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Basic Formation Problem

• Make a 106 M☉ GMC with D=80 pc 

• Start: Σgas=10 M☉ pc-2 (ISM) 

• Finish: ΣGMC = 200 M☉ pc-2

• Accumulation scale: l >350 pc.
• HI➜H2 is quick: 3-10 Myr.



Poll:  Which of the following are 
responsible for GMC formation?

A.Accumulation of small molecular clouds
B.Large scale dynamics / instabilities

• Parker, Toomre, MRI, MJI, Swing
• Spiral Arms

C.Turbulence / Converging Flows
D.Some of the above
E.I am asleep

5



Four Illuminating
Observations

• HI and GMC morphology

• Macroscopic GMC properties

• The mass distributions of GMCs

• Angular momentum defects



M33
HI Image (red)
CO Points (blue)

Engargiola et al. (2003); Deul & van der Hulst (1987)



IC10

Leroy et al. (2005);  Wilcots & Miller (1998)



LMC SMC
From the NANTEN and ATCA Work 

(Fukui, Kawamura, Mizuno, Kim, Stanimirovic et al.)
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• GMCs always associated with high 
column density 21-cm emission

• Origins of 21-cm “filaments” vary

• Radial variation of HI/H2 fraction implies 
more parameters.

Inferences from HI+CO



GMC Properties

Larson (1981) first showed that molecular 
clouds follow power-law relationships 
between their macroscopic properties:  
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Size-line width 
relationship, 

then and now
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Larson (1981) Heyer & Brunt (2004)

β = 0.37

Also: Sanders et al. (1985), Dame et al. (1986), Solomon et al. (1987), Scoville et al. 
(1987),  Leisawitz (1990)
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Fig. 1.—Composite relationship from PCA decompositions of 12COdv, l
imaging observations of 27 individual molecular clouds. The smallJ p 1–0

scatter of points attests to the near invariance of interstellar turbulence within
molecular clouds that exhibit a large range in size, environment, and star
formation activity. The large filled circles are the global velocity dispersion
and size for each cloud derived from the first principal component. These are
equivalent to the global velocity dispersion and size of the cloud as would be
measured in the cloud-to-cloud size/line width relationship (Larson 1981; Sol-
omon et al. 1987). The light solid line shows the bisector fit to all points from
all clouds. The heavy solid line shows the bisector fit to the filled circles
exclusively. The similarity of these two power laws explains the connection
of Larson’s cloud-to-cloud scaling law to the structure functions of individual
clouds.

mental conditions. Monte Carlo models are constructed that
place upper limits to the variation of the scaling coefficient and
exponent. Finally, we discuss the consequences of an invariant
turbulent spectrum in the context of the formation of interstellar
molecular clouds, sources of turbulent energy, and star formation.

2. THE COMPOSITE STRUCTURE FUNCTION

Following Brunt & Heyer (2002), PCA is applied to spec-
troscopic data cubes of 12CO emission frommolecularJ p 1–0
clouds that are part of recent wide field imaging surveys at the
Five College Radio Astronomy Observatory (Heyer et al. 1998;
Brunt & Mac Low 2004) or targeted studies of individual giant
molecular clouds. Heyer & Schloerb (1997) and Brunt (2003)
show that there is little difference in the relationshipsdv, l
derived from 12CO emission and the lower opacity 13CO emis-
sion. For each cloud, a power-law is fitted to the pointsdv, l
to determine the PCA scaling exponent, aPCA, and coefficient,
. For the sample of 27 molecular clouds, the mean and standardvo
deviation for the scaling exponent are 0.62 and 0.09, respectively.
On the basis of models with little or zero intermittency, this PCA
scaling exponent corresponds to a structure function exponent
equal to (Brunt et al. 2003). The mean and standard0.49! 0.15
deviation of the scaling coefficient are 0.90 and 0.19 km s!1.
These rather narrow distributions of g and reemphasize thev"

results of Brunt (2003) that there is not much variation in the
structure function parameters betweenmolecular clouds. In Fig-
ure 1, we overlay the PCA points from the sample ofdv, l
clouds. The composite points reveal a near-identical form of
the inferred structure functions. The solid line shows the power-
law bisector fit to all points, . This0.65!0.01dv p (0.87! 0.02)l
PCA-derived exponent corresponds to a structure function scal-
ing exponent of .0.56! 0.02
The global velocity dispersion of each cloud and the cloud

size are determined from the scales of the first eigenvector and
eigenimage, respectively. Basically, the global velocity dis-
persion, , is the value of the velocity structure function mea-Dv
sured at the size scale, L, of the cloud. These points, marked
as filled circles within Figure 1, are equivalent to the global
values used by Larson (1981) and Solomon et al. (1987) that
define the cloud-to-cloud size/line width relationship. A power-
law bisector to this subset of points is Dv p (0.96!

. The similarity of this cloud-to-cloud relationship0.59!0.070.17)L
with that of the composite points is a consequence of the uni-
formity of the individual structure functions. Within the quoted
errors, it is also similar to the cloud-to-cloud size/line width
relationships: and . Therefore, Larson’s global ve-g ≈ G v ≈ Co

locity dispersion versus cloud size scaling law follows directly
from the near-identical functional form of velocity structure
functions for all clouds. If there were significant differences of
g or between clouds, then the cloud-to-cloud size/line widthvo
relationship would exhibit much larger scatter than is measured
by Larson (1981) and Solomon et al. (1987).

3. THE DEGREE OF TURBULENCE UNIVERSALITY

The cloud-to-cloud size/line width relationships measured
by Larson (1981) and Solomon et al. (1987) and the composite
structure functions shown in Figure 1 do exhibit some degree
of scatter about the fitted lines. The scatter is quantified by the

mean square of the velocity residuals, , for each data set2jobs
where

N G 2S (Dv ! CL )
i ii2 2 !2j p km s . (2)obs

N

Here N is the number of clouds in the sample, and C and G are
the parameters derived by fitting a power law to the observed

points. The value for for the sample of clouds in Larson2Dv, L jobs
(1981) using only the 12CO and 13CO measurements is 1.41 km2

s!2. The Solomon et al. (1987) sample is a larger, more homo-
geneous set of clouds and therefore provides a more accurate
measure of the variance within the cloud-to-cloud size/line width
relationship. The corresponding is 0.88 km2 s!2. The value of2jobs

for the points in Figure 1 is 1.93 and 0.35 km2 s!2 for2j Dv, Lobs

the composite collection of points.dv, l
The measured scatter, described by , of the size/line width2jobs

relationships is a critical constraint to the degree of invariance
of turbulence within the molecular interstellar medium. The
scatter arises from several sources. There are basic measure-
ment errors in the global velocity dispersion owing to the ve-
locity resolution of the measurements and the cumulative sta-
tistical error of the individual spectra. Deriving cloud sizes from
complex projected distributions of the molecular gas may also
introduce some scatter. These measurement errors are rarely
shown in any cloud size/line width plots. A secondary source
of scatter is limited or biased mapping of the molecular cloud.
If a given map was limited in angular extent and centered on
a region within the cloud that is actively forming stars, then
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Local Group Studies

• Reanalyze all complete surveys of 
extragalactic GMCs.  

• Use a uniform analysis method to eliminate 
bias from varying Sensitivity & 
Resolution.

• Analysis generates meaningful uncertainties.

• Uniform decomposition method anchored 
on physical rather than observational 
scales.

Rosolowsky & Leroy (2006)



Summary of GMC properties
XCO

LMC 2.7 0.39 45
SMC 6.6 0.36 30
M33 2.0 0.61 170
IC10 1.7 0.55 140
M31 2.6 0.72 200

Outer MW 3.0 0.40 50
Errors 0.5 0.05 10
M64 2.0 1.2 300

σ0 (km/s) Σ0 (M!/pc2)

Blitz et al.  in PPV (2007)



Mass Distributions of GMCs

Galaxy α
Inner MW -1.5
Outer MW -2.0

IC10 -1.7
M31 -1.6
M33 -2.5
LMC -1.7

Errors ±0.2
PPV; Rosolowsky et al (2005)

N(> M) ∝ M
α+1



• Significant variation between galaxies

• Similar properties within galaxies

• GMCs are characterized by at least two 
parameters (e.g. σ0 & M)

Inferences from GMC 
properties



New M33 
observations of 
CO combining 
BIMA, FCRAO 
and Nobeyama 

45-m

Rosolowsky et al. (2007)



Amount of 
molecular mass 
in GMCs drops 
radially and cuts 

of sharply at 
4 kpc from 

center



High mass GMCs are suppressed in the 
center of the galaxy.

dN

dM
∝ M

−2



ISM Structure Variations in M33

Thilker & Braun (forthcoming)



Angular Momentum Defects

• With resolved GMCs, 
we observe velocity 
gradients across the 
clouds

• Measure specific 
angular momentum:

 

Rosolowsky et al. (2003)

j =

J

M
= β|∇v|R2

β ∈ [0.3, 0.5]



Angular Momentum Tests
• Different Theories = Different Collapse 

geometries = Different angular momentum

• Initial angular momentum from galactic shear

 j

GMC
Proto 
GMC HI



Angular Momentum Tests
• Different Theories = Different Collapse geometries 

= Different angular momentum
• Initial angular momentum from galactic shear

Proto 
GMC HI

ΔR
• ΔR is set by 
the formation 
mechanism

j ≥ η
1

R

d

dR
(RV )

∣

∣

∣

∣
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Observed angular momentum is much 
less than naïve theory predicts

Simple model with 
ΔR set by how large 
of a disk is required 
to get the mass of the 
observed GMC from 
HI

Toomre CollapseParker Instability

∆R =

√

MGMC

πΣHI



• Defects also seen in MW (Koda et al. ,
2005) and M31 (Rosolowsky 2007).

• j(M) same across galaxies 

• Requires tracking in numerical 
simulations.

Angular Momentum



Inferences & Conjectures

• Multiple channels to make GMCs

• Diffuse ISM structure governs GMC formation

• Need connections between ISM structure and GMC 

variations.


