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Physics 224 
The Interstellar Medium

Lecture #16
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Tracing Molecular Gas
H2 is difficult to detect in cold, dense gas. 

First rotational level requires T > 100 K to excite.

Need “tracers” for molecular gas: 
- CO rotational emission 
- dust extinction or emission 
- other molecules rotational lines 
- γ-rays

CO is the easiest -  
bright & can be observed from the ground
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Tracing Molecular Gas

NH2 = XCO ICO 

XCO: [cm-2 (K km s-1)-1] 

column 
density of H2

integrated 
intensity of CO line

Σmol = αCO ICO 

αCO: [M⦿ pc-2 (K km s-1)-1] 

molecular gas 
mass surface  

density

integrated 
intensity of CO line

The CO-to-H2 Conversion Factor
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Tracing Molecular Gas

Solomon et al. 1987
assuming clouds 

are in virial equilibrium 
you can use their 

velocity dispersion &  
sizes to calculate  

their mass

Correlation between 
CO luminosity & inferred 

mass led to first 
XCO calibrations

The CO-to-H2 Conversion Factor
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Tracing Molecular Gas
One key point: 

12CO low-J  
rotational emission 

is very optically 
thick!

from Bolatto et al. 2013

How does an 
optically thick line 
tell you the mass?



normal mol. cloud

ICO

Velocity (km s-1)

Effects of molecular cloud properties 
on αCO.

turbulence!
What Sets αCO?

Peak brightness = excitation temperature of CO 
line width = turbulent velocity dispersion 
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more turbulence

What Sets αCO?
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normal mol. cloud

warmer gas

ICO

Velocity (km s-1)

Effects of molecular cloud properties 
on αCO.

turbulence!

more turbulence

What Sets αCO?

Peak brightness = excitation temperature of CO 
line width = turbulent velocity dispersion 
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Tracing Molecular Gas
The CO-to-H2 Conversion Factor

XCO works to first order because: 
1) turbulent velocity dispersion is correlated 

with the mass (& size) of cloud - Larson’s Laws 
2) clouds we see around us in the MW have 

pretty limited ranges of n,T
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Tracing Molecular Gas
The CO-to-H2 Conversion Factor

from Bolatto et al. 2013
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Tracing Molecular Gas
The CO-to-H2 Conversion Factor

Sandstrom et al. 2013
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Tracing Molecular Gas
The CO-to-H2 Conversion Factor

Schruba et al. 2012

Things really fall apart 
at low metallicity! 

XCO >> XCO,MW
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Tracing Molecular Gas
The CO-to-H2 Conversion Factor

H2 self-shields, but CO relies on dust,  
when there is little dust, CO is photodissociated.

HI, C+
H2 CO

decreasing metallicity & DGR

e.g. Maloney & Black 1988, Bolatto et al. 1999,  
Wolfire et al. 2010, Glover & Mac Low 2011

CO-poor H2

Z⊙
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Observations of Molecular Gas
Distribution of Molecular Gas in the Milky Way:

Dame et al. 2001
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Observations of Molecular Gas
Distribution of Molecular Gas in the Milky Way:

Dame et al. 2001
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Observations of Molecular Gas

Heyer & Dame 2015

Scale Height of CO

Distribution of Molecular Gas in the Milky Way:
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Observations of Molecular Gas

Surface Density

Distribution of Molecular Gas in the Milky Way:

Heyer & Dame 2015Nakanishi & Sofue 2006
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Observations of Molecular Gas

Dame et al. 1987
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Observations of Molecular Gas
“Molecular Clouds”

Dame et al. 2001
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What are “clouds”?

Wilson et al. 2005

Orion Molecular Complex

Orion A

Orio
n B

Southern Filam
ent

Northern Filam
ent

Mon R2
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Molecular Clouds
• Observational definition: Discrete regions of CO 

emission in position-position-velocity space.

MOPRA Galactic Plane Survey 12CO ppv - Braiding et al. 2015
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Molecular Clouds
• Observational definition: Discrete regions of CO 

emission in position-position-velocity space.

MOPRA Galactic Plane Survey 12CO ppv - Braiding et al. 2015
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Heyer & Dame 2015Taurus Molecular cloud
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Molecular Clouds
• Observational definition: Discrete regions of CO 

emission in position-position-velocity space.

Giant Molecular Clouds (GMC):

Blitz 1993 - review for Protostars & Planets
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Molecular Clouds
• Observational definition: Discrete regions of CO 

emission in position-position-velocity space.

Giant Molecular Clouds (GMC):

Masses ~103 - 106 M⦿

Size ~ 101 - 102 pc

GMC is the largest unit,  
it can have substructure &  

more than one can be 
clustered together in a  

“GMC complex”.
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What are “clouds”?
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Some Fluid Dynamics 
Background
The Virial Theorem

see Krumholz “Notes on Star Formation” for a very clear derivation

Describes force balance in a fluid element (or cloud), 
including gravity, fluid flows, pressure, B-fields. 

Neglects viscosity and resistivity (deal with big scales 
where these are unimportant).
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Some Fluid Dynamics 
Background
The Virial Theorem

2nd derivative of 
moment of Inertia of cloud

see Krumholz “Notes on Star Formation” for a very clear derivation

negative if cloud is collapsing, positive if expanding
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Some Fluid Dynamics 
Background
The Virial Theorem

see Krumholz “Notes on Star Formation” for a very clear derivation

total kinetic plus thermal  
energy of the cloud
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Some Fluid Dynamics 
Background
The Virial Theorem

see Krumholz “Notes on Star Formation” for a very clear derivation

confining pressure on the cloud’s 
surface

fluid pressure tensor
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Some Fluid Dynamics 
Background
The Virial Theorem

see Krumholz “Notes on Star Formation” for a very clear derivation

difference in magnetic pressure in 
cloud interior vs magnetic pressure 

plus tension at cloud surface
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Some Fluid Dynamics 
Background
The Virial Theorem

see Krumholz “Notes on Star Formation” for a very clear derivation

gravitational energy of the cloud
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Some Fluid Dynamics 
Background
The Virial Theorem

see Krumholz “Notes on Star Formation” for a very clear derivation

rate of change of momentum flux  
across cloud surface
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Some Fluid Dynamics 
Background
The Virial Theorem

see Krumholz “Notes on Star Formation” for a very clear derivation

in equilibrium, with no B-field and negligible surface forces

can define “virial parameter”:
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Some Fluid Dynamics 
Background
The Virial Theorem

see Krumholz “Notes on Star Formation” for a very clear derivation

in equilibrium, with no B-field and negligible surface forces

order unity constant that depends 
on density distribution
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Some Fluid Dynamics 
Background

Gravitational Collapse

αvir ~ 1 is the dividing line between stability and collapse

assume isothermal cloud, with only thermal pressure:

collapsing cloud with

order unity constant that depends on density distribution
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Some Fluid Dynamics 
Background

Gravitational Collapse

rewrite in terms of density and length scale:

“Jean’s Length”

J
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Some Fluid Dynamics 
Background

Gravitational Collapse
another order-of-magnitude derivation:

Region unstable to 
collapse when:

R
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Some Fluid Dynamics 
Background

Gravitational Collapse

Jean’s Mass:


