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Recap: Cooling curves

Plöckinger & Schaye 2020

101 103 105 107

T [K]

10°28

10°27

10°26

10°25

10°24

10°23

10°22

10°21

§
/n

2 H
[e

rg
cm

3
/s

]

n = 1.0/cm3

Z = 0.01 ZØ

Z = 0.1 ZØ

Z = 0.3 ZØ

Z = 0.6 ZØ

Z = 1.0 ZØ

Z = 3.0 ZØ

Draine approx.



Molecular gas (CO)

Planck



Molecular clouds in the Milky Way

Draine 32.2§



Molecular clouds in the Milky Way

Draine 32.2§



Molecular clouds in the Milky Way

Wilson et al. 2005



§7.1 • Vibrational and rotational energy levels
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Potentials of H2 molecule

Draine 5§



Molecules with more atoms

Videos by Chris Barnet
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§7.2 • Molecular Hydrogen (H2)



Energy levels of molecules

Draine 5§



H2 formation

In principle:
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Electric dipole
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H2 formation

In principle:
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H2 formation
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Photo-dissociation of H2

Hollenbach & Thielens 1999



Photo-dissociation of H2

Sternberg et al. 2014



Model of molecular cloud

e.g. Krumholz et al. 2009 • Krumholz 2013 • Sternberg 2014 • Bialy et al. 2017
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HI/H2 transition

Draine 31.7§



HST



Photodissociation region

Draine 31.7§



Orion nebula

Draine



§7.3 • Carbon Monoxide (CO)



Pathways to CO

Hollenbach & Thielens 1999



The CO molecule
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Oxygen ground state: 
1s2 2s2 2p4

Complete 2p6 shell, 
ground state has J = 0



-raysγ

Wavelength 
(meters)

Frequency 
(Hz)

X-rays

10−2 nm

700 nm

Infrared

Microwave

1 mm

Radio

1 m

10 nm
Ultraviolet

EM spectrum in astronomy

400 nm

Near-IR

Far-IR
Sub-mm

10 μm
100 μm

1 μm

1 mm
450 μm
30 μm

700 nm

Hard

1 nm
0.1 nm 0.2 nm

10−2 nm

10 nm
Soft



Atmospheric windows



Atacama Large mm/sub-mm Array (ALMA)



Molecular chemistry beyond H2



Ices

Öberg et al. 2010



Molecules detected in space: 2 atoms

Wikipedia

CO



Molecules detected in space: 3 atoms

Wikipedia

H3+



Molecules detected in space: 4 atoms

Wikipedia

H2CO



Molecules detected in space: 5/6 atoms

Wikipedia

CH4
HCONH2



Molecules detected in space: 7/8 atoms

Wikipedia

CH3CHO CH3COOH



Molecules detected in space: 9/10+ atoms

Wikipedia



Draine 
• §5.1 

• §31.1-4, §31.7

Reading


