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Physics 224 
The Interstellar Medium

Lecture #14: Molecular Gas, Photodissociation Regions 
 & the HI to H2 transition 
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Outline

• Part I: HI to H2 Transition 

• Part II: Photodissociation Regions 

• Part III: Molecular Gas Chemistry 

• Part IV: Tracing Molecular Gas 

• Part V: Observations of Molecular Gas
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Forming H2

Formation of H2 by gas-phase reactions is slow

H H H H + 4.5 eV

no effective way to carry away 4.5 eV worth of binding 
energy when two H bond, no dipole moment 

negligible rate for this reaction
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Forming H2

Formation of H2 by gas-phase reactions is slow

H H H H + 4.5 eV

no effective way to carry away 4.5 eV worth of binding 
energy when two H bond, no dipole moment 

negligible rate for this reaction

H H H H

H

H

3-body reaction can occur quicker 
but this is still very slow
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Forming H2

Formation of H2 by gas-phase reactions is slow

H

H H

Fastest gas-phase route is “associative attachment”

e- H-
photon

H- H e-

First:

Then:
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Forming H2

Grain Surface H2 formation is much faster if there is dust.

H

H
dust 
grain 

H

H

H

H

Depends on: 
collision rate of H with grain (n,T) 

available grain surface area 
“sticking” probability
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Forming H2

Grain Surface H2 formation is much faster if there is dust.

total density 
of hydrogen in 

any form

density of  
H atoms
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Forming H2

Grain Surface H2 formation is much faster if there is dust.

total density 
of hydrogen in 

any form

density of  
H atoms

vthermal
average “sticking” 
coeff for grain pop
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Forming H2

Grain Surface H2 formation is much faster if there is dust.

total density 
of hydrogen in 

any form

density of  
H atoms

vthermal
average “sticking” 
coeff for grain pop

Grain surface area
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Photodissociation of H2
Combes & Pineau des-Forets 2000

After H2 absorbs a UV photon 
from ground to one of the  

excited levels (Lyman-Werner bands) 
has ~85% probability of 
radiative decay, ~15%  

probability of photo-dissociating

Lyman band = ground -> B  
Werner band = ground -> C
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Photodissociation of H2

dissociation rate sum of rates for 
transitions from  
ground state to  
excited states

probability of 
photo-dissociation from 

upper state



© Karin Sandstrom, UC San Diego - Do not distribute without permission

Photodissociation of H2

dissociation rate sum of rates for 
transitions from  
ground state to  
excited states

probability of 
photo-dissociation from 

upper state

depends on quantum mechanics 
and radiation field intensity at relevant wavelengths
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H2 Abundance
In steady state:

formation on 
dust grains

photo- 
dissociation

For CNM conditions this is pretty small:

But we have left out an important component: 
shielding
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H2 Abundance
Sternberg et al. 2014

H2 Lyman-Werner 
bands can become 
optically thick and 
shield interior H2 

from being 
dissociated.
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H2 Abundance

At UV wavelengths 
even small AV 

corresponds to 
substantial amounts 

of UV extinction.
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H2 Abundance

dissociation rate 
with no shielding self-shielding 

factor

dust extinction 
at 1000 Å
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H2 Abundance

external 
radiation field

plane-parallel 
distribution of gas
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Photodissociation Regions

Very general term, can 
refer to anywhere that 

far-UV (<13.6 eV) 
photons play key role 

in chemistry, 
ionization, etc.
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Photodissociation Regions

Image: NASA/C. R. O'Dell & S. K. Wong (Rice Univ.)
Hollenbach & Tielens 1999 Review
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Photodissociation Regions

Hollenbach & Tielens 1999 Review
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Chemistry in Molecular Gas
List of molecules that have been detected in the ISM:

http://www.astro.uni-koeln.de/cdms/molecules
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Abundance of molecules is set by 
rates of formation & destruction.

Formation Destruction

- gas-phase reactions 
- neutral-neutral 
- ion-neutral 
- radiative association 

- grain surface reactions

- photoionization 
- photodissociation 
- incorporation into other 

molecular species

Dense gas, shielded from UV, but still with  
ions & dust is ideal for chemistry.

Chemistry in Molecular Gas
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Snow & McCall 2006
Chemistry 
happens in 

diffuse phases,

(& is very interesting -  
intermittent turbulent 
dissipation, shattering 
of dust grains, grain 

surface reactions, etc)

…but things really 
get going when 

H2 forms.

Chemistry in Molecular Gas
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Chemistry in Molecular Gas
Astrochemistry is really interesting!

Agundez & Wakelam 2013 - arXiv:1310.3651

Chemistry is not in thermochemical equilibrium - 
governed by “chemical kinetics”.
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Chemistry in Molecular Gas
Astrochemistry is really interesting!

Agundez & Wakelam 2013 - arXiv:1310.3651

Chemistry is not in thermochemical equilibrium - 
governed by “chemical kinetics”.

107
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Chemistry in Molecular Gas
Evidence of non-equlibrium chemistry:

CO is the most abundant molecule after H2

Chemical equilibrium models at T=10 K would predict 
most carbon in CH4 and most oxygen in H2O.
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Chemistry in Molecular Gas
Agundez & Wakelam 2013
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Chemistry in Molecular Gas
Key Elements of Gas Phase Chemistry in Dense Clouds:
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Chemistry in Molecular Gas

1. Hydrogen is dominantly molecular (H2 formation on grain surfaces).

Key Elements of Gas Phase Chemistry in Dense Clouds:
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Chemistry in Molecular Gas

1. Hydrogen is dominantly molecular (H2 formation on grain surfaces).

2. Cosmic rays provide ionization even in very dense clouds, UV absorbed 
in outer layers of cloud.  H2+ quickly reacts with H to form H3+, a key 
reactant.

Key Elements of Gas Phase Chemistry in Dense Clouds:
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Chemistry in Molecular Gas

1. Hydrogen is dominantly molecular (H2 formation on grain surfaces).

2. Cosmic rays provide ionization even in very dense clouds, UV absorbed 
in outer layers of cloud.  H2+ quickly reacts with H to form H3+, a key 
reactant.

3. H3+ easily donates protons to neutral species, leads to quick reactions: 
H3+ + X → XH+ + H2.

4. Exothermic reactions with no activation barrier are strongly preferred 
due to low temperatures. Ion-neutral reactions are the most efficient 
path in these conditions - drive chemical networks.

Key Elements of Gas Phase Chemistry in Dense Clouds:


