one physical mechanism 
is responsible for cloud formation is that giant H i clouds 
should exist. If we consider the mass spectrum of all clouds, 
whether atomic or molecular, then the observational data 
suggest a mass spectrum index such that most of the inter- 
stellar mass is in the largest clouds. Near the peak of the molec- 
ular ring much of the interstellar mass is observed to be 
contained in giant molecular complexes. In the outer Galaxy 
we would expect most of the mass to lie in giant H i complexes. 
There is some observational evidence in support of giant H i 
clouds; McGee (1964), McGee and Milton (1964), and more 
recently Elmegreen (1986) present evidence for H i 
“superclouds” with characteristic masses near 107 M© in the 
Milky Way and in other local galaxies. 

A review of current theories of cloud formation shows that 
cloud theories fall broadly into two categories: collisional 
theories that treat clouds as sticky particles that interact 
through collisions (Kwan 1979; Cowie 1980; Casoli and 
Combes 1982), and instability theories that appeal to large- 
scale instabilities to form the largest mass structures observed, 
namely, giant molecular clouds (Mouschovias, Shu, and 
Woodward 1974; Blitz and Shu 1980; Jog and Solomon 1984; 
Balbous and Cowie 1985). The theories of Cowie (1981) and 
Elmegreen (1982a, b) are a hybrid of the two classes, since they 
treat the clouds as a fluid of particles that can become dynami- 
cally unstable. 

Although cloud formation theories have been developed 
mainly to explain giant molecular clouds in the inner Galaxy, 
the theories can also be applied to the mostly atomic 
environment of the outer Galaxy. In the context of current 
theories the interstellar mass, either the bulk gas mass or indi- 
vidual cloud mass, plays a primary role, whereas the atomic or 
molecular state of the gas is subsidiary, appearing only indi- 
rectly as in the thermodynamic properties assumed for the 
interstellar fluid. On the one hand, this means the theories are 
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general enough to apply throughout the Galaxy; but it also 
means that current theories do not provide an explanation for 
the small amount of molecular gas in the outer Galaxy. We 
now focus attention on disk instability theories, since they 
make some specific predictions for giant interstellar clouds. 

As a class, instability theories have many similar character- 
istics, which unfortunately makes it difficult to distinguish 
them observationally. Common to all the theories is the prop- 
erty that the wavelength of the instability is of the order of 
2nH9 where H is the gas scale height; this represents the linear 
dimension over which the gas can be collected into a complex. 
Since the gas scale height increases substantially in the outer 
Galaxy, it may be possible to distinguish between instability 
theories and collisional theories by observing the spacing 
between large cloud complexes. 

In instability theories the mass of a giant complex scales 
roughly as £H2, where E is the interstellar mass surface 
density. Since the radial increase in scale height tends to cancel 
the radial decrease in gas surface density, the mass of a 
complex may be expected to be a slowly varying function of 
galactocentric radius. This is consistent with the nearly con- 
stant maximum cloud size observed throughout the Galaxy. 

Each theory has an instability criterion, dependent on the 
local properties of the disk, which must be satisfied for the 
instability to occur. In principle this can be used to test a 
theory, but, unfortunately, many of the important disk proper- 
ties are not well known. We merely make the observational 
point that a theory must predict instability out to a distance of 
at least 15 kpc to be viable, since giant molecular clouds are 
observed in the outer Galaxy. 

c) Summary 
To summarize, we present a technique for deriving the inter- 

stellar cloud size spectrum that corrects for the incompleteness 
inherent in observational surveys. We then apply the method 
to a 12CO survey of the outer Galaxy and compare our results 
with previous measurements of the cloud size spectrum. 

We conclude that the molecular cloud size spectrum, and the 
observed range of molecular cloud sizes, appear to be the same 
throughout the Galaxy. Combined with the similarity of the 
H i size spectrum, this implies that one physical mechanism is 
responsible for cloud formation. The significant decrease in the 
ratio of molecular to atomic gas surface densities throughout 
the Galaxy points out that (1) conditions in the Galactic disk 
become increasingly unfavorable to molecule formation 
outside the molecular ring, (2) current theories of cloud forma- 
tion and evolution are inadequate to predict what the H2/H i 
ratio is and why it varies, and (3) in the outer Galaxy most of 
the gas is atomic and is probably contained in giant H i com- 
plexes. 
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