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Properties and Evolution of 

Molecular Clouds

Spitzer space telescope image of Snake 
molecular cloud (IRDC G11.11-0.11



http://www.atnf.csiro.au/research/LVmeeting/magsys_pres/
ahughes_MagCloudsWorkshop.pdf
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From slide from Annie Hughes

CO in clouds HI: Atomic Hydrogen

Review



The Galaxy in CO

2MASS Near-IR Survey

The CfA CO Survey (488,000 spectra 7’ resolution

II I IV III 

Quadrants

http://cfa-www.harvard.edu/mmw/MilkyWayinMolClouds.html
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Giant 
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Total mass
200,000 Msun

CO map of Wilson et al. (2005) overlaid on image of Orion



Molecular Cloud Properties
Composition:  H2, He, dust (1% mass), CO (10-4 by number),
	

 	

 and many other molecules with low abundances.

Sizes: 10-100 pc

Masses: 10 to 106 Msun.  Most of the molecular gas mass in 
galaxies is found in the more massive clouds.

Average Density: 100 cm-3

Lifetimes:   < 10 Myr - we will discuss this when we discuss the 
lifetime problem.

Issue: it is hard to separate individual clouds - not well defined.



Cloud Mass Function
dN/dlog(m) = kM-0.81

Mupper = 5.8 x 106 Msun

dN/dlog(m) = kM-0.67

Mupper = 5.8 x 106 Msun

Mass is weighted toward 
the most massive clouds

Williams & McKee 1997 
ApJ 476, 166.



Larson’s Laws
In 1981, Richard Larson wrote a paper titled:

Turbulence and Star Formation in Molecular Clouds 	


	

 (MNRAS 1984, 809) 

Used tabulation of molecular cloud properties to discover to 
empirical laws based on the cloud length L (max. projected length)

Size-linewidth relationship: σv (km s-1) = 1.10 L0.38 (pc)

	

 more recent values give σv = const L0.5 

Density-radius relationship: <n(H2)>(cm-3) =3400 L -1.1 (pc)

	

 more recent interpretation is that N(H2) =1 x 1022 cm-2



Size-Linewidth Relationship

Solomon 1987 ApJ 319, 730



Are Clouds Bound?



Are Clouds Bound?



Are Clouds Bound?

Virial
Bound

Note: σ is 3-D velocity distribution

Larson 1981



Using Galactic Ring Data

12Heyer et al. 2009 

Virial

Bound

Note: alpha may be 
underestimated



The Stability of Clouds: Jeans Instability
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We start with the basic equations for fluid motions:
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The Stability of Clouds: Jeans Instability
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The Stability of Clouds: Jeans Instability



16

The Stability of Clouds: Jeans Instability
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The Stability of Clouds: Jeans Instability
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The Stability of Clouds: Jeans Instability
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The Stability of Clouds: Jeans Instability
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Are Clouds Stable to Fragmentation?
For n(H2) = 40 cm-3       λJ = 6 pc    MJ = 450 Msun  (cloud size)

For n(H2) = 100 cm-3       λJ = 4. pc    MJ = 350 Msun  (cloud size)

For n(H2) = 1000 cm-3    λJ = 1.2 pc    MJ = 100 Msun  (clump size)

From clouds in the inner galaxy from Heyer et al. 2009

Cloud masses and lengths exceed Jeans length masses.
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Molecular Clouds are 
Filamentary and Clumpy
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Typical cloud efficiencies are a few percent for molecular clouds

From Evans et al. 2009

Star Formation Efficiency



Lifetimes of Nearby Clouds



The Lifetimes of Clouds

Survey of CO toward 24 Clusters: Leisawitz, Bash & Thaddeus 1989 ApJS 70, 731



OB Associations

Slides from Thomas Prebisch (MPIFR)

Unbound groups of 
OB stars plus many 
(usually undetected) 
low mass stars.  

Near associations 
include Sco OB2 and 
Orion OB1.

Associations have 
subgroups of different 
ages.

Subgroups with ages > 
5 Myr typically don’t 
have residual gas.

5 Myr

Only one residual cloud in Upper Sco

20 Myr

10 Myr

1-10 Myr



Timescales

• Star formation lifetime < 5 Myr
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t = length/σ 

Star formation timescale comparable to cloud free-fall time and 
larger than crossing time.



A Proposed Picture for Star 
Formation in the Nearby Galaxy
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The Formation of Molecular Hydrogen
The rate of H2 formation in the gas phase is very low.

H2 can form on the surfaces of dust grains (from Stahler & Palla):

Collision rate with grains:  1/tcoll = nHI σd Vth

H moves around grains through quantum tunneling, may find defect in lattice and 
stick.  When another H comes along, the two atoms bind. Some of that energy kicks 
the H2 off the grain. 

Formation rate: RH2 = 1/2 γH nd / tcoll
	

 	

 	

 = 1/2 γH nd nHI σd Vth

γH  is the sticking probability, nd is density of grains, nHI is density of hydrogen, σd is 
cross section of grains, Vth= thermal velocity of gas



Dissociation of Molecular Hydrogen

1. Absorption of UV photons with energies of 4.48-13.6 ev

2. The photons raises molecule to excited electronic state.

3. This energy can be exchanged to vibrational and rotational modes.

4. A fraction of these excited molecules will dissociate into two H.

Two prevent dissociation, molecules must be shielded from UV 
radiation from external starlight.  This is done by dust and self 
shielding of the molecule.

 



Spitzer  Image of 
Cep OB3

PDRs: Photodissociation Regions
or Photon Dominated Regions from FUV 

Radiation 



PDRs
Photons with13.6 ev > hϖ > 4.48 ev cannot 

ionize H2, but can dissociate H2

D. J. Hollenbach & A. G. G. M. Tielens ARAA 35, 179



Heating and Cooling in PDRs
Temperature determined by balance 
of heating and cooling rates

D. J. Hollenbach & A. G. G. M. Tielens ARAA 35, 179



Collapse vs Compression
How do we create a cloud with N(H2) = 2 x 1021 cm-3 (2 AV)
3d collapse of spherical cloud       1d compression of elongated cloud 

 τ = κρ 2R
 ρ = M/(4/3πR3)
 τ  = [κ3/(4π)]R-2

 τ = κρΔx
 ρ = M/(AL)
 τ  = kM/A

Would take 6 Myr to sweep up from 
10 cm-3 with a 10 kms-1 motion

The time to collapse from an HI 
cloud with density of 10 cm-3



Converging Flows
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Heitsch et al. In press
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Formation of Clumps (Heitsch et al. 2008 in press)



The Destruction of Molecular Clouds

M16



Photoevaporative Flows due to EUV Ionizing Radiation (hν > 13.6 ev)

Hester et al. 1996 AJ 111, 2349



The Rocket Effect

Patel et al. 1998 ApJ 507, 241 Kent Wood

Cepheus Bubble

CO (1-0) map 
Ionized Gas Moving 
at up to 20 km s-1

Globule Moving at 
up to 20 km s-1
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Yang et al. 2007

Gravity also plays an important role in forming clouds



Summary
Molecular clouds are typically massive objects with masses of 104 - 106 solar masses

They tend to follow Larson’s laws:  N(H2) = 1 x 1021 cm-2,  σ = k R0.5

They tend to have approximately equal kinetic and potential energies.  

They are unstable to fragmentation

Lifetimes are a few million years, comparable to free-fall time, less than crossing time.

Picture of star formation:

•Gas swept up into opaque sheets.

•Gravity forms filaments and clumps

•Gas fragments to form stars

•Stars (particularly massive stars) quickly dissipate the gas.



Sizescales
Cloud complexes OB associations

Individual  Clouds

Clusters and Clumps

Cores and Protostars
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100 pc < 0.1 pc

10 Myr

1 Myr



Supersonic Motions in Clouds

Sound speed in molecular clouds

cs = (kT/mH2)1/2

cs = 0.35 km s-1

Linewidths were a few km s-1, thus motions 
are supersonic


