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Overview

• Most of  the MW disk ISM is neutral
• ~78% of neutral material is atomic (H I)

• We are interested in states where the gas is in thermal equilibrium
• Must balance heating (!) and cooling (")

• Result: two equilibrium temperatures/densities
• Cold neutral medium (CNM):   ~100 K
• Warm neutral medium (WNM):   few x 1000 K



Heating processes

• Cosmic ray ionization

• X-rays

• UV from stars

• Shocks (supernovae, etc.) !
→ ionization of  H & He

Ionization of  dust grains
Ionization of  metals

→ H, He, and metals

photoionization
(photoelectric heating) 



Cosmic rays

• Protons, electrons, and other ions 

• Moving at nonthermal velocities
• High energy particles (> 1 Mev!)

• Plenty of  energy to ionize species → free electrons
• Mean kinetic energy <KE> = 35 ev
• “secondary” ionizations  - rate ~ 0.67 per primary ionization
• Excitations of  atoms, ions, and molecules
• Add thermal energy to gas

IceCube/NASA



Cosmic ray ionization

Secondary ionization rate:

Production rate of  
free electrons:

Primary ionization rate:



Cosmic ray ionization rates
Flux spectrum of  cosmic rays

(per CR energy)
Primary ionization rate

(per CR energy)
The Voyager probe measured 

the cosmic ray spectrum
(Webber & Yushak 1983)

Corrections for the solar wind 
cause large uncertainties 

at < 2 GeV

Chemistry in molecular clouds 
indicates primary ionization rate 

!CR,P ~ 2 x 10-16 s-1

Fun fact: Bill Webber was 
faculty in our department!



Cosmic rays in the ISM context
When ionization is high
• Electron loses energy via Coulomb interactions with other free electrons
• 100% thermalization

When ionization is low (mostly neutral)
• Fraction of  electron kinetic energy that is thermalized:   ~0.2

Under partial ionization:
Heat per primary ionization:

Volumetric heating rate from neutrals:

Cosmic ray electron heating:

ionization 
fraction

(A ~ 4.6 x 10-10 erg)



Photoelectric heating - Dust

Fi
gu

re
 c

re
di

t: 
Je

ss
 W

er
k

Grains can be photoionized by photons 
down to hν ~ 4.5 eV

UV electrons from stars
• Possibly an order of  magnitude more 

abundant than cosmic rays! 

Photoionization heating rate 
per unit volume:

Heating from photoionization of  dust 
grains dominates in neutral ISM!



Photoelectric heating due to X-rays

• X-rays originate from hot plasma, X-ray binaries, 
& black holes

• Operates on H, He, and metals

• Some ionization heating from 0.4 eV 
photons from the ISRF

• Mostly important near strong < 200 eV 
X-ray sources

• Lower heating contribution than CR ionization

Interstellar radiation field (ISRF)

X-rays



Photonionization of  metals by starlight
Note: nearly all photons w/ hν > 13.6 eV will be “used up”
• Why? Interstellar radiation field (ISRF)

Dominated by ionization of  
neutral carbon: C I → C II

!C ~ 4 x 10-28 erg s-1 cm-3

Heating mechanism 
negligible in the 

diffuse ISM*

* However, ionization 
important for cooling



Cooling
Dominated by radiative cooling from
low-ions of  metals 
• At Far-IR wavelengths

[C II] dominant among these

Why [C II]?
• Almost all C in CII at these 

temperatures
• At low temperatures only 

fine structure energy levels 
populated



Two phase model of  the neutral ISM
Balance Λ(T) = !



Two phase model of  the neutral ISM



Two phase model in galactic context
Wolfire et al. 2003



Two phase model in galactic context

Different contributions 
of  heading and cooling

Wolfire et al. 2003

Heating: dashed lines
Heating: solid lines



CNM/WNM as a function of  gas column density


