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distribution.

Other measures:

Optical (absorption 
line) observations.

IR observations from 
dust.

Absorption in Lyman 
lines.

OI is a good tracer:

most of OI is in gas.

OI dominant species.

IR correlated with 21 cm.



 

SFD 100 micron correlation



 

GALEX FUV-IR Correlation
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Heating mechanisms:

Photoionization.

Gas by UV and X-rays.

Dust by starlight.

Cosmic rays.



 

Heating and Cooling

Heating mechanisms:

Photoionization.

Shock heating.

Dominant heating 
mechanism is 
photoionization of dust.

Mostly from small 
grains.

Gas by UV and X-rays.

Dust by starlight.

Cosmic rays.



 

Observations of Molecular Gas



 

Cooling

Cooling by line emission

Lyα lines above 10,000 K

Forbidden lines of CII 
and OI below 10,000 K.



 

Two Phase Model

Field et al. (1969)

Balance heating and 
cooling.

Add pressure equilibrium.

Only two stable phases:

WNM

CNM



 

Two Phase Model

Field et al. (1969)

Balance heating and 
cooling.

Add pressure equilibrium.

Only two stable phases:

WNM

CNM

Line emission.
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How does one form H
2
? H + H → H

2
 + hν

Symmetric so no electric 
dipole.

Rate will be low.

3 body reaction unlikely.



 

Molecular Hydrogen

How does one form H
2
?

Start with H + e- → H- + 
hν

Η- + Η → Η
2
 + ΚΕ

Rate of formation is slow 
because H- is easily 
destroyed. 

H + H → H
2
 + hν

Rate 1.9x10-16 T0.67 cm3 s-1

Rate 1.9x10-9  cm3  s-1



 

Molecular Hydrogen

Grain catalysis.

Rate dependent on grain 
surface area + cross 
section.

H atom binds to grain 
surface.

Walks across surface.

2 atoms meet they 
combine.

Release 4.5eV.

Eject molecule



 

Molecular Hydrogen

Grain catalysis.

Rate dependent on grain 
surface area + cross 
section.

where Σ = 

and ε is the conversion 
efficiency of H → H

2
 



 

Molecular Hydrogen

Destroyed by 
photodissociation.

As H density increases, 
self-shielding becomes 
important.

Shielding due to 
extinction.

In diffuse clouds the 
steady state level of H

2
 is 

low.
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Observations of Molecular Clouds

Diffuse Clouds

A
V
 < 1

Translucent Clouds

A
V
 < 5

Dark Clouds

A
V
 < 20

Self-gravitating.

IRDCs



 

Observations of Molecular Clouds

Giant Molecular Clouds

Size >  pc

Mass > 1000 M☉ 

Complex

Size > 100 pc

Mass > 105 M☉  



 

dN/dM ∝ M-1.5.

Mass Spectrum



 

Star Counts

Barnard 68.

Extinction blocks stars in 
visible.

Optical depth less in IR.



 

Emission Lines

H
2
 symmetric molecule so no lines.

Observations of CO lines.

X
CO

 = 1.8 x 1020 H
2
 cm-2/K km s-1



 

Chemistry

Important processes:

Photoionization:

H
2
 cannot be 

photoionized because 
ionization energy is 
15.43 eV

Photodissociation:

Self-shielding 
important for many 
species

Neutral-neutral exchange

C + OH → CO + H

Ion-neutral exchange

Radiative association

A + B → (AB)* → AB + hν



Chemical Pathways
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