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ABSTRACT
We present a study of the structure of four molecular clouds from the Milky Way Galactic Ring

Survey (GRS), a Boston University and Five College Radio Astronomy Observatory collaboration. The
GRS is a new high-resolution survey in the 13CO J \ 1 ] 0 spectral line of the inner Galaxy and the 5
kpc ring, the Milky WayÏs dominant star-forming structure. Because of the smaller line widths of 13CO
compared to 12CO, we can avoid velocity crowding and establish accurate kinematic distances to the
clouds. The kinematic distance ambiguity in the Ðrst Galactic quadrant is resolved using self-absorption
in complementary high-resolution atomic hydrogen data. The four clouds are selected to span a large
range of star formation activity, from the quiescent cloud GRSMC 45.60]0.30, which shows no signs of
high-mass star formation, to W49, the most luminous star-forming region in the Galaxy. We use a three-
dimensional Gaussian clump decomposition to identify clumps in the clouds and to investigate their
properties. Each cloud has the same clump mass spectrum, dN/dM P M~1.8, independent of star forma-
tion activity. We do not Ðnd signiÐcant di†erences in the slopes of the relations of density, line width,
and clump mass as a function of clump size among the clouds. The size-density and sizeÈline width
relations show considerable scatter. Compared to the conventional Larson scaling laws, we Ðnd system-
atically Ñatter slopes for the size-density and sizeÈline width relations and a higher power-law index for
the size-mass relation. In particular, the clump line widths for the most quiescent cloud GRSMC
45.60]0.30 are independent of clump size. While the clouds as a whole are gravitationally bound, most
of the clumps are not ; only a small fraction of the total number of clumps is self-gravitating. The active
star-forming clouds have a higher fraction of gravitationally bound clumps and a higher mean cloud
volume density than the more quiescent clouds. The gravitationally unbound clumps are possibly con-
Ðned by the weight of the self-gravitating complex. The pressures needed to bind these clumps are largest
for the active star-forming clouds, which have a much higher weight than the quiescent clouds. Alterna-
tively, a high number of the gravitationally unbound clumps may be transient.
Subject headings : Galaxy : general È ISM: clouds È ISM: molecules È ISM: structure È

radio lines : ISM È surveys

1. INTRODUCTION

When observed at increasingly higher linear resolution,
molecular clouds reveal a rich structure of clumps and Ðla-
ments. First noticed from the low volume Ðlling factors
inferred toward warm and dense cores (Ho & Townes 1983 ;
Snell et al. 1984 ; Evans et al. 1987), hierarchical, clumpy
structures in molecular clouds are directly conÐrmed by
observations (Kramer et al. 1998 ; Heithausen et al. 1998).
Additional indirect evidence for clumpy molecular clouds is
the observed large extent of [C II] 158 km emission, the
observed 12CO/13CO and [C II]/CO line ratios (which can
only be modeled by radiative transfer through a clumpy
medium; Stutzki, & Sternberg 1996), and theSto� rzer,
smooth line proÐles of optically thick molecular transitions
(e.g., Martin, Hills, & Sanders 1984 ; Tauber, Goldsmith, &
Dickman 1991). The observed properties of the clouds and
the clump ensembles yield important information about the
e†ects of turbulence and self-gravity, which generate cloud
substructure and a†ect the process of star formation itself.

Several approaches to describe and quantify clumpiness
of molecular clouds have been established. The most
straightforward technique is to decompose the observed

spectral line data cubes or continuum images into discrete
clumps. The method developed by Stutzki & (1990)Gu� sten
models the three-dimensional (two spatial and one velocity)
data as Gaussian-shaped clumps. Other algorithms identify
clumps as closed surfaces in position-velocity space (e.g.,
Williams, De Geus, & Blitz 1994 ; Heyer, Carpenter, & Snell
2001). Once the clumps are identiÐed, general trends in their
properties (e.g., mass, size, density, and line width) are used
to characterize cloud structure. Following the approach of
Larson (1981), many studies applying di†erent methods to
identify clumps arrive at similar results showing a power-
law distribution of clump density, line width, or mass as a
function of clump size (e.g., Leung, Kutner, & Mead 1983 ;
Sanders, Scoville, & Solomon 1985 ; Dame et al. 1986 ;
Kramer, Stutzki, & Winnewisser 1996 ; Heithausen 1996 ;
Heyer & Schloerb 1997 ; Williams, Blitz, & McKee 2000).
Moreover, the clump mass spectra reveal a power-law dis-
tribution with in the range 1.5È1.9dN/dM P M~aM, a

Mover several orders of magnitude in clump mass (Elmegreen
& Falgarone 1996 ; Heithausen et al. 1998 ; Kramer et al.
1998).

Besides the direct approach of decomposing the observed
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FIG. 1.ÈZeroth-moment map of GRS 13CO emission integrated from [5 to 80 km s~1 (top panel). The map was constructed following the procedure
described by Adler et al. (1992). The transfer function ranges from [2 to 33 K km s~1 on a linear scale. The peak integrated intensities of the moment image
are located within a small area of W49 (the maximum value is 159 K km s~1). The plot range has been chosen in order to enhance lower intensity features in
the map. The bottom panel outlines the four cloud complexes selected as described in ° 3. Blue contours correspond to the 6 p level in the two near clouds
GRSMC 45.60]0.30 and GRSMC 43.30[0.33, and red contours outline the 9 p level in the two distant clouds GRSMC 45.46]0.05 and W49 for intensities
integrated over the cloudsÏ velocity range of emission (see Fig. 2 and ° 3).

emission into clumps, a number of mathematical tools are
used to study the spatial and kinematic structure of clouds.
The observed self-similarity over orders of magnitude in
linear scales, the power-law behavior of the clump mass
spectra, and the important role played by turbulence in the
dynamics of molecular clouds lead to the use of fractals to
describe cloud structure (e.g., Falgarone, Phillips, & Walker
1991 ; Vogelaar & Wakker 1994 ; Stutzki et al. 1998). Prom-
ising approaches to analyzing the observed velocity Ðelds in
spectral line data include the principal component analysis
introduced by Heyer & Schloerb (1997), the probability
density functions of centroid velocity Ñuctuations (Miesch,
Scalo, & Bally 1999), and the spectral correlation function
as a measure of similarity between neighboring spectra
(Rosolowsky et al. 1999).1

Most previous cloud decomposition studies have exam-
ined molecular regions within the solar neighborhood or
the outer Galaxy. Most of the molecular gas of the Milky
Way, however, resides in the inner Galaxy, where the
environmental conditions may be quite distinct. To evalu-
ate the internal structure of giant molecular clouds (GMCs)
in this region of the Galaxy, we have analyzed four molecu-
lar cloud complexes within a new 13CO survey data set. The
clouds were selected to span a large range in mass and star
formation activity. We use the clump decomposition algo-
rithm of Stutzki & (1990) to identify clumps andGu� sten
their properties.

The Boston UniversityÈFive College Radio Astronomy
Observatory (BU-FCRAO) Milky Way Galactic Ring
Survey (GRS) is a new study of 13CO J \ 1 ] 0 line emis-

1 For detailed summaries of the di†erent methods and results on cloud
structure see the reviews by Stutzki (1998) and Williams et al. (2000).

sion from the molecular clouds in the Ðrst Galactic quad-
rant. Since the GRS covers large areas of the sky on a
completely sampled grid, with high angular and spectral
resolution, it constitutes a superb database to investigate
molecular cloud structure within the Ðrst Galactic quad-
rant. Previous large-scale surveys that covered this region
of the Milky Way include the Columbia 1.2 m survey
(Dame et al. 1986, 1987), the UMass Stony Brook survey
(UMSB; Sanders et al. 1986) in 12CO J \ 1 ] 0, and the
Bell Labs 7 m survey (Stark et al. 1988) in 13CO J \ 1 ] 0.
These studies reveal the distribution and global properties
of the molecular gas in the inner Milky Way but, unlike the
GRS, are limited by low angular resolution or severe under-
sampling and cannot detect or resolve small-scale cloud
structure.

The outline of this paper is as follows. A summary of the
observing procedure and the observational parameters for
the GRS data set is given in ° 2, together with an integrated
intensity image of the data. In ° 3 we describe the criteria for
the selection of the clouds and give their positions and dis-
tances. After introducing the clump decomposition method
and the determination of the physical parameters of the
clumps in ° 4, we present the results for the individual
clouds in ° 5. The results are discussed in ° 6, which is
followed by a summary of the conclusions in ° 7.

2. THE GALACTIC RING SURVEY DATA

The GRS observations presented in this paper were
obtained with the FCRAO 14 m telescope between 1998
December and 1999 May. A Ðeld of over 4 deg2 from l\

to and to was observed in the 13CO42¡.0 46¡.3 b \ [0¡.5 0¡.5
J \ 1 ] 0 transition at 110.201 GHz. We used the FCRAO
16 element array receiver SEQUOIA, which provided a
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mean receiver noise temperature of 80 K. Typical system
noise temperatures ranged between 200 and 300 K.

The spectrometer consisted of 16 autocorrelators, each
with a bandwidth of 40 MHz, 512 channels, and a channel
spacing of 0.21 km s~1. The actual FWHM velocity
resolution of the autocorrelators is 0.26 km s~1. The
resulting bandwidth of 110 km s~1 was sufficient to cover
all 13CO emission at positive LSR velocities for Galactic
longitudes above 40¡. The spectra were calibrated using a
vane to switch between emission from the sky and an
ambient temperature load. All intensities are reported on a
main-beam brightness temperature scale, using theTmb,main-beam efficiency as derived from obser-gmb \ 0.48
vations of planets.

The observations were obtained in a position-switching
mode, where four consecutive array pointings toward target
regions shared the same o†-source reference integration.
Integration times for one target pointing ranged between 10
and 20 s. Most targets were observed twice to achieve the
desired sensitivity. The resulting spectra have a mean base-
line noise level (rms main-beam temperature) of 0.48 K per
0.21 km s~1 channel.

Sky positions free of emission were selected by using data
from the Columbia 12CO J \ 1 ] 0 survey (T. M. Dame
1998, private communication). These potential o†-source
positions, chosen to be as close as possible to the Galactic
plane, were then checked for emission in 13CO by position-
switched observations against positions from the Columbia
survey known to be free of emission in 12CO to an rms
noise level of 0.05 K (0.65 km s~1 channel) in an 8@ beam.
No 13CO emission was found toward the GRS o†-source
positions above a noise level of K.*Tmb D 0.15

A map of 13CO J \ 1 ] 0 intensity integrated over the
velocity range from [5 to 80 km s~1 is shown in Figure 1.
The FWHM beam size of the telescope is 46A at the 13CO
frequency, and the data set comprises a total of 124,000
positions on a 22A grid. The map was constructed following
the masked moment procedure described by Adler et al.
(1992) using a temperature threshold of 0.52 K, i.e., slightly
higher than the mean 1 p level of the data.

3. SELECTION OF CLOUDS FROM THE SURVEY

From the survey region shown in Figure 1, we selected
four clouds that are isolated in space and velocity, span a
wide range of star formation activity, and for which we
could determine accurate distances. The coordinates of the
clouds and distances from the Sun and the Galactic center
are summarized in Table 1. Clouds without a commonly
used designation are named according to their Galactic lon-
gitude and latitude with the preÐx GRSMC, referring to
Galactic Ring Survey Molecular Cloud.

GRSMC 45.60]0.30 is the most quiescent of the four
clouds, showing typical line widths of 1 km s~1. The
observed 13CO lines are slightly broader toward GRSMC
43.30[0.33, typically 3 km s~1. Several IRAS point sources
lie within the regions covered by 13CO emission for both of
these clouds. Most of these infrared sources either are
located outside the boundaries of the clouds or have unam-
biguous molecular emission counterparts in velocity chan-
nels outside the range relevant for the selected clouds. They
are thus not associated with the two quiescent clouds but
located at di†erent distances. A small number of IRAS
point sources inside the cloud boundaries have multiple or
no clear 13CO emission peak counterparts over the com-
plete velocity range covered by the GRS observations.
According to the selection criteria of Wouterloot et al.
(1990), their colors are not typical for embedded star-
forming regions. We therefore conclude that neither cloud is
forming high- or intermediate-mass stars.

Both GRSMC 45.46]0.05 (Testi, Felli, & Taylor 1999)
and W49 (e.g., Welch et al. 1987) are known sites of active,
high-mass star formation, and a number of 13CO emission
peaks in the velocity range of the clouds have IRAS point-
source counterparts that satisfy the above color criteria for
star-forming regions.

Although W49 and GRSMC 43.30[0.33, as well as
GRSMC 45.60]0.30 and GRSMC 45.46]0.05, cover
regions along almost identical lines of sight, they are well
separated in velocity and hence in distance. Since the
zeroth-moment map shown in Figure 1 contains the emis-
sion integrated over the complete velocity range, details for
the individual clouds are difficult to discern. Therefore, indi-
vidual maps integrated over the narrower velocity ranges
for each cloud are shown in Figure 2.

Accurate estimates of the distances to the clouds are
crucial to determine sizes and masses for the clumps inside
the clouds. The distance to W49 is 11.4 kpc, as determined
from proper motions of masers (Gwinn, Moran, &H2OReid 1992). Kinematic distances to the other three clouds
were derived using the Galactic rotation curve of Clemens
(1985), kpc, 220 km s~1). In the Ðrst Galactic(R0, h0) \ (8.5
quadrant, however, the kinematic distance is double valued,
except for clouds at the tangent point. The cloud GRSMC
45.46]0.05 has a centroid LSR velocity of 60 km s~1, near
the tangent point velocity for which places it at al \ 45¡.5,
kinematic distance of 6 kpc. The distance ambiguity for the
two clouds GRSMC 45.60]0.30 and GRSMC 43.30[0.33
is resolved using complementary atomic hydrogen data
from the Boston University Arecibo Observatory (BUAO)
H I Survey of the Galactic plane (T. M. Bania et al. 2001, in
preparation). Since H I is ubiquitous in the Galaxy, it pro-
vides a large-scale warm background throughout the

TABLE 1

MOLECULAR CLOUDS SELECTED FOR THIS STUDY

l b vLSR Distance Galactocentric Radius
Clouda (deg) (deg) (km s~1) (kpc) (kpc)

GRSMC 45.60]0.30 . . . . . . 45.60 0.30 25.0 1.8b 7.0
GRSMC 43.30[0.33 . . . . . . 43.30 [0.33 40.0 3.0b 6.5
GRSMC 45.46]0.05 . . . . . . 45.46 0.05 60.0 6.0b 6.0
W49 . . . . . . . . . . . . . . . . . . . . . . . . . 43.17 0.00 11.2 11.4c 8.5

a Cloud coordinates denote the position of a prominent 13CO emission peak.
b Distance determined kinematically ; see text.
c Distance adopted from Gwinn et al. 1992.
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FIG. 2.ÈColor-scale representation of zeroth-moment maps of the GRS 13CO intensity integrated over the velocity range relevant for emission from the
individual cloud complexes. The beam size is indicated as a Ðlled circle in the lower left corner of each panel. The linear size scales were determined assuming
the distances given in Table 1. The plot intensity ranges are as follows. Top panels : Quiescent clouds ; 13CO integrated intensity from 0.5 to 6.1 K km s~1 for
GRSMC 45.60]0.30 (left panel ; km s~1) and from 0.5 to 9.7 K km s~1 for GRSMC 43.30[0.33 (right panel ; km s~1). Bottom:vLSR \ 20È30 vLSR\ 35È50
Star-forming clouds ; 13CO integrated intensity from 0.5 to 47.4 K km s~1 for GRSMC 45.46]0.05 (left panel ; km s~1) and from 0.5 to 111.3 KvLSR\ 50È70
km s~1 for W49 (right panel ; km s~1).vLSR\[5È25

Galactic plane. Colder foreground clouds will be seen in H I

self-absorption toward this background at the LSR velocity
of the molecular cloud. Using this technique, Jackson et al.
(2001) show that both GRSMC 45.60]0.30 and GRSMC
43.30[0.33 have H I self-absorption at the LSR velocity of
the 13CO J \ 1 ] 0 line, and hence the two clouds are
located at the near distances. Consequently, we assigned the
near kinematic distances of 1.8 and 3.0 kpc to the clouds
GRSMC 45.60]0.30 and GRSMC 43.30[0.33, respec-
tively. The fact that both clouds cover large solid angles
independently suggests the near distance.

4. CLUMP DECOMPOSITION AND CLUMP PARAMETERS

The Ðrst step in our analysis of cloud structure was to
identify clumps in the clouds and to derive their basic
properties including sizes, line widths, and masses. The
GAUSSCL UMPS algorithm (Stutzki & 1990) isGu� sten
used to decompose emission from data cubes into
Gaussian-shaped clumps in (l, b, v)-space by successively
Ðnding the emission peak, Ðtting a three-dimensional
Gaussian clump to it, and subtracting the Ðtted clump from
the cube before iterating on the residual cube.

If the data set is undersampled, GAUSSCL UMPS Ðts a
high number of low-mass clumps of the size of the
resolution element (Kramer et al. 1998). GAUSSCL UMPS
is most e†ective when applied to data that are fully sampled
in all three dimensions. Consequently, we smoothed and
resampled the velocity axis to a fully sampled 0.25 km s~1
channel spacing and 0.5 km s~1 spectral resolution. The
resulting rms noise is 0.34 K per 0.25 km s~1 channel on a

scale. No spatial smoothing or resampling was neces-Tmbsary since the data were obtained on a fully sampled spatial
grid (22A sampling, 46A beam size). The clump decomposi-
tion was ceased when the peak intensity of a newly identi-
Ðed clump dropped below 3 times the rms noise value.

The clump decomposition provides the positions, LSR
center velocities, and orientations of the individual clumps,
as well as intrinsic (i.e., deconvolved from the resolution)
quantities such as the clump sizes, brightness temperatures,
and line widths. Before deconvolving to intrinsic quantities,
we discarded objects with Ðtted sizes smaller than 130% of
our spatial and spectral resolutions (i.e., intrinsic sizes
smaller than D80% of the resolution) since GAUSS-
CL UMPS tends to approximate the irregular shapes of the
lower level intensity distribution by a large number of small,
low-mass clumps that cannot be reliably deconvolved. For
a clump mass spectrum with a power-lawdN/dM PM~aM
index the high-mass end of the distribution domi-a

M
\ 2,

nates the total mass. As shown by Kramer et al. (1998),
excluding a large number of small-size clumps does not
change the slope of the clump mass spectrum. That same
paper contains a thorough discussion of the stability of the
results to variation of the input parameters for the decom-
position program. Following this discussion and using their
methods to test our results, we elected to use the same
standard set of input parameters they use for the decompo-
sition of their Orion B data, namely, ands0 \ s

a
\ s

c
\ 1

w\ 3 (see Kramer et al. 1998 for details).
The 13CO clump column densities were determined using

the 13CO clump brightness temperatures in K andTmb
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FWHM line widths *v in km s~1 in the optically thin,
thermalized limit. The excitation temperature was Ðxed at
10 K. The use of a constant 13CO excitation temperature of
10 K is justiÐed by 12CO results obtained from the UMSB
survey at similar angular resolution : the peak 12CO
J \ 1 ] 0 brightness temperatures observed toward all four
clouds are typically D10 K, which, under the assumption of
optically thick 12CO emission Ðlling the beam, is approx-
imately Moreover, the derived 13CO column densitiesTex.and masses are only weakly sensitive to the exact choice of
the excitation temperature. Changing to 20 or 30 KTexincreases the derived mass by 40% and 92%, respectively.

The total 13CO clump column density in cm~2 is given
by

N(13CO)\ 8.75] 1014Tmb *v . (1)

The total mass of a clump depends on this 13CO column
density, the abundance of 13CO relative to the clumpÏsH2,
solid angle, and the distance to the cloud. We applied con-
version factors of R(12CO/13CO)\ 45 adopted from
Langer & Penzias (1990) (this is a mean value for Galacto-
centric radii between 4 and 8 kpc) and X(12CO/H2) \ 8
] 10~5 (Blake et al. 1987), as well as a correction to the
hydrogen mass of a factor of 1.36 to account for helium and
other heavy elements (Allen 1973). The clump hydrogen
column density in cm~2 is then

N(H2)\ 4.92] 1020Tmb*v , (2)

and the clump mass in units of solar masses is

MLTE \ 3.05] 10~25N(13CO)h
x
h
y
D2 , (3)

where and are the sizes of the principal half-axes of theh
x

h
yclump in arcseconds and D is the distance to the cloud in pc.

Normalized to a 1 K km s~1 line, a distance of 1 kpc, and a
60A clump size, this yields

MLTE \ 0.96 M
_

C N(13CO)
8.75] 1014 cm~2

DA h
x

60@@
BA h

y
60@@
BA D

kpc
B2

.

(4)

Ratios of 12CO (from the UMSB survey) to GRS 13CO
line intensities for the same positions are typically in the
range 2È5. Under the assumption of optically thick 12CO
emission, this suggests only a moderate optical depth in the
13CO J \ 1 ] 0 transition. Therefore, we did not correct
the clump masses for opacity e†ects in the 13CO line. Sub-
thermal excitation of higher rotational levels may result in
an overestimate of total column densities in the optically

thin, thermalized limit. This overestimate of the column
density, however, is of the same order as the underestimate
due to a moderate opacity in the observed low-J transition.
Given the above assumptions for the excitation and opacity
for the 13CO J \ 1 ] 0 line, the derived column densities,
and hence masses, are lower limits and estimated to be
accurate to within a factor of a few.

5. RESULTS

5.1. Cloud Properties
The global cloud properties are summarized in Table 2.

Total masses of the cloud complexes were determined from
the observed 13CO intensity above the 3 p level integrated
over the relevant velocity range and the area of the cloud

These masses were derived using the same assump-(Mintcloud).
tions on optical depth, excitation, and conversion to asH2described in the previous section. The total masses of the
cloud complexes range from a few times 104 for the twoM

_near, more quiescent clouds up to 5] 105 for the twoM
_active star-forming clouds.

The cloud masses recovered by GAUSSCL UMPS
were calculated from the sum of the masses of the(MGCcloud)

individual clumps. Typically 60%È70% of the cloud masses
are decomposed into reliable clumps.Mintcloud

Estimates of the virial masses of the cloud complexes
strongly depend on the cuto† intensity level and theMvircloud

method used to determine the cloud radius. Ungerechts,
Umbanhowar, & Thaddeus (2000) showed that the
intensity-weighted average whereSRT \ £

i
W

i
r
i
/£

i
W

i
, W

iis the integrated intensity of pixel i, together with a cuto†
intensity level of 10% of the peak integrated intensity or
lower, yields more reliable cloud radii than the geometric
radius computed from the area A enclosed byr

g
\ (A/n)1@2

the cuto† contour. We obtained intensity-weighted cloud
radii SRT (col. [9] of Table 2) by summing over all cloud
positions with integrated intensity above the mean 3 p level
and radii measured relative to the integrated intensityr

icentroid. Because of the limited dynamic range of the inte-
grated intensities in GRSMC 45.60]0.30, the 3 p level for
this cloud is at D17% of its peak integrated intensity, which
may result in a slight underestimate of the cloud radius. For
the other three clouds, the 3 p level is below the 10% level of
the peak integrated intensity from the cloud and meets the
above criterion.

As also shown by Ungerechts et al. (2000), this choice of
SRT in the calculation of the virial mass Mvircloud\

has the additional advantage that the factorkvirSRT*v2 kvir,which accounts for di†erent density distributions [power

TABLE 2

CLOUD CHARACTERISTICS

Mintcloud MGCcloud Mvircloud *vcloud SRT SnH2
T

Cloud Nsel (104 M
_

) (104 M
_

) MGCcloud/Mintcloud (104 M
_
) Mvircloud/Mintcloud (km s~1) (pc) (cm~3)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

GRSMC 45.60]0.30 . . . . . . 235 1.7 1.2 0.70 2.1 1.2 2.2 13 30
GRSMC 43.30[0.33 . . . . . . 247 6.1 3.3 0.55 8.2 1.3 4.3 13 100
GRSMC 45.46]0.05 . . . . . . 406 49 34 0.69 126 2.6 11.5 29 80
W49 . . . . . . . . . . . . . . . . . . . . . . . . . 85 48 32 0.67 102 2.1 11.7 22 160

NOTE.ÈMasses of the cloud complexes were estimated from the observed integrated 13CO intensity (col. [3]), from the sum of the individual masses
of the selected clumps identiÐed by GAUSSCL UMPS (col. [4] ; the number of clumps used is given in col. [2]), and the virial mass of the complex (col.
[6]) as discussed in the text. For this we used the FWHM line width *v of the spectrum averaged over the face of the cloud (col.Mvircloud \ 340SRT*vcloud2
[8]) and the cloud radius SRT in pc (col. [9]). The percentage of mass recovered by GAUSSCL UMPS compared to is given in col. (5). We alsoMintcloud
included the ratio of virial mass to 13CO mass of the individual clouds (col. [7]) and mean hydrogen molecule densities (col. [10]).
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laws of the form (n \ 0, 1, 2), exponential, ando
n
(r)P r~n

Gaussian], depends only weakly on the assumed density
law. For the virial cloud masses included in Table 2 we used

which is within 6% of the value for each of thesekvir\ 340,
density laws.

The mean densities of the clouds listed in Table 2 were
calculated from and the volume of a sphere with theMintcloud
cloud radius as listed in Table 2.

5.1.1. W 49: Contamination by Near Molecular Gas

To derive the clump parameters, we implicitly assume
that all of the emission in the speciÐed velocity range orig-
inates from a single molecular cloud and at one distance. At
a given LSR velocity, the emission from a GMC at the far
side of the Galaxy, however, may be signiÐcantly contami-
nated by unrelated material at the near kinematic distance.
In this case, the masses and sizes of near clumps will be
signiÐcantly overestimated if we use the kinematic distance
of the far cloud. The opposite case, in which emission from a
near cloud contains some contribution from gas at the far
distance, is less problematic since the mass and size of a far
clump calculated for the near distance will be signiÐcantly
underestimated and will therefore not bias the total mass or
mass spectrum estimated for the near complex. Since W49 is
located at the far kinematic distance, it is important to
ascertain whether any of the clumps identiÐed by the clump
decomposition are located in front of W49 at the near dis-
tance.

The near kinematic distance for an LSR velocity of 10 km
s~1 is D1 kpc. Any massive star-forming region at this
distance would cover a much larger area of the sky than
W49 and would have comparable integrated intensity or be
much brighter. We certainly do not see such a cloud along
the line of sight toward the W49 region in the relevant
velocity range of our 13CO data.

Low-density, quiescent material at the near distance
could produce enough brightness in a narrow line to permit
distinguishing it from W49 emission. The 13CO spectrum
shown in the top panel of Figure 3 was obtained by averag-
ing over the region shown in the bottom panel. It reveals
broad emission between 0 and 20 km s~1 and a narrow
(*v\ 1.1 km s~1), intense feature at a velocity of 16 km s~1.
A three-component Gaussian Ðt was applied to the spec-
trum, two components to model the broad emission associ-
ated with W49 and one component for the narrow 16 km
s~1 line. The results of the Ðts are superposed to the spec-
trum. The relatively high intensity and small line width of
the 16 km s~1 component compared to the broad emission
from W49 imply that this material lies at the near kinematic
distance.

H I spectra from the BUAO survey toward positions
away from the strong W49 continuum show self-absorption
at exactly the velocity of the peak of the narrow 13CO line.
Following the conclusions of Jackson et al. (2001), this
places the clumps associated with this spectral feature at the
near kinematic distance. We therefore conclude that emis-
sion along the line of sight toward W49 is partially contami-
nated by emission from nearby molecular gas at a velocity
of 16 km s~1.

This conclusion is further supported by the unusual
properties of some of the clumps seen in the channel map
integrated from to 17 km s~1 (Fig. 3, bottomvLSR \ 15
panel). If these clumps actually lie at the same distance as
W49, then many of them have large apparent distances

FIG. 3.ÈEmission associated with gas at the near kinematic distance
toward the W49 region. The gray Ðlled histogram in the top panel shows
the 13CO J \ 1 ] 0 spectrum averaged over the region shown in the
bottom panel. A Gaussian Ðt for two broad components and one narrow
line was applied to model the emission from W49 and the near gas. The Ðt
results are shown superposed on the spectrum. The bottom panel displays
the 13CO J \ 1 ] 0 intensity integrated over the velocity range from 15 to
17 km s~1, relevant for emission from the near gas, toward the W49 region.
The beam size is indicated in the lower left corner.

(D50 pc) from the center of W49 [(l, b) D (43.15, [ 0.05)],
large apparent clump sizes (up to 7 pc), and large masses (of
the order of 103 Emission associated with the narrowM

_
).

component is inconspicuous in the image of the total inte-
grated intensity (see Fig. 2), which is dominated by broad
emission from W49.

In order to minimize confusion with this near material
toward W49, all clumps with centroid velocities between
14.5 and 17.5 km s~1 were excluded from the following
analysis.

5.2. Clump Mass Spectra
The masses for clumps identiÐed by GAUSSCL UMPS

were binned for each individual cloud to yield the clump
mass spectra shown in Figure 4. Because the decomposition
misses smaller, less massive clumps in the distant clouds, the
clump masses cover slightly di†erent mass ranges for each
cloud. The clump masses span 2 orders of magnitude for an
individual cloud and almost 4 orders of magnitude for the
combined data set from 5 in GRSMC 45.60]0.30 toM

_30,000 for the most massive clumps in W49.M
_The minimum mass identiÐed by the decomposition algo-

rithm is set by the brightness temperature threshold, the
spectral resolution, the beam size, and the distance to the
cloud. Using the same constants introduced in ° 4 and
accounting for the clump selection criterion, the minimum
clump mass is given by (D/kpc)2.Mmin\ 1 M

_The cuto† criterion (rejecting clumps smaller than 130%
of the spatial or spectral resolution) causes some low-mass
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FIG. 4.ÈClump mass spectra of the four GRS clouds. Only those masses above the completeness limit occupying the Ðlled histogram columns were used
in the least-squares Ðtting procedure to derive the power-law index The dashed line marks the value of the completeness limit. A dotted vertical line isa

M
.

drawn at the value of the minimum clump mass for each cloud.

clumps to be missed. Moreover, at low signal levels, noise
introduces a bias to the derived clump masses. Therefore,
the mass completeness limit of the decomposition is higher
than the minimum detectable mass, and Ðts to the clump
mass spectra are only reliable above the completeness limit.
At the 5 p conÐdence level, the completeness limit is

The contribution to the mass due toMcompl\ Mmin] 5p
M

.
noise, was calculated from the mean rms brightnessp

M
,

temperature of the data, the spectral and spatial resolution,
and the distance to the cloud. Adopting the constants given
in ° 4, it is (D/kpc)2. We include both the massp

M
\ 0.7 M

_limit for GAUSSCL UMPS and the completeness limit in
the panels showing the clump mass spectra (Fig. 4) as
dotted and dashed lines, respectively.

Least-squares Ðts to weighted withdN/dM PM~aM,
*N1@2 for the individual mass bins, were applied to the
clump mass spectra above the turnover associated with the
completeness limits Mass bins used in the ÐttingMcompl.

procedure are indicated by Ðlled histogram columns in
Figure 4. The Ðts give values for around 1.8 with higha

Mcorrelation coefficients (greater than 0.86 ; see Table 3 for a
summary) and small scatter. W49 shows the largest disper-
sion. Within the 2 p uncertainties, we Ðnd the same power-
law relation dN/dM P M~1.8 for the clump masses in each
of the four clouds, independent of distance and star forma-
tion activity.

5.3. Relations of Clump Size with Density, L ine W idth,
and Mass

Figures 5È8 display the relations between density, line
width, and mass as a function of size for all clumps in the
GRS clouds above the minimum mass discussed in the pre-
vious section. We deÐne the clump radius as the geometric
mean of the major and minor half-axes determined from
GAUSSCL UMPS. The clump density in the top panel is
determined from the LTE mass of the clump and this size.

TABLE 3

SUMMARY OF FITTED POWER-LAW RELATIONS

CLUMP RADIUS VERSUS CLUMP

MASS

Density Correlation Line Width Correlation Mass Correlation SPECTRUM CORRELATION

CLOUD a
n

CoefÐcients alw CoefÐcients a
m

CoefÐcients a
M

COEFFICIENTS

GRSMC 45.60]0.30 . . . 0.88(0.06) 0.71 0.15(0.06) 0.15 2.12(0.06) 0.92 1.78(0.13) 0.98
GRSMC 43.30[0.33 . . . 0.73(0.07) 0.57 0.29(0.06) 0.26 2.27(0.07) 0.91 1.85(0.12) 0.96
GRSMC 45.46]0.05 . . . 0.78(0.09) 0.39 0.23(0.06) 0.18 2.22(0.09) 0.77 1.80(0.10) 0.94
W49 . . . . . . . . . . . . . . . . . . . . . . 0.85(0.35) 0.24 0.15(0.22) 0.07 2.15(0.35) 0.53 1.56(0.20) 0.86
Weighted mean . . . . . . . . . 0.81(0.06) . . . 0.22(0.07) . . . 2.19(0.07) . . . 1.79(0.10) . . .
Virial equilibrium . . . . . . 1.0 . . . 0.5 . . . 2.0 . . . . . . . . .

NOTE.ÈPower-law slopes deduced from linear least-squares Ðts are followed by standard deviations in parentheses and linear correlation coefficients in
the adjacent column.
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FIG. 5.ÈSize-density (top panel), sizeÈline width (middle panel), and
size-mass (bottom panel) relations for the identiÐed clumps (open circles) in
GRSMC 45.60]0.30. Least-squares Ðts to and*vP Ralw, n P R~an,

are indicated by the solid black lines. The grey lines show ÐtsMLTE PRam
with Ðxed power-law indices of and correspond-alw\ 0.5, a

n
\ 1, a

m
\ 2

ing to the conventional Larson relations.

The contribution from the thermal line width to the
observed line width may be considerable and could Ñatten
the slope of a sizeÈline width relation (Myers & Goodman
1988). For 13CO, the thermal line width in km s~1 can*vthbe written as where T is the kinetic*vth\ 0.13(T /10)1@2,
temperature in K. Because of the spectral smoothing and
the selection criterion applied to the clumps before decon-
volution (° 4), thermal broadening for clumps with kinetic
temperatures of a few times 10 K is unresolved. For a
kinetic temperature of 10 K, every clump that we identify
has highly supersonic line widths.

We deduced power-law indices for density, line width,
and mass as a function of clump size by applying least-
squares Ðts. In addition to the Ðtted relations, we include
lines representing the Larson relations for virial equilibrium
in the plots (see ° 6.2). The Ðt results are summarized in
Table 3, including the power-law indices for the clump mass
spectra from the previous section, linear correlation coeffi-
cients, and weighted means determined from the Ðt results
for the four clouds.

5.4. Equilibrium State of the Clumps
The equilibrium state of a cloud or clump can be charac-

terized by the virial parameter (Bertoldi &a
G

\ Mvir/MLTEMcKee 1992), which is a measure of the ratio of kinetic to
gravitational energy density. In the case of optically thin
emission, clumps with Gaussian intensity distributions, as

FIG. 6.ÈSame as Fig. 5, but for GRSMC 43.30[0.33

FIG. 7.ÈSame as Fig. 5, but for GRSMC 45.46]0.05
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FIG. 8.ÈSame as Fig. 5, but for W49

Ðtted to the observed data cubes by GAUSSCL UMPS, also
have Gaussian density proÐles (Stutzki & 1990 ;Gu� sten
Stutzki et al. 1998). We therefore use the analytical expres-
sion for a Gaussian density distribution in the virial
theorem to calculate virial masses of the decomposed
clumps. In the absence of external pressure and magnetic
Ðelds, the virial theorem for a Gaussian2Tkin] W \ 0
clump with a radial density distribution takes the form
(Stutzki & 1990)Gu� sten

3Mp2 [
S ln 2

2n
GM2

R
\ 0 , (5)

where G\ 1/232 is the gravitational constant in units of km
s~1, pc, and p denotes the velocity dispersion of theM

_
;

clump in km s~1 ; and R is the radius of the clump in pc.
From this, the virial mass of a clump with Gaussian density
distribution can be written as

Mvir
M

_

\ 378R*v2 , (6)

with the FWHM line width *v\ p(8 ln 2)1@2.
Figure 9 shows the ratio of virial to LTE clump mass as a

function of LTE clump mass for the ensembles of clumps in
the four di†erent clouds. As for the clump mass spectra, the
distribution of LTE clump masses for each cloud reÑects the
distance to the complex. In all four clouds, the majority of
clumps are found well above (Fig. 9, dottedMvir/MLTE \ 1
lines). The dashed lines denote the mass completeness limits
introduced in ° 5.2 and included in Figure 4. The solid lines
model the upper envelope to the data and will be discussed

FIG. 9.ÈRatio of virial to LTE mass as a function of LTE mass for the identiÐed clumps (open circles) in the four GRS clouds. Dotted lines correspond to
Dashed lines delineate the completeness limit for (see Fig. 4). The solid lines show the qualitative behavior of clumps with high virialMvir\ MLTE. MLTEparameters (see text for details) and have a slope Ðxed to [23.
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FIG. 10.ÈHistograms of the ratio of virial to LTE mass for the identiÐed clumps in the four GRS clouds. As in Fig. 9, the dotted line corresponds to
The y-axis for W49 has been scaled down by a factor of 2.Mvir\ MLTE.

in detail in the next sections. In order to evaluate the frac-
tion of clumps with a certain value of the virial to LTE mass
ratio, we calculated histograms of the gravitational param-
eter for each cloud (Fig. 10).a

GIf clumps with are externally bound, theMvir/MLTE[ 1
pressures needed to bind the clumps can be evaluated by
adding the surface term to the equation of virial4nR3Pextequilibrium. The binding pressure of a clump in units of K
cm~3 is then given by

Pext
k

\ 0.56
M
R2
A
378

*v2
R

[ M
R2
B

, (7)

which can be rewritten as

p2
R

P
Pext
k

1
N(H2)

] N(H2) , (8)

where k is the Boltzmann constant. This equation describes
the balance between the external pressure and the turbulent
gas pressure op 2, where p \ *v/(8 ln 2)1@2 is the velocity
dispersion of the clump in km s~1, reduced by the gravita-
tional energy density (GMo/R). It is possible to infer the
magnitude of the binding pressure from a plot of p2/R as a
function of clump column density. The corresponding plots
for the GRS clouds are shown in Figure 11. External pres-
sures are unimportant in conÐning high-mass clumps in
gravitational virial equilibrium There p2/R is pro-(a

G
D 1).

portional to the surface density &\ M/nR2 and hence the
column density For small clump masses, whereN(H2).external pressures dominate and the virial parameter isa

Glarge, p2/R depends on the column density as N(H2)~1
(Keto & Myers 1986). Figure 11 demonstrates this behavior
for di†erent values of the binding pressure.

Clumps with K cm~3 are gravitationallyPext/k ^ 0
bound. Since the clumps in W49 are much closer to a ratio

FIG. 11.ÈRatio of p2/R as a function of clump column density N(H2)for the GRS clouds. Lines of constant external binding pressure from
P/k \ 0 to 106 K cm~3 are included.
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FIG. 12.ÈHistograms of the external pressures needed to bind the clumps in the GRS clouds. Median binding pressures given in Table 4 are deduced from
the Gaussian Ðts to the histograms. The Ðts are plotted as a solid line in each panel.

of unity than the majority of clumps in the otherMvir/MLTEsources, a higher percentage of clumps in W49 require no or
only small external pressures to be bound. Most of the
clumps for the other clouds are found well above the

K cm~3 line, and these clumps would requirePext/k \ 0
larger external pressures to be bound. Alternatively, they
could be unbound, transient objects. The external pressures
needed to bind these internally overpressured clumps in the
four GRS clouds range from 103 to 106 K cm~3. Histo-
grams of required external pressure were developed from
the data in Figure 11 and are shown as Figure 12. Since
gravitationally bound clumps formally have negative
binding pressures, only clumps with are considereda

G
[ 1

in the histograms. Median pressures deduced from the his-
tograms are listed in Table 4. The median binding pressures
are typically a few times 104 K cm~3.

6. DISCUSSION

6.1. Clump Mass Spectra
We Ðnd power-law clump mass spectra of the GRS

clouds that are independent of scale and star formation

TABLE 4

PRESSURES AND CRITICAL CLUMP MASSES

Pclump/k P
G
/k MBE

Cloud (K cm~3) (K cm~3) (M
_
)

GRSMC 45.60]0.30 . . . . . . 1.5 ] 104 1.2] 104 180
GRSMC 43.30[0.33 . . . . . . 2.0 ] 104 1.5] 105 500
GRSMC 45.46]0.05 . . . . . . 3.2 ] 104 3.9] 105 2000
W49 . . . . . . . . . . . . . . . . . . . . . . . . . 6.7] 104 1.0] 106 7000

is the median pressure required to bind theNOTE.ÈPclump/kclumps, and is the pressure due to the weight of the self-P
G
/k

gravitating complex. The last column gives estimates of the upper
limits to the Bonnor-Ebert masses as described in the text.

activity. Results for a variety of concepts to identify sub-
structures applied to many di†erent clouds and over at least
5 orders of magnitude in mass (e.g., Elmegreen & Falgarone
1996 ; Heithausen et al. 1998 ; Kramer et al. 1998) consis-
tently yield clump mass spectra with power-law indices a

Mbetween 1.5 and 1.9, also independent of star formation
activity. Recent systematic studies of larger Ðelds Ðnd
higher values of between 1.7 and 1.9 (Heyer & Terebeya

M1998 ; Nagahama et al. 1998), in excellent agreement with
the GRS power-law index of 1.8. The turnover of all clump
mass spectra at roughly 5 times the minimum mass identi-
Ðed by the decomposition is due to the clump selection
criteria and reÑects the completeness limit of the survey.

For W49, we observe both a shallower slope of the clump
mass spectrum but also the largest dispersion, which may be
due to the relatively small number of clumps detected
(Williams et al. 1994). The fact that we identify fractionally
more high-mass and fewer low-mass clumps could be a
result of the large distance, but we cannot rule out that it is
an intrinsic property of this cloud. Moreover, given the wide
range in velocity covered by emission, it is also possible that
there is still some contribution from nearby clouds along
the line of sight. H I spectra toward the W49 cloud some-
times show weak self-absorption features at velocities di†er-
ent from 16 km s~1, but because the corresponding 13CO
features are faint, they probably do not signiÐcantly a†ect
our results.

Although it is well established that stars form from
molecular cloud cores, the link between the mass spectrum
of clumps and the stellar initial mass function (IMF) is
unclear. The power-law indices of clump mass spectra from
molecular line data are usually signiÐcantly(a

M
\ 1.7È1.9)

smaller than that of the IMF, (Salpeter 1955 ;aIMF \ 2.1È2.5
Miller & Scalo 1979) for stellar masses between 1 and 10

The GRS results presented here conÐrm this ÐndingM
_

.
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for clump masses down to D10 and linear scales asM
_small as 0.3 pc in the case of GRSMC 45.60]0.30. It is not

clear whether the slope of the clump mass spectra of the
GRS clouds continues to the lower masses and smaller size
scales involved in star formation. Kramer et al. (1998) Ðnd
slopes of CO clump mass spectra similar to those found in
the GRS clouds for masses down to Jupiter masses in a
nearby, quiescent cloud and D1 in active star-formingM

_regions.
In contrast, recent high spatial resolution observations of

nearby clouds suggest a steeper mass spectrum for cores
identiÐed in the millimeter continuum, (Motte,a

M
[ 2

& Neri 1999 ; Testi & Sargent 1998) for massesAndre� ,
around 1 and on size scales of 0.01È0.1 pc. This slope isM

_similar to that of the IMF in the same mass range. These
results may signify a transition between large-scale cloud
fragmentation and further fragmentation to cloud cores on
scales relevant for star formation. Discrepancies between
the clump mass spectra from dust continuum and molecular
line observations, however, may also arise if inappropriate
physical parameters in calculating the masses are adopted
or if the material traced by dust and molecular line emission
is not well coupled. Dust continuum observations usually
only trace a small fraction of the total mass at considerably
higher density compared to molecular line observations in a
cloud, and estimates of the clump masses from the milli-
meter continuum strongly depend on the assumed dust tem-
perature and emissivity law. Molecular line data, on the
other hand, may su†er from depletion due to molecules
freezing out onto dust grains at low temperatures. At dis-
tances of 2È10 kpc, typical length scales for star formation
in the GRS clouds are only accessible with future interfero-
metric observations. Such observations would also allow
simultaneous investigations of the correlation of molecular
line and continuum emission.

6.2. Scaling Relations
A number of di†erent studies (e.g., Larson 1981 ; Myers

1983 ; Dame et al. 1986 ; Solomon et al. 1987) have found
power-law relations between the size of a cloud and its
velocity dispersion, density, and mass of the form *vP Ralw,

and Values of the di†erent power-lawn PR~an, M PRam.
indices were empirically determined from GMC complexes
and high-density clumps to be andalw\ 0.5, a

n
\ 1.0, a

m
\

2.0 extending over several orders of magnitude in scale and
with a small scatter (see the reviews by Myers 1987 and
Scalo 1987). The assumption of gravitational virial equi-
librium GM/RP *v2 implies scaling relations of the form

and which are in agreementalw\ (a
m

[ 1)/2 a
m

\ 3 [ a
n
,

with the empirical values.
Previous studies resolving molecular clouds into clumps

(e.g., Leung et al. 1983 ; Sanders et al. 1985 ; Dame et al.
1986 ; Kramer et al. 1996 ; Heithausen 1996 ; Heyer & Sch-
loerb 1997 ; Williams et al. 2000) Ðnd power-law indices for
clump ensembles that cover wide ranges around the slopes
of the conventional scaling relations : between 0.7 and 1.6,a

nbetween 0.2 and 0.7, and between 1.7 and 2.5. Part ofalw a
mthe large scatter is due to the limited dynamic range in

clump size accessible in an individual cloud.
Similarly, the distributions of density, line width, and

mass with clump size for the GRS data displayed in Figures
5È8 show considerable scatter, in particular for the size-
density and sizeÈline width relations. Accordingly, none of
these slopes are well constrained.

Following the recommendations given by Isobe et al.
(1990) and using their public domain computer code
SL OPES, we applied two di†erent least-squares regression
methods to determine power-law indices and the corre-
sponding uncertainties for the scaling relations : ordinary
least-squares (OLS) regression of Y against the clump
radius R and OLS bisector. Generally, the OLS method
yields Ñatter slopes than the OLS bisector, and both Ðtted
slopes bracket the values of the conventional scaling laws
for the size-density and sizeÈline width relations. The Ðtted
slopes for these two relations do not agree within their 3 p
uncertainty margins, and linear correlation coefficients are
small. For the size-mass relation, the Ðtted slopes from both
methods are steeper than the power-law index of the Larson
relation for gravitational virial equilibrium. The slopes
agree within their 3 p uncertainty margins, and linear corre-
lation coefficients are high. In order to be consistent with
previous determinations in the literature, we only report
power-law slopes and standard deviations from the OLS
regressions in Table 3. The table also contains the linear
correlation coefficients.

The Ðtted power-law slopes for the size-density from(a
n0.75 to 0.85) and sizeÈline width from 0.15 to 0.30)(alwrelations in the GRS clouds are close to the lower limit of

values reported in the literature, while the values for the
size-mass relation from 2.1 to 2.3) are close to the liter-(a

mature upper limits. The combined size-mass and size-density
relations are in agreement with which reÑectsa

m
\ 3 [ a

n
,

the fact that the density is calculated from the mass and the
e†ective radius according to n P M/R3.

The correlation between size and density and between
size and line width is poor. Therefore, we cannot recover
reliable numbers for the corresponding power-law indices
and consequently cannot judge whether the properties of
the identiÐed clumps strictly conform to the standard
Larson relations. There is, however, a systematic trend to
shallower size-density and sizeÈline width relations and
steeper size-mass relations compared to the conventional
relations in all four GRS clouds. Moreover, while the
clumps identiÐed in the GRS data support power-law dis-
tributions of clump density and mass as a function of clump
size, we do not Ðnd a signiÐcant clump sizeÈline width rela-
tion in any of the GRS clouds. In particular, the clump line
widths for the most quiescent cloud GRSMC 45.60]0.30
are independent of clump size. The clumps in W49, the most
active star-forming region in our study, also show no signiÐ-
cant sizeÈline width relation, but the results for this cloud
su†er from the low number of clumps detected.

The surface densities for the clumps in the&\ MLTE/nR2
GRS clouds show a weak dependence on clump size
&P R0.1h0.3, in contrast to the conventional Larson law for
gravitational virial equilibrium which implies a(a

m
\ 2.0),

constant surface density for all clump sizes. Since the clump
masses are calculated from the column densities times R2, a
Larson-like size-mass correlation could reÑect that obser-
vations of a single molecular line select a limited column
density range. Although it is only a 2 p e†ect, the deviations
of our data from this Larson law, however, may be real
since our clump column densities span an order of magni-
tude (Fig. 11) and the scatter in the size-mass relation is
small. This conclusion does not depend on the method of
Ðtting. Both linear least-squares regressions we applied
yield slopes steeper than the conventional Larson relation
of size and mass. Since the clump masses have been calcu-
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lated using constant excitation, optical depth, and abun-
dance, we caution that variations of these conditions within
the cloud and among the clumps could account for the
observed e†ect.

The observed line widths being independent of clump size
in GRSMC 45.60]0.30 may point toward the presence of
magnetic e†ects. If the line widths are larger than thermal
and the nonthermal, turbulent part of the velocity disper-
sion is due to waves, we can estimate a magnetic ÐeldAlfve� n
strength from the observed line width. For a mean observed
line width of *v\ 0.63 km s~1 and a thermal line width of
0.13 km s~1, the observed nonthermal velocity dispersion

is 0.27 km s~1, corresponding to an speedpNT Alfve� n vA \
of 0.47 km s~1. AssumingpNT 31@2

pNT2 \ 2
3

B2
8nmn

(9)

(Myers & Goodman 1988) and using a mean density calcu-
lated from the mass and radius of the cloud given in Table 2,
the resulting magnetic Ðeld strength is 15 kG. This number
is at the low end of estimates for the magnetic Ðeld strength
in a variety of molecular clouds (Myers & Goodman 1988).

6.3. Cloud and Clump Equilibrium
Molecular clouds as a whole (Dame et al. 1986 ; Solomon

et al. 1987) and embedded cores observed in high-density
tracers (Myers 1983) are usually found to be in gravitational
virial equilibrium. Power-law indices for the conventional
scaling relations discussed in the previous section were ini-
tially derived from these classes of objects and reÑect the
relations expected for gravitational virial equilibrium.

The ratios of the virial to LTE mass for the four GRS
clouds listed in Table 2 support(Mvircloud/Mintcloud\ 1.2È2.6)
the results from other studies that molecular clouds are in
or near gravitational virial equilibrium. Because virial cloud
masses are upper limits (as a result of possible line broaden-
ing in an optically thick line), while the LTE cloud masses
are lower limits, the virial parameters for the GRS clouds
are upper limits. We therefore conclude that all four GRS
clouds are gravitationally bound. This conÐrms the results
for GRSMC 45.60]0.30, GRSMC 45.46]0.05, and W49
from earlier 12CO observations (Dame et al. 1986 ; Solomon
et al. 1987).

The equilibrium state of the clumps within clouds,
observed in CO isotopomers and with high angular
resolution, is found to be much more diverse. Clumps typi-
cally have ratios of virial to LTE mass well above the limit
of virialization, (e.g., Bertoldi & McKeeMvir/MLTE ^ 1
1992 ; Williams, Blitz, & Stark 1995 ; Heyer et al. 2001).
Only a small number of high-mass clumps are strongly self-
gravitating, and only a small subset of these are forming
stars or have infrared point-source counterparts. Figure 9
reveals that most of the clumps in the GRS clouds GRSMC
45.60]0.30, GRSMC 45.46]0.05, and GRSMC
43.30[0.33 show the same trend and are not gravita-
tionally bound.

Although low-mass clumps identiÐed from observations
of high-density tracers in molecular clouds are often found
to be gravitationally bound, this is not in conÑict with most
of the low-mass CO clumps being gravitationally unbound,
since observations of high-density tracers are biased toward
compact and self-gravitating cores. The total mass of a
clump core seen at the high densities (n D 106 cm~3) is only
a small fraction of the total mass of the same clump as seen

in 13CO. The corresponding 13CO clump could be gravita-
tionally bound as well, since it has a central mass conden-
sation, but would be larger and more massive.

We suggest that the deviations of the scaling relations for
the clumps in the GRS clouds from the Larson relations for
gravitational virial equilibrium reÑect that most of the
clumps are simply not gravitationally bound. It is inter-
esting that the clumps identiÐed from the outer Galaxy
Survey (Heyer et al. 2001) show a Ñat sizeÈline width rela-
tion for small objects with sizes between 0.7 and(alw\ 0.13)
7 pc that is similar to the relations found for the GRS
clouds. The sizeÈline width relation for the outer Galaxy
clumps gradually steepens to for clump sizesalw\ 0.6
approaching typical GMC radii (7È13 pc). Since Heyer et al.
(2001) do not distinguish clumps in di†erent cloud complex-
es, we suggest that the small-size clumps belong to nearby
clouds that are resolved into substructures (comparable to
the clumps identiÐed in GRSMC 45.60]0.30, not in gravi-
tational virial equilibrium, Ñat sizeÈline width relation),
whereas the large-size clumps belong to, or are, more
distant clouds (in gravitational virial equilibrium as a
whole, steeper sizeÈline width relation).

The distributions of the virial parameter with clump mass
for the clumps identiÐed in the GRS clouds show some
details that are worth noting. Bertoldi & McKee (1992),
Williams et al. (1995), and Heyer et al. (2001) Ðnd a tight
correlation of the virial parameter with clump mass accord-
ing to which is theoretically expecteda

G
\ (M0/MLTE)2@3,for gravitationally unbound, pressure-conÐned clumps

(Bertoldi & McKee 1992). For large values of and massesa
Gabove the completeness limit, the virial parameters for the

clumps in the GRS clouds appear to follow this relation.
Since the overall distribution of the virial parameter for the
clumps in the GRS clouds makes it difficult to obtain a
reasonable Ðt to we modeled this uppera

G
\ (M0/MLTE)2@3,envelope by using a slope Ðxed to and an anchor point[23given by the completeness limit and a high virial parameter

for each of the four clouds. The resulting solid(a
G

\ 16)
lines included in Figure 9 are not Ðts to the data points but
are intended to show the qualitative behavior of clumps
with high virial parameters.

Although some of the clumps in the GRS clouds follow
the trend of the distributions of clumps with(MLTE)~2@3,
low masses and small virial parameter in Figure 9 are di†er-
ent from those in some of the previous clump decomposi-
tion studies. The clumps in the GRS clouds more regularly
Ðll the plane, in particular for smaller masses andMLTE-aGsmaller values of the virial parameter. We attribute the
Ðnding of additional low-mass clumps with small values of
the virial parameter to the higher affinity of GAUSS-
CL UMPS to smaller clumps and line widths. Since
GAUSSCL UMPS assumes an a priori shape of the clumps,
it is in principle able to disentangle even small clumps over-
lapping along the line of sight in space and velocity. It also
has, however, the tendency to add small artiÐcial clumps to
the residuals of large, non-Gaussian features.

A distribution of virial parameters similar to those for the
GRS clouds is found by Kramer et al. (1996), who also used
GAUSSCL UMPS to decompose emission from their Orion
B data set. Other decomposition algorithms assign lower
level emission to larger, more massive clumps, resulting in a
lack of low-mass clumps. Below the completeness limit,
values for the virial parameter in the GRS clouds tend to be
lower because of clump selection and sensitivity e†ects,
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which result in a lack of low-mass clumps with high virial
masses.

The ratio for W49 is independent of clumpMvir/MLTEmass, and all, even the smaller, identiÐed clumps appear to
be self-gravitating. As a result of the large distance to W49,
a number of unresolved clumps may be blended together to
be confused with a single high-mass clump. The virial
parameter of such a clump will be dominated by the most
massive subclumps, which, in light of the high star forma-
tion activity in W49, are likely to be self-gravitating and
hence have virial parameters around unity.

In order to examine the e†ects of distance on the equi-
librium state of clumps identiÐed by the decomposition, we
smoothed our data for the most quiescent cloud GRSMC
45.60]0.30 to represent a 5 times larger distance (9 kpc).
The clumps found in these low angular resolution data are
plotted as Ðlled triangles in Figure 13 together with the high
angular resolution clumps (open circles) and the clumps in
W49 (crosses) from Figure 9. The qualitative behavior of the
low-resolution clumps in GRSMC 45.60]0.30 is preserved
from the high-resolution data. Even at the 5 times poorer
angular resolution, most of the newly identiÐed clumps
remain gravitationally unbound. Clearly, the equilibrium
properties of the clumps in W49 are fundamentally di†erent
from those of the clumps in GRSMC 45.60]0.30. We
attribute these di†erent clump properties to the di†erences
in star formation activity between the two clouds.

According to the standard scaling relations for objects in
gravitational virial equilibrium, the clumps in W49 should
show a well-deÐned sizeÈline width relation, which is not
observed. The observed Ñat sizeÈline width relation may
arise if initially virialized clumps undergo contraction. In
this case, the sizes of the clumps will be reduced and the line
widths increased, resulting in a Ñattening of the sizeÈline
width relation. The presence of a Ñat sizeÈline width rela-
tion among some very active star-forming molecular clouds
was Ðrst noticed and interpreted in the above sense by
Larson (1981).

6.4. T he Role of External Pressure
Star formation should occur in clouds whose clumps

have dynamical timescales much smaller than that of the
cloud itself and if the binding energies, resulting from

FIG. 13.ÈRatio of virial to LTE mass as a function of LTE mass for the
clumps in GRSMC 45.60]0.30 with the original angular resolution (open
circles) and clumps identiÐed after smoothing to a 5 times larger beam
( Ðlled triangles). Crosses represent the clumps found in W49. The dashed
line corresponds to Mvir\ MLTE.

gravity and external pressure, dominate the internal ener-
gies of thermal and nonthermal motions. A typical dynami-
cal timescale for the cloud as a whole is the crossing time

Myr. Using the cloud radii andtcross \ R/p
v
\ 2.35SRT/*v

global line widths listed in Table 2, is 5È10 ] 106 yr.tcrossDynamical timescales for the clumps inside clouds are much
smaller, typically 104È105 yr. Undriven interstellar turbu-
lence decays quite rapidly, on timescales of the order of or
shorter than the free-fall time of the system (see the results
of MHD simulations by, e.g., Mac Low et al. 1998 ; Stone,
Ostriker, & Gammie 1998 ; Klessen, Heitsch, & Mac Low
2000). The simulations together with the observed highly
supersonic line widths suggest that if turbulence supports
molecular clouds against star formation, it must be con-
stantly driven or large molecular clouds would be transient,
efficiently star-forming objects. Clumps that are not self-
gravitating will be rapidly dispersed unless conÐned by
external pressure since their dynamical timescale is much
smaller than that of the cloud and the random, turbulent
Ñow that creates local density enhancements can also dis-
perse them.

The observed large number of clumps with high virial
parameters implies that they are either unbound, dispersed,
and reformed anew at a high rate or else bound by external
pressure. Bertoldi & McKee (1992) suggest the latter to be
the case since the magnitude of external pressures they esti-
mate for the clouds in their study is similar to the required
binding pressures for the clumps.

We cannot ascertain whether the gravitationally
unbound clumps we Ðnd are transient or conÐned by exter-
nal pressure. We can, however, estimate and compare the
magnitudes of the possible sources of external pressure and
examine their possible role in conÐning the clumps.

For the purpose of this discussion, we assume that molec-
ular clouds are embedded in an ambient medium of low
density (intercloud medium, predominantly atomic) and
that the clouds themselves consist of a low-density inter-
clump medium Ðlling most of the cloud volume (probably
also predominantly atomic) and containing embedded,
higher density, molecular clumps. The sharp boundaries
observed in molecular tracers including CO are mainly due
to the limited sensitivity of the observations and a sharp
phase transition from molecular to atomic gas, rather than
to a sharp density gradient at the edge of the clouds.

The pervasive, ambient intercloud medium could then
provide part of the pressure needed to bind the clumps. The
pressure of the ambient interstellar medium (ISM) is about
3 ] 104 K cm~3 in the solar vicinity (Boulares & Cox 1990),
of which D1 ] 104 K cm~3 is due to magnetic pressure and
cosmic rays. Since most of the intercloud and interclump
medium is probably atomic, Heyer et al. (2001) propose that
a large fraction of the external pressure in the Galactic
plane could be due to the weight of the atomic layer in the
disk. They estimate a pressure due to H I of D2 ] 104 K
cm~3 for the outer Galaxy, very similar to the solar neigh-
borhood estimates. Because of a higher mass surface density
of atomic gas in the inner Galaxy, this pressure could be
somewhat higher there. Confusion due to the warm H I

background at all velocities in the plane of the inner Milky
Way, however, makes it difficult to estimate the total H I

column associated with the individual clouds in the GRS.
We can only determine the H I opacity along lines of sight
showing self-absorption at a cloudÏs LSR velocity, when
cold H I is intimately associated with molecular gas. There-
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fore, we cannot determine the weight of the H I associated
with the intercloud or interclump media directly. In the
following, we assume that the total pressure of the ambient
intercloud gas for the GRS clouds does not exceed a few
times 104 K cm~3.

Since the clouds are self-gravitating, the weight of the
overlying material in the cloud could provide a signiÐcant
fraction of the binding pressure for the clumps (Bertoldi &
McKee 1992). If we neglect magnetic Ðelds and embedded
stellar objects, which support the clouds against gravity, the
pressure inside a cloud is the surface pressure of the ambient
ISM plus the pressure due to the self-gravity of the cloud.
Considering only gas pressure and no other forces, the virial
theorem reduces to (Bertoldi & McKee 1992)

3P
G

V \ [W \ 3
5

a
GM2

R
, (10)

where is the e†ective mean pressure, or ““ gravitationalP
Gpressure ÏÏ (Bertoldi & McKee 1992), provided by the weight

of the material in a cloud with volume V , mass M, and
radius R. Since the gravitational energy W is derived from
an integral over the density distribution, depends on theP

Ggeometry and the density proÐle of the cloud, which is
accounted for by the numerical factor a. This factor is of
order unity and has been evaluated in detail by Bertoldi &
McKee (1992). For simplicity, we use the volume of a spher-
ical cloud with radius SRT and a 1/r density proÐle for
which a \ 10/9. In this case, a is within 75% of the extreme
values for the density laws given in ° 5. We calculate the
gravitational pressures from the surface density &\ M/
nSRT2 (using cloud masses and radii listed in Table 2) :

P
G

\ 1
5

a
GM2
V SRT

\ n
6

G&2 . (11)

The resulting gravitational cloud pressures are compared to
values of the median binding pressure of the clumps for the
GRS clouds in Table 4.

The clumps in GRSMC 45.60]0.30 could be in pressure
equilibrium with either the pressure of the ambient ISM or
the pressure due to the weight of the cloud complex. The
pressures needed to bind most of the clumps in GRSMC
43.30[0.33 and, in particular, in the more active star-
forming regions GRSMC 45.46]0.05 and W49 are signiÐ-
cantly higher than estimates for the pressure of the ambient
ISM alone. Considering the uncertainties, we believe that
the derived gravitational pressures for all four clouds are
sufficient to bind most of the identiÐed clumps.

If the weight of the molecular complex conÐnes the
clumps, the pressure required to bind the clumps should
vary with the location of the clump within the gravitational
potential. Clumps closer to the center of the cloud should
feel more weight and a higher pressure. In order to test this,
we computed the potential for each clump relative to the
other clumps according to

'
i
\ [G ;

j/1,iEj

N M
j

o r
i
[ r

j
o

. (12)

We do not Ðnd any correlation of with the binding pres-'
isures in the GRS clouds. The reason for this may be that,

since the distances between the clumps were calculated from
the projected positions of the clumps, the uncertainties in
the individual contributions to can be quite large. A lack'

iof correlation therefore does not rule out the pressure-

conÐned clump scenario. More sensitive analyses are
needed to test whether there are variations of the clump
binding pressures within the gravitational potentials in the
clouds.

Under the assumption that all clumps for which self-
gravity is unimportant are bound by external pres-(a

G
? 1)

sure, Bertoldi & McKee (1992) derive a relation between the
virial parameter, the critical mass of a nonmagnetic isother-
mal clump (the Bonnor-Ebert mass and the clumpMBE),mass : The Bonnor-Ebert mass is givena

G
P (MBE/MLTE)2@3.by (Spitzer 1968)

MBE\ 1.18
p4

(G3P0)1@2
, (13)

where is the turbulent clump gas pressure.P0\ op2
Clumps whose masses exceed this critical mass are expected
to be strongly self-gravitating and to have central mass
condensations.

Using clump decompositions of four di†erent 13CO data
sets, Bertoldi & McKee (1992) showed that the virial pa-
rameters of the clumps in the clouds follow the theoretically
expected relation and support the constancy ofa

G
PMLTE~2@3

the critical mass for the gravitationally unbound clumps. As
already discussed in the previous section, we only see this
trend in an upper envelope to the clumps with high virial
parameters in the GRS clouds (Fig. 9, solid lines). We can
use the lines of constant slope that model the upper
envelope to estimate upper limits to the critical mass for
each cloud. DeÐning as the mass whereM0 (M0/MLTE )2@3
intercepts the critical clump mass is given bya

G
\ 1,

(Bertoldi & McKee 1992). Values of theMBE\ 0.20M0upper limits to the critical masses for the four clouds are
listed in Table 4.

A typical Bonnor-Ebert mass for gravitationally
unbound clumps found in the outer Galaxy Survey is 1000È
2000 (Heyer et al. 2001), which is larger than the upperM

_limits for the quiescent GRS clouds GRSMC 45.60]0.30
and GRSMC 43.30[0.33. Since the critical mass is
inversely proportional to the required binding pressures for
the clumps, this could point to a higher external pressure in
the inner Galaxy. Indeed, the median binding pressures
derived from these two GRS clouds are higher than the
median pressure required for objects from the outer Galaxy
Survey (6.7] 103 K cm~3 ; Heyer et al. 2001). If the clumps
are not transient but conÐned by external pressure, these
conÐning pressures are higher in the two GRS clouds. It is,
however, not clear whether the external pressure of the
ambient ISM is higher in the inner Galaxy or if the clouds
we selected are just more massive, resulting in higher pres-
sures due to the overlying weight of the cloud.

Since the above analysis of the critical mass is only valid
for clumps with the results for the active star-a

G
? 1,

forming regions GRSMC 45.46]0.05 and W49 have to be
treated with caution. A higher critical mass for these clouds
does not correspond to a lower external binding pressure
(the opposite trend is seen in the histograms in Fig. 10), but
rather to a higher fraction of gravitationally bound clumps
and higher clump line widths in these clouds (Figs. 5È8,
middle panels).

7. CONCLUSIONS

Four molecular clouds contained in the 13CO GRS data
set were selected for a study of cloud structure. We selected
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clouds spanning a range of star formation activity from the
quiescent, probably nonÈstar-forming cloud GRSMC
45.60]0.30 to W49, the most luminous star-forming region
in the Galaxy. A three-dimensional Gaussian decomposi-
tion algorithm was used to identify clumps inside each
cloud and to derive the clump properties as traced in 13CO.
To resolve the kinematic distance ambiguity and separate
clouds along the same lines of sight at di†erent or even
overlapping velocities, we used results from a technique that
combines self-absorption in atomic hydrogen with GRS
13CO line emission (Jackson et al. 2001).

We Ðnd no di†erences in the shape of the clump mass
spectra for the four clouds over a wide range of clump
masses and star formation activity. The observed values of
the clump mass power-law spectral index show a(a

M
D 1.8)

small scatter and lie at the high end of the range spanned by
other studies. This is likely to be a direct result of the high
spatial dynamic range, the high sensitivity to smaller clouds,
and the complete sampling of the GRS.

Similarly, we do not Ðnd signiÐcant di†erences among
the four clouds in the slopes of the relations of density, line
width, and clump mass as a function of clump size.
Although the power-law indices of the size-density and sizeÈ
line width relations are not well constrained, we Ðnd sys-
tematically Ñatter slopes compared to the conventional
Larson scaling laws in all four GRS clouds. The size-mass
relations are steeper than the corresponding Larson law,
which may indicate a weak dependence of the clump surface
density with size.

Analyses of cloud and clump equilibria show that as a
whole the cloud complexes are gravitationally bound but
the majorities of the clumps comprising three of the four
complexes are not. This could explain the observed devi-
ations of the scaling relations in these clouds from the stan-
dard Larson relations, which were initially established
for clouds and high-density cores in gravitational virial
equilibrium.

W49 is di†erent in that the majority of the identiÐed
clumps are gravitationally bound. Considering the high star

formation rate in W49, this may be an intrinsic property of
the cloud and not due to its large distance. Smoothing our
data for the quiescent region GRSMC 45.60]0.30 to
approximately the same distance as W49 supports this con-
clusion since the smoothing did not change the equilibrium
properties of the newly identiÐed clumps. The high star
formation rate in W49 could also account for the observed
Ñat sizeÈline width relation if the clumps have undergone
signiÐcant contraction.

Although the mean pressure of the ISM is sufficient to
bind many clumps, it is insufficient to bind the clumps with
the highest values of which may be transient objects.a

G
,

These clumps are possibly conÐned by the additional exter-
nal pressure provided by the weight of the gravitationally
bound complexes. In all four clouds, the magnitude of the
pressure due to the overlying weight of the complex is larger
than estimates of the pressure of the ambient ISM alone
and is sufficient to bind most of the clumps. The median
binding pressures for the clumps in the GRS clouds are
higher than the binding pressures required for clumps in the
outer Galaxy.

There are a number of di†erences between the star-
forming and quiescent clouds. The mean cloud densities are
higher in the star-forming regions. We Ðnd a higher fraction
of gravitationally bound clumps in the star-forming regions.
The sizeÈline width relation for the most quiescent cloud
GRSMC 45.60]0.30 is independent of clump size. The
external pressures needed to conÐne the gravitationally
unbound clumps in the clouds are higher for the star-
forming clouds, but the overlying pressure provided by the
weight of the complex is also larger in a star-forming region.

The Galactic Ring Survey acknowledges support by the
NSF via grant AST-9800334. The Boston University
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