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ABSTRACT

CO data from the Massachusetts—Stony Brook Galactic Survey have been analyzed to generate a compilation
of clouds and hot cloud cores in the first Galactic quadrant at /=8° to /=90° and b= —1°05 to b= +1°.
Three lists of CO emission regions are compiled: 1427 emission regions from the general cloud population
measured at the 4 K boundary with CO peaks at 7§ > 5 K; 255 hot cloud cores measured at the 8 K boundary
with peak Tg > 9 K; and 95 clouds associated with 171 radio H 11 regions.

The clouds associated with H 11 regions exhibit systematically brighter CO peaks; they are a factor of 2—3
larger and have twice as large a mean velocity dispersion as the general cloud population. Both the H 11 region
clouds and the hot core regions have a Galactic distribution characteristic of a spiral arm population, whereas
the colder clouds are much less confined in Galactic azimuthal angle. For giant molecular clouds (GMCs) in the
general population, there is no significant difference in the confinement of large or small clouds to the spiral arm
locations.

Virial masses are obtained for the large sample of clouds with assigned kinematic distances. The mean H,
density for a GMC of diameter 40 pc (at T = 4 K) is 180 cm 3. For these clouds, a linear relationship is found
between the H, column density (adopting R, = 8.5 kpc) and the integrated CO emission: Ny, (cm™2) =3.6 X
10%°Io (K km s™!) for diameters in the range 10-100 pc. This relation holds equally well for clouds with and
without H 11 regions. The variation in the Z-dispersion of clouds as a function of cloud mass suggests that more
massive GMCs have smaller random velocities, as expected for equipartition. The distribution of H 11 region
locations within GMCs can be approximated by a power law p(r) & r~!, where r is measured from the CO
emission centroid. The efficiency for massive star formation estimated from the number and luminosity of the
H 11 regions within individual clouds is found to decrease with increasing cloud mass over the range 2X10° to

4x10° M.

Subject headings: galaxies: Milky Way — interstellar: molecules — nebulae: H 11 regions

I. INTRODUCTION

Virtually all star formation in the Galaxy occurs within
molecular, not atomic, hydrogen clouds. Models for the struc-
ture and evolution of the Galaxy must then include a thor-
ough understanding of the mechanisms of formation of both
the molecular clouds and the young stars within them. In
contrast to the H 1 emission, the CO emission which probes
the H, is seen to arise from discrete clouds, each with a small
line width (AV'~4-10 km s™') compared with the total
velocity width of the Galactic disk (Vi gz =—5 to 150
km s~'). A typical line of sight through the inner Galactic
disk will intersect three to eight of these giant molecular
clouds (GMCs) of size 20-100 pc. (Limited studies of the
distribution of cloud properties have been done in *CO by

Stark 1979 and Liszt, Xiang, and Burton 1981 and in CO by
Sanders, Scoville, and Solomon 1985.)

The recently completed Massachusetts—Stony Brook
Galactic CO Survey (Sanders et al. 1986) provides an exten-
sive data set for studies of the GMC properties. The 40,551
survey spectra were obtained on a well-sampled grid (mostly
3’ X3’ in [ and b centered on the Galactic midplane) with a
45”” beam. The characteristics of the survey were thus specifi-
cally designed to completely sample all GMCs in the first
Galactic quadrant of size greater than 10 pc at distances less
than 10 kpc. These high-resolution data are ideal for studies
of cloud morphology, the cloud size distribution, the internal
kinematics of clouds, and their thermal distributions. Pre-
liminary publications of data from the survey have been
presented in the form of (b,V) diagrams (Sanders et al.
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2 1986), (1,V) diagrams (Clemens et al. 1986), and (/,b) di-
+ agrams (Clemens et al. 1986).

In this paper we present a complete list of CO emission
regions and their measured parameters. Given the / and b
coverage of this survey (/=28° to 90° and b=-1°05 to
+1°), this compilation represents a nearly complete account-
ing of the molecular clouds in the first quadrant of the Galaxy
with sizes greater than 20 pc. The largest list, containing 1427
objects, was generated by a computer search through the
survey data for all CO peaks exceeding a 5 K (T¢) threshold.
The cloud boundary is defined by all simply connected points
in (I, b,V) 3-space above the 4 K (T ) threshold. A second
list of 255 objects was generated by automated search for all
CO emission peaks exceeding 9 K. In several cases, more than
one of the peaks in the 9 K list is included within a single
cloud of the first list. The first list (referred to as 4 K clouds)
was chosen with emission thresholds such that it would in-
clude virtually all GMCs with significant internal heating,
presumably due to active star formation. On the other hand,
the low threshold adopted for this list implies that in some
areas several distinct clouds will be blended into a single
entry. The second list (referred to as 8 K clouds) provides a
fairly complete accounting of all hot cores within GMCs but
does not provide an accurate assessment of the boundaries for
the clouds in which these core regions are located.

A third list of objects is composed of CO emission regions
associated with radio H 11 regions. For this group of clouds
the threshold level for the cloud boundary was varied from
cloud to cloud in order to obtain the largest possible extent
for the cloud while at the same time maintaining isolation
from neighboring emission regions. Maps of the CO emission
and velocity fields are presented for this group of clouds. This
list, including only those clouds with massive star formation,
is particularly useful for studying the Galactic spiral struc-
ture. The H n1-GMC list has the additional virtue that the
majority of the objects have resolved kinematic distances as
the result of their association with radio H 11 regions. The
measured properties of this H 11 region-based sample are
analyzed and cross-correlated. '

II. CLOUD DEFINITION

The Massachusetts—Stony Brook Galactic CO Survey was
obtained on the 14 m telescope of the Five College Radio
Astronomy Observatory (FCRAO)! in New Salem, Mas-
sachusetts. A complete description of the survey coverage,
data acquisition, and reduction is included in Sanders et al.
(1986). The survey includes 40,551 spectra in longitude range
8°-90° at latitudes between —1°05 and +1°. Between / =18°
and /= 55° the spectra were obtained on a 3’ X3’ grid and at
other longitudes on a 6’ X6’ grid. The velocity range of the
survey included V; gz = —100 to +200 km s™! at a resolution
of 1 km s~!. All intensities were converted to Rayleigh-Jeans
antenna temperatures, Tg", corrected for atmospheric extinc-
tion and the antenna spillover efficiency (nggg=0.7). The

1The Five College Radio Astronomy Observatory is operated with
support of the National Science Foundation under grant AST 82-12252.
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noise level in the survey is AT¢ =04 K (1 o¢); thus all
emission features and cloud boundaries above 1.2 K are
significant. In this paper most of the cloud boundary and
definition are performed at T > 4 K corresponding to 10 o.

In generating a list of CO emission regions for the present
study, an automated routine was developed to search through
the 3-space of CO data (/, b, and V'), locate local maxima in
the CO temperatures, and find all 3-space points simply
connected to these maxima above a specified threshold. This
threshold serves to define the boundary for each emission
region; however, it must be recognized that the full extent at
0 K intensity will often be more than a factor of 2 larger.
Once a given (/,b,V) point has been included within the
boundary of one cloud, the point is removed from the survey
data set and does not enter within any other cloud.

Computerized schemes for cloud definition were employed,
rather than manual measurement of the clouds (e.g., Myers
et al. 1986) because of the very large number of emission
regions and the need to experiment with the adopted peak
and threshold parameters. Ideally, one would like measure-
ments of the clouds with a 0 K threshold for each cloud
boundary; however, low boundary thresholds are impractical
in view of the noise in the data and the blending of adjacent
clouds which occurs in crowded areas of the spatial-velocity
plane. The degree of blending varies considerably across the
area of the survey. Near the terminal velocity at /= 30°-50°,
overlap of optically thick emission from separate clouds can
occur at temperatures as high as 5 K, while at higher longi-
tudes and lower velocities, clouds are seldom blended, even at
the 2 K level. With too high a threshold the emission regions
become severely truncated, and it is impossible to obtain a
reliable estimate of the cloud size and emission integrals. On
the other hand, if one wishes to compare the properties of
clouds from one area of the Galactic plane to another, it is
clearly necessary to have a uniform measurement criteria. For
several of the clouds, we have varied the threshold tempera-
ture to investigate how the measured parameters depend on it
(see below).

a) CO Emission Regions

Our primary list of emission regions is based upon a 4 K
threshold for the cloud boundary. Within each region with
points exceeding 4 K, it was required that there be at least
three data points (/, b, and V) with temperature exceeding
4 K, and at least one point exceeding 5 K. The first condition
was adopted because any emission region with less than three
points will be unresolved in the survey; the second condition
on the peak amplitude was adopted to avoid noise fluctua-
tions from lower intensity emission regions registering as
significant entries in the list. The primary list (hereafter
referred to as the 4 K list) included in Table 1 contains 1427
entries; without the restrictive conditions the number was
nearly twice as large. (In most of the analysis reported below,
we restrict the samples further to include only objects with
five or more points.) This list contains very diverse objects,
many containing only the minimum of three (/, b, V) points,
but one (No. 722) containing over 11,063 data points. The
latter is clearly a blended feature at the terminal velocity.
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Clemens (1985a) developed algorithms for resolving these
blended features, but they have not been applied to the full
survey. Within many of the 4 K regions there are multiple hot
cores, and a second search through the data was run with the
two thresholds set at 8 and 9 K. This list of hot cores (referred
to as the 8 K list) was then integrated into the 4 K list with
the designations A, B, C,... for the successive core locations
found in each of the 4 K emission regions.

For each emission region in Table 1 we have included a
number of measured parameters. The position and intensity
of peak CO emission are given, along with the centroid
position and mean CO temperature for the entire emission
region inside the 4 K boundary. The number of spatial-veloc-
ity data points within each cloud is given, and the maximum
angular extent in / and b (from the minimum to the maxi-
mum / and b in degrees) and the velocity dispersion o, are
listed. It must be cautioned that these spatial and velocity
sizes are based only on points above 4 K. Since the survey
data are sampled at 1 km s, velocity dispersions <1 km
s~! (corresponding to AV =2.3 km s~1) have a large
uncertainty.

The Galactic position (galactocentric radius and near and
far distances) were derived from the centroid / and V using
the new rotation curve of Clemens (1985b) with the new solar
constants (R, =85 kpc and 6, =220 km s~!). Clouds at
/< 20° and —0°66 < b < 0° were placed in the 3 kpc arm if
their velocity was within 10 km s™! of the expanding ring
model given by Bania (1980), which was based on CO map-
ping of the 3 kpc arm. Assignment was made to the Cygnus
arm if 74° </<86° and V> —15 km s~ !; the adopted dis-
tance and radius were assumed to be 1.5 and 7.7 kpc, respec-
tively. We also attempted to resolve the near/far distance
ambiguities using the derived Z centroid ((Z)) and width
(AZ) in Z. Any clouds for which the far distance assignment
would imply a (Z) or AZ exceeding 120 pc (twice the Z
half-width of 60 pc) are noted as being on the near side.
Similarly, any clouds with differences between the near and
far distances of < 40% are noted as being close to the
tangential point.

The angular sizes in / and b (Al, Ab) have in all cases been
converted into a linear size (AL, A B) in parsecs assuming the
clouds are at the near point distance. These sizes will be
appropriate for all clouds flagged in the far right-hand column
(3 KPC, CYG, NEAR, or TANG); for the remaining features
the specified linear sizes must be increased by the ratio
dear /dnear if they are situated at the far point in the line of

sight.
b) H1u Region Clouds

A second list of clouds was generated starting from a
sample of radio H 11 regions with measured recombination
line velocities (Downes ez al. 1980; Lockman 1987). All the
H 11 regions of Downes et al. within the CO survey area were
included (138 sources), and 33 additional sources were taken
from the Lockman survey (selecting only strong sources which
were well separated from the Downes et al. objects). In many
cases a single cloud was found to contain multiple H 11
regions, so the final list includes only 95 distinct clouds. This
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cloud list based upon the sample of H 11 regions has several
virtues:

1. The clouds with massive star formation will tend to
have hot molecular gas and are therefore easier to delineate
against the background of Galactic CO emission.

2. By virtue of their association with H 11 regions, most
clouds can be assigned unambiguous kinematic distances,
and thus the angular sizes measured for the clouds may be
transformed into linear sizes. These clouds can also be
unambiguously placed within the Galactic disk.

For the H 11 region-based sample of molecular clouds the
search for an associated cloud was started at the (/,b,V)
position of the H 11 region and extended out to 0°2 radius and
+10 km s~ ! of the H 11 velocity. [The fact that all H 1
regions had CO emission within this search range suggests
that a sufficiently wide (/, b, V)-space was searched.] Once a
substantial CO peak was found, the (/,b,V)-space was
searched for all simply connected points above a boundary.
The level of the threshold for the boundary was varied
depending on the complexity of the nearby emission field. In
varying this boundary level, we aimed for optimum isolation
of the cloud from the nearby background CO emission with
the lowest possible cutoff temperature. [The resulting cloud
maps were compared with the corresponding set of (b,V)
diagrams for about a third of the total sample. Good agree-
ment between the automated and manually mapped cloud
boundaries was found in all but a few blended clouds (as can
be verified by comparing Table 2 of this paper with Table 1 in
Waller et al. 1987).]

The H 11 region clouds are shown in Figure 13 (at the end
of this paper) via two different mappings. In the first, the total
integrated intensity is mapped as a function of / and b for a
velocity interval of 15-20 km s™! centered on the central
velocity of the CO peak identified with the H 11 region. In the
second type, the integrated emission is shown only for those
simply connected (/, b,V) points included within the cloud
boundary at the specified threshold level. In both maps,
symbols are shown at 3’ grid points to indicate the mean
velocity for emission within the selected velocity range (shown
in the legend at the top of the figure). In the second type of
map, the horizontal bar at the lower right shows the linear
scale assuming that the cloud is at the assigned distance to the
H 11 region. The H 11 region distances given in Table 2 were
reevaluated from the centroid /, b, and V of the associated
CO cloud using the Clemens (1985b) rotation curve, and the
twofold distance ambiguities were resolved following the as-
signments given by Downes ez al. (1980).

Measured parameters of the clouds associated with the H 11
regions are given in Table 2. Aside from the measurements
already described for Table 1, Table 2 also includes the H 11
region luminosity (S .,d> in Jy kpc? based on the radio
free-free emission) and the total CO luminosity integrated
over the surface area of the cloud (K km s™! pc?; col. [20]).
The cloud sizes are tabulated as the square root of the surface
area, A'/?, in parsecs.

In order to intercompare the sizes of the clouds associated
with H 11 regions which were measured with varying cutoff
temperatures (T ,; col. [22]), we derived an empirical “curve of
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A=G19.48+0.14
B=G43.17+0.00
C=G4949-0.38
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TR A BT ER N S

F1G. 1.—Growth curves for the sizes of clouds as determined by the
square root of the projected area and the velocity dispersion are shown
for four clouds from the H 11 region sample measured with variable cutoff
temperature 7,. These clouds were selected for being in relatively uncon-
fused areas of the (/,V)-plane, so that a range of T, could be explored.

growth” based on the measured variation of the size and o,
as a function of T. Three clouds (G19.48+0.14, G43.17+0.00,
and G49.49—0.38) in unconfused areas of the (/,V)-plane
were measured at cutoff temperatures varying from 1.2 to
6 K. (The requirement that the clouds be in an area of the
Galactic plane with no background down to the 1 K level and
that the clouds have bright peaks meant that there were very
few clouds available for this growth-curve analysis.) In Figure
1 the sizes, 42, and velocity dispersion, o,, normalized
relative to their 2 K value are shown together with the best-fit
growth curves:

A2 /42(2K) = 0.034T2 —0.45T, +1.80 (4]
and
0,/6,(2K) =—0.11T, +1.22. (2

Although there are clear differences in the growth curves from
cloud to cloud, these analytic relations provide the first-order
correction needed to reduce the measured clouds to a com-
mon boundary value.

In the following sections we adopt as a measure of the
mean cloud diameter a quantity which is the square root of
the product of the maximum linear extents in the / and b
directions. Thus

D=(ALAB)?, (3)
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where AL and AB are the measurements given in columns
(16) and (18) of Table 1. Equation (3) is strictly correct only
for the case of elliptically shaped clouds with major axis
aligned parallel or perpendicular to the Galactic plane, but
the errors introduced for an arbitrary orientation are small.
To convert the square root of the projected cloud area (A4'/?)
which is tabulated for the H 11 region clouds in Table 2 (col.
[19]) into an equivalent diameter, we have compared the two
measures [ 4172 and (A LA B)'/?] for clouds measured in both
lists at approximately the same cutoff temperature 7. For
clouds 35, 105, 164, 773, 918, and 1078, the mean value of
A2 /(ALAB)/? = 0.73+0.07. For the H 11 region clouds, we
therefore employ the conversion

D =(1.36+0.15) 42 (4)

III. DISTRIBUTION OF CLOUD PROPERTIES

The two lists of CO emission regions (Tables 1 and 2)
provide a comprehensive sample for investigation of the sta-
tistical properties of GMCs in the inner Galaxy and a basis
for comparison of regions with and without massive star
formation. In the following discussion we exclude cloud 772
from the 4 K list, since it is clearly a blend of many clouds
near the tangential point.

In Figure 2 histograms of the CO peak temperatures,
diameters, and velocity dispersions are shown for the 4 K and
H 11 region samples. The mean value for each distribution is
noted by the vertical arrow above the horizontal axis. Since
all the parameters for the H 11 region sample were reduced to
a 4 K boundary threshold as described in the previous sec-
tion, the two sets of distribution functions should be directly
comparable. From these figures it is immediately apparent
that the H 11 regions tend to be associated with systematically
hotter, larger, and greater velocity dispersion CO emission
regions. That the H 11 region clouds have 50% higher peak
temperatures is not at all surprising, since the presence of
high-luminosity, massive stars within these regions will elevate
the heat input to the dust and gas. The finding that the H 11
regions are associated with larger and more dispersive clouds
is an important conclusion derived from these samples. Waller
et al. (1987) compared the mean sizes of H 11 region clouds in
their sample with the GMCs measured by Sanders, Scoville,
and Solomon (1985) and also concluded that the H 11 region
clouds were larger.

It is also clear from Figure 2 that the general cloud popula-
tion (4 K) and the H 1 region clouds have very different
forms for their distribution functions. For each parameter
(T,, D, and o,) the H 11 region sample exhibits a broad
maximum in the number at an intermediate value of the
parameter, whereas the general cloud population exhibits an
increasing number of objects all the way down to the lower
cutoff imposed by the survey resolution or the measurement
techniques. Since the H 11 region clouds are presumably
drawn from the general cloud population, it therefore must be
the case that the formation of massive stars occurs prefer-
entially in the large clouds and presumably causes these
clouds to have higher peak CO temperatures.

The observed maximum in the distribution of velocity
dispersions for the H 11 region clouds is more than a simple
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Fi16. 2.—Distributions of (a) peak CO temperatures, (b) velocity
dispersion, and (c) diameter are shown for the 4 K cloud list and the
clouds associated with H 11 regions. Only clouds in Table 1 with more
than five (/, b, V') sample points are included, and for the size distribution
(Fig. 2¢) only clouds with well determined distances are used.
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corollary of the existence of a maximum in the distribution
function of H 11 region cloud sizes combined with the fact
that larger clouds are known to have greater values of o, .
This follows from the fact that at the small-size end of the
two cloud samples (D = 5-30 pc), the H 11 region clouds have
systematically greater velocity dispersions than the general
cloud population for the same size cloud (see § V).

IV. THE GALACTIC DISTRIBUTION OF CLOUDS

Important clues to understanding the formation and evolu-
tion of molecular clouds are provided by comparison of the
large-scale distributions of clouds of differing size, tempera-
ture, and rates of star formation. With the large sample of
clouds in the 4 K list we have analyzed the radial and
azimuthal distributions of hot versus cold and large versus
small clouds.

When comparing the distributions of clouds, special care
must be taken to avoid the inherent biases resulting from
variable confusion and blending in different areas of the
(I,V)-plane. Thus, near the tangential velocity where the
maximum velocity crowding occurs, our sample includes an
increased number of large “clouds” due to blending of smaller
clouds.

a) Distribution of Hot and Cold Clouds

Figures 3 and 4 show the (/, V) distributions and longitude
histograms of objects in each of the samples: 4 K clouds, hot
cores (8 K), and H 11 region clouds. The former sample
exhibits a higher degree of uniformity within the region of
(1,V)-space corresponding to the 4-7 kpc molecular cloud
ring: a wedge from /=0° (V'=0km s™!) to /= 20° (V=100
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FiG. 3.—The (/, V) distribution of 4 K clouds, cloud cores, and H 11
region clouds is shown. The latter two samples exhibit tighter confine-
ment in the (/, V)-plane, indicative of a spiral arm population.

km s~ !) and to /= 50° (¥ =65 km s™!). On the other hand,
both the hot cores and the H 11 region clouds are concentrated
along two arcs corresponding to the Scutum and Sagittarius
arms from /=0° (V=0 kms™') to /=30° and /=350°,
respectively, at the velocity terminus.

It is expected that the Galactic distribution of clouds with
massive star formation is somewhat better mapped using the
centroid velocities and positions of the CO clouds rather than
those of the recombination lines. The measurement uncertain-
ties in the CO velocities are about 4 times smaller, and the
CO values are unaffected by systematic gas flows which can
occur within the H 11 regions. The (/,¥) diagram shown for
the H 11 region clouds thus yields a slightly more accurate
definition of the sites of massive star formation than the

Vol. 63

equivalent recombination line map for the H 11 regions them-
selves (compare with Fig. 1 in Downes ez al. 1980).

The statistical significance of the variations between the
cloud samples is most easily judged by the + n!/? counting
statistics for the bins in the histograms. The concentrations of
hot cores and H 11 region clouds at / = 30° and / = 50° clearly
exceed the fluctuations expected for a random sample.

The clustering for the hot cores cannot be ascribed to
sample biases, since the cores were defined at a high enough
intensity level that there should be no blending. On the basis
of a similar analysis of the distribution of hot and cold cloud
cores, Solomon, Sanders, and Rivolo (1985) concluded that
the hot cores were significantly clumped in the Galactic plane,
whereas the colder regions were distributed rather uniformly.
Thus they suggested that the hot emission regions defined the
Galactic (spiral) arms. This does not, however, answer the
fundamental issue of the nature of the arms, since it is to be

100
4K CLOUDS
8of M
zeor ||
m
=
2 ao0f
20t
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0 20 20 0 80
40
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sof
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2 20}
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lof ]
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HI REGION CLOUDS
30} 1
o
@ ]
D 20}
]
=z
1of 1
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>
0 . ‘ . .
0 20 20 0 80

£(°)

Fi1G. 4.—Histogram of the longitudes for the 4 K clouds, cloud cores,
and H 11 region clouds. The latter two samples exhibit a marked de-
ficiency in their number at /= 35°-45° compared with the general cloud
population.
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Fi6. 5.—The (/, V) distribution of large (D > 20 pc) and small clouds
is shown for objects in the 4 K sample. Only clouds with more than five
(1, b, V) points are included.

expected that clouds with massive star formation will neces-
sarily have higher peak CO temperatures (owing to the pres-
ence of luminous stars). These hotter H, regions will then
necessarily exhibit the same confinement in the (/, V)-plane
already known for the H 11 regions.

b) Distribution of Large and Small Clouds

The more interesting question is whether the arm popula-
tion clouds are intrinsically different from the more widely
distributed disk population clouds in a way that is not simply
a consequence of the massive star formation. Figures 5 and 6
show the (/, V') distribution and longitude histogram of large
and small clouds for the 4 K sample with the dividing line
taken at 20 pc. (Here we include only the 314 clouds in Table
1 for which the distances are reasonably well determined as
outlined in § IL) It is evident that the large and small clouds
exhibit similar distributions, and neither is more clumped in
Galactic azimuth (i.e., in spiral arms) than the other. This
result, based on a very limited subsample of the clouds,
suggests that the size spectrum for the GMCs is not greatly
different between the arm and interarm regions. It must
therefore be concluded that although high-mass star forma-
tion occurs preferentially in larger clouds, cloud size is not the
determining factor for massive star formation.

The higher rate of massive star formation in the larger
clouds cannot be simply a result of the greater mass of these
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F1G. 6.—Longitude histogram for the large and small clouds from the
4 K sample (see Fig. 5).

clouds, since Solomon, Sanders, and Rivolo (1985) estimate
that approximately 60% of the total Galactic CO emission
(and therefore 60% of the total Galactic H, —see § V) arises
from the cooler disk population cloud cores, yet we have
shown that the majority of the H 1 regions are associated
with hotter, larger spiral arm clouds.

V. CLOUD MASSES, DENSITIES, AND CO LUMINOSITIES

To date, most estimates of the mass of molecular gas in the
Galaxy have been based on measurements of the integrated
CO emission using a simple constant of proportionality [gen-
erally (2-4)%x10?° H, cm™2? (K km s™!)"!] to convert from
the CO emission integral to H, column density (cf. Sanders,
Solomon, and Scoville 1984; Bloemen ef al. 1984). With the
large sample of clouds defined in the present study, it be-
comes possible to test this assumption, estimating virial masses
of individual clouds and correlating these masses with the
observed CO luminosities. (A summary of these results and
theoretical discussion is given by Scoville and Sanders 1987.)

For a cloud with a modestly peaked density distribution
(p = pgrR/r, where R = D/2), the three-dimensional velocity
dispersion averaged over the cloud in virial equilibrium (con-
sidering only gravity) is

ov(3-d) = (5 6oe) D, )

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


http://adsabs.harvard.edu/abs/1987ApJS...63..821S

828 SCOVILLE ET AL. Vol. 63
T T T T T T T s
2.5 L -
Ng_ 2.0 MVIR=(7'9tO'5)I—CO |
S '
J E
< |5k |
X
[Te)
©

éﬁl,

o

N

® 4K CLOUDS
A HI REGION

CLOUDS
1 l | L l

0 2 4 6

8 10 12 14 16 18

5
Myg (10° Mg)

FiG. 7.— Variation of the CO luminosity Lo (K km s™! pc?) integrated over the projected area of the clouds is shown as a function of the virial mass
derived from the measured diameter and velocity dispersion. Only clouds for which the kinematic distance ambiguity is resolved are included in this
sample. The straight line M, =(7.940.5)L¢o is fitted to the binned data over the range M, =105 to 2Xx10° M. The CO luminosity, velocity
dispersion, and cloud sizes were measured at the same cutoff temperature in each cloud (col. [22] of Table 2).

If o, is the observed one-dimensional velocity dispersion,
then the mean density is

<p>=%pk=%(%)2: (6)

and the virial mass is

3
M, = EDaa. (7)

For D and ¢, measured in pc and km s™!, respectively,
equation (7) becomes

M, =698Do2 M. (8)

(For a uniform-density cloud the derived virial mass is 25%
less than that given by eq. [8].)?

2In our application of the virial theorem below, the adopted diameters
and velocity dispersions were measured at intensity cutoffs from 1.1 to 5.5
K with a typical value of 4 K. From the growth-curve relations for D and
o, (egs. [1] and [2]), we estimate that the measured diameter and
dispersion will need to be increased by factors of 1.83 and 1.28, respec-
tively, to equal the true values at the 2 K boundary. Thus the virial
masses would be 3 times as great at the 2 K boundaries as at the 4 K
boundary.

In Figure 7 the derived virial masses are plotted as a
function of the CO luminosities (K km s~! pc?), where both
quantities are measured at the same cutoff 7, (which varies
from cloud to cloud for the H 11 region clouds; see col. [22] in
Table 2) and the clouds are binned in mass. (For the 4 K
clouds the CO luminosity is calculated from Lco=2.35
6,(TYA, and A is given by eq. [4].) Although there is clearly
a large scatter in the ratio Lo, /M,;, for each bin (as indi-
cated by the dispersion bars), there is, on average, a linear
increase in the CO luminosity with increasing mass over the
range 10°-10® M. This trend continues to hold for the few
objects with M, >2Xx10% M, but since there is a higher
probability that the larger clouds are blends of several objects,
we have not included them on the figure. The best-fit straight
line gives

M, =(7.9+0.5) Leo, (92)
where Lcg is in K km s™! pc? and M, is in M. Dividing

equation (9a) by a factor of 1.36 to remove the He contri-
bution yields

My, =(5.8+04) Lo, (9b)

which is equivalent to a conversion factor of 3.6x10%
H, cm™? (K km s7!)7! for translating integrated CO line
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F16. 8.—Diameter—velocity dispersion relation is shown for both the 4 K clouds and the clouds associated with H 11 regions. In each case the diameter
and dispersion were reduced to the same cloud boundary temperature (4 K), using the growth curves shown in Fig. 1. The binned data for the 4 K sample
are fitted by o, (4 K) = (0.31+0.05) D(4 K)*>+095 km s~1 over the range D(4 K)=6-120 pc. The H 11 regions obey this law at D > 30 pc but have

almost constant o, (4 K) =2.5 km s~ ! below 30 pc.

intensities into H, column density. This conversion factor is
15% lower than the value adopted by Sanders, Solomon, and
Scoville (1984) to estimate the total Galactic H, mass after
compensation for the use of different values of R,. (M,;. /L¢o
o Ry!; here we used R, = 8.5 kpc as compared with R, =10
kpc used by them.) Inclusion of the He content of the GMCs
increases the total mass by a factor of 1.36, and the conver-
sion factor for the effective H, mass becomes 4.9x10%°
H,cm 2 (Kkms 1)L

It should be emphasized that the relationship derived above
between CO luminosity and virial mass was based on GMCs
with and without H 11 regions. No significant difference is
seen in the ratio M,; /Lo for the hotter H 11 region clouds
(T, =114 K, compared with T, = 7.4 K) despite the expecta-
tion that they might have a higher CO emissivity per unit
mass of gas than colder clouds. There is some evidence in the
sample of 4 K clouds that the H, conversion ratio depends on
the cloud size. For D=20 and 90 pc, the constants of
proportionality could be 50% larger and smaller, respectively.

The clouds measured in our two samples also yield a
well-defined relation between the velocity dispersion and the
cloud diameter. In Figure 8 we show the binned data for the
H 1 region and general cloud populations with both the
dispersion and the diameter reduced to the 4 K threshold
level. At D > 30 pc both samples are consistent with a single
size /line-width relation

o,(4K) =(0.3140.05) D(4 K)****® kms~1. (10a)

For D <30 pc, equation (10a) continues to hold for the
general cloud population, but the H 11 region sample has a

much shallower law—approximately constant ¢, = 2-3
km s™!. If, as is customarily done, the velocity dispersion is
estimated based on a 0 K threshold (rather than 4 K), then
using equation (2a) to obtain the full velocity dispersion, we
find

o, = (0.5+0.1) D55+ 005 o g~ (10b)

for a cloud measured in spatial extent at the 4 K boundary.
[Eq. (10) agrees well with the relation AV = (0.88 +
0.16) D%62+ 905 found by Sanders, Scoville, and Solomon 1985,
where their AV is the full line width at the 2 K level, which
for a Gaussian line gives AVgy = 2.35 0. (The majority of
their cloud sample had 7, = 3-6 K.)]

Combining equations (6) and (10b), we find a mean density

-09
<p>=8.0><10_22( ) gem™> (11a)

40 pc
and

D -0.9
<nHz>=180(4.TpE) cm™3, (11b)

(To go from eq. [11a] to eq. [11b], the mass density was
divided by a factor 1.36 to remove the He content.) Equation
(11b) predicts that clouds of diameter 10-100 pc have mean
H, number densities of from 625 to 80 cm™3. The latter value
is approximately a factor of 5 higher than the mean density
required to be stable against the Galactic tidal force at R > 3
kpc, and thus it is unlikely that even the lowest density giant
molecular clouds are significantly affected by tidal disruption.
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As noted above, the smallest clouds in the H 11 region
sample have approximately constant velocity dispersion.
The mean value of 6,=25 km s™! for this sample at
D(4 K) < 30 pc implies a mean H, density of 3000 cm ™3 for
D =10 pc (i.e., a factor of 5 higher than for the same size
non-H 11 region cloud). Alternative interpretations for the
larger velocity dispersion in the small H 11 region clouds are
that the H 1I regions generate significant internal motions in
excess of what the cloud would ordinarily have (and this
energy input is most noticeable in the smaller clouds) or that
the H 11 region clouds have recently undergone cloud colli-
sions which may be causally linked to the formation of
high-mass stars (cf. Scoville, Sanders, and Clemens 1986). On
the basis of the present data, we cannot rule out one of these
explanations in favor of the other.

Although there is no significant difference in the azimuthal
distributions of large and small clouds in the H 11 region
sample, we do find a larger dispersion in Z (perpendicular to
the Galactic plane) for the lower mass GMCs.? In Figure 9
the Z dispersion is shown for the H 11 region clouds in the
mass range 5X10*-3X10° M. The variation as a function
of mass is best fitted by the power law

—-04+0.1

o, =100( M,; /10° M) (12)
A similar functional form has been found by Stark (1982) for

3This analysis cannot be extended to the 4 K cloud sample because the
clouds in that sample with resolved distance ambiguities were selected on
the basis of their high Z distance.
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a limited sample of “spiral arm” clouds. Assuming that the Z
motion of the clouds is determined solely by the gravitational
potential of the Galactic disk, equation (12) implies that the
cloud-cloud velocity dispersion decreases as M!/?, as ex-
pected for equipartition of the GMC kinetic energy. In order
for the random kinetic energy of clouds to be in equipartition,
they must survive several cloud-cloud collision times or more
than 5x107 years (Kwan 1986). (A more precise evaluation of
this lower limit on the cloud lifetime requires a detailed
modeling of the cloud collisions taking account of gravita-
tional focusing and the actual space density of clouds in and
outside of arms.)

VI. THE LOCATIONS OF H I REGIONS IN GIANT
MOLECULAR CLOUDS

One model for the formation of massive stars, the progeni-
tors of giant H 11 regions, proposes that the successive genera-
tions or episodes of OB star formation are triggered by the
compression of neutral gas at the periphery of the high-pres-
sure H 11 regions from preceding generations of OB stars (e.g.,
Elmegreen and Lada 1977). If the formation of the first-gener-
ation H 11 regions is caused by an exterior, Galactic-scale
phenomenon such as the shock associated with a spiral den-
sity wave, one might expect a preponderance of H 11 regions
appearing on the surface of clouds as “blisters” (cf. Israel
1978).

In a recent investigation Waller et al. (1987) have analyzed
the positions of 54 H 11 regions relative to the cloud centers
and find only weak evidence for peripheral H 11 regions; most
appear centrally concentrated with a radial probability den-

1 1 I I !
200} ]
_ 5., -04%0.l
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©
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FI1G. 9.—The dispersion in Z is shown as a function of virial mass (corrected to the 2 K boundary) for the H 11 region clouds. The mass bins were
chosen to have between 15 and 25 clouds each. The systematic decrease in o, for more massive GMCs is consistent with equipartition of the cloud

random kinetic energies.
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F16. 10.— Distribution of offsets for the H 11 region locations relative
to the centroids of their associated GMCs is shown, normalized by the
cloud radii at the 2 K boundary. Only luminous H 11 regions for which
Ly >100 Jy kpe? are used here.

sity proportional to r~! (which is probably similar to the
internal H, mass distribution). With the larger sample of H 11
region clouds contained in Table 2 for which we now have full
two-dimensional maps [rather than the (b, V) maps used by
Waller et al. 1987], we reexamine this issue.

Figure 10 shows the distribution of offsets in the positions
for 86 H 11 regions with Ly ,, >100 Jy kpc? from the cloud
centroid position measured in CO. The offsets are in each case
normalized by the cloud radius, corrected using equation (1)
to the 2 K level. This distribution exhibits a peak near the
cloud centroids (in the 0.1-0.2 bin) and falls off gradually at
larger offsets. Fewer than a third of the luminous H 1I regions
are found outside 50% of the 2 K radius. For power-law
distributions of H 11 regions (p @ r%), approximately 50% and
65% of the H 11 regions are projected outside R /2 for a= —1
and a=0, respectively (see Waller eral 1987). Thus the
observed distribution shown in Figure 10 indicates a prob-
ability density slightly more concentrated toward the cloud
CO centroids than r~! but not as steep as r~? (which peaks
at zero offset). It should be noted that the position we adopt
for the cloud center (the CO emission centroid) will be biased
toward the location of the H 11 region because of the heating
of the OB stars. Thus, the distribution of H 11 region locations
derived here will exhibit a false bias toward the apparent
cloud centers; this problem is not encountered in the analysis
of Waller et al. (1987), who defined the cloud centers from the
center of the outer emission contours.

Offsets in velocity between the H 11 regions and the CO
centroids are shown in Figure 11. The offsets are symmetri-
cally distributed about 0 km s}, and the mean offset is + 0.4
km s~ !. The dispersion of the velocity offsets is ~ 2.9 km s~ 1.
The lack of a velocity bias for the radio H 11 regions relative
to their progenitor clouds contrasts with the significant
blueshift for optical H 11 regions found by Fich, Treffers, and
Blitz (1982) and Israel (1978). In the latter case this bias was
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undoubtedly due to the selection effect that optical H 11
regions must be on the near side of the clouds (in order to
avoid extinction), and they are then relatively free to expand
toward rather than away from us.

In order to analyze the efficiency for massive star formation
in clouds of different mass, we show in Figure 12 the H 11
region free-free luminosity normalized by the cloud mass for
clouds in five mass bins between 2X10° and 4Xx10° M.
Also shown is the normalized number of giant H 11 regions
(Ly 1 > 30 Jy kpc?) as a function of cloud mass. The figure
demonstrates that both the efficiency (per unit mass of H,)
for UV emission and for formation of separate OB clusters
decreases for high-mass clouds compared with lower mass
clouds within this mass range. Thus the formation rate for
massive stars is not simply proportional to the total mass of
H, in a cloud but must depend on other factors (either the
Galactic location or the internal properties of the clouds). The
cloud mass spectrum for H 11 region clouds (for which the
histogram is given in Fig. 12) is shallower [N(M) oc M~ 10%04]
than that for the general cloud population [N(M) a M~L6;
Liszt, Xiang, and Burton 1981 and Sanders, Scoville, and
Solomon 1985). (See Scoville, Sanders, and Clemens 1986 for
a discussion of these results.)

VII. CONCLUSIONS

Our analysis of the Massachusetts—Stony Brook Galactic
CO Survey has yielded three samples of GMCs and cloud
cores for study of the properties and Galactic distribution of
molecular emission regions: (1) A complete list (Table 1) of
all emission regions with at least one (/, b, V) point exceeding
T =5 K; the properties of these regions are measured out to
the 4 K boundary. (2) A complete list (Table 1) of all hot
cloud cores with Tg > 9 K measured at the 8 K boundary.
(3) Maps (Fig. 13) and measured parameters (Table 2) for 95
clouds associated with 171 radio H 11 regions.

50— — T . .
Var-Veoy =0.4 kms!
v

(63}
o
T

L

NUMBER

NS L

-10 5 0 5 10
Vi Ve (km's™)

F1G6. 11.—Distribution of velocity offsets between H 11 regions and
their associated GMCs is shown. All 171 H 11 regions listed in Table 2 are
used here. The dispersion of the Gaussian fitted to the distribution is
6, =2.9 km s™1. Note that no systematic offset is found between the
radio recombination line velocities and the CO centroid velocities.
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F1G. 12.—Relative efficiency (per unit mass of H,) for Lyman continuum luminosity and for formation of discrete giant H 11 regions is shown as a

function of virial mass for the H 11 region clouds.

The major results of our analysis of these three samples are
the following:

1. The H 11 region clouds have systematically hotter cores;
they are also larger, and have greater internal velocity disper-
sion than the general cloud population. However, the efficiency
for O star formation per unit mass of gas decreases with
increased cloud mass over the range 2X10°-4X10° M.

2. Both the general cloud population and the H 11 region
clouds exhibit a strong peak at the 4-7 kpc molecular cloud
ring; the hotter GMCs exhibit a more segregated (/, V') distri-
bution than the colder clouds of the general cloud population,
suggesting that the former are more confined to the Galactic
spiral arms. No significant difference is found in the azimuthal
distribution of large and small GMCs.

3. For the clouds with and without H 11 regions, the virial
masses are correlated with the CO luminosity [ M, (M) =
79Lco (K km s™! pc?)], and the derived relation between
integrated CO emission and H, column density is Ny (cm™?)
=3.6x10% I.o(K km s7!), assuming R,=8.5 kpc. The

mean H, density for a typical GMC of diameter 40 pc at
T =4Kis 180 cm™>.

4. The distribution of H 11 region positions relative to the
CO centroids of the GMCs suggests that their distribution is
approximately a power law p(r) & r~ 1.
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F1G. 13.—Maps of the integrated CO emission in the vicinity of 171 radio H 11 regions. For each group of associated H 11 regions two maps are shown:
first, the integrated CO emission over a 15-20 km s~ ! range centered close to the H 11 region position; second, the integrated CO emission including all
(1, b,V) points above the boundary cutoff temperature 7, which are simply connected to the CO emission peak. The second map in each case serves to
isolate the CO emission associated with the H 11 region from the background CO emission. The contours of integrated intensity are in units of 1,2,4,6,...
times the number given in the caption at the top of each map. The cutoff temperature T, is specified at the right of the caption at the top of the second
map in each case. The plus, minus, and open circle symbols superposed on the contour maps on a 3’ grid (the sampling interval for most of the CO survey)
indicate the CO centroid velocity for emission within the range of integration specified in the caption. The stars indicate the locations of H I regions
within 10 km s~ ! of the CO centroid velocity, and the largest star is the position of the H I1 region specified in the caption. The H 11 regions outside the
cloud boundary in a given map will generally be found in association with another cloud or within the mapped cloud if the cutoff temperature is lowered.
The bar at the lower right in the second map in each case shows the linear scale for the assumed distance of the H 11 region. When this bar is dashed, the
near-far distance ambiguity for the H 11 region has not been resolved and the near distance is assumed.
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