
A Star is Born 



Mass 1-2x105 MSun

Mean diameter 45 pc
Projected surface area                         2.1x103 pc2

Volume 9.6x104 pc3

Volume averaged n(H2) ~50 cm-3

Mean N(column density) 3-6x1021 cm-2

Local surface density (galactic disk) ~4 kpc-2

Mean separation ~500 pc

Properties of “Typical” Giant Molecular Clouds



Cloud Collapse
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M J = "Jeans Mass"

For a cloud of uniform 
density         and temperature 
T, it will collapse due to 
self-gravity if it mass M is 
large enough:
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is nearly “free-
fall” then the 
timescale for 
the collapse is:

Note: there are many ways to approach this problem, 
but most are the same to within 10% or so. Don’t let 
this bother you....

ρ0

* Caveat: On the largest scales, however, the pressure may be dominated by 
magnetic turbulence (e.g.Franco & Alves 2015, arXiv:1504.08222)  











p+ 7Li→24He
p+ 6Li→ 4He+ 3He

p+ 2H→γ + 3He



Ionization cross sections of 
H0, He0 and He+

from Osterbrock’s AGN2

13.6 eV
24.6 eV

54.4 eV

Ionized Gas Clouds

~ 1ν 3
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Interactions

Particle-Particle

Photon-Particle

Example – H II Region
electron-ion collisions

Typical n and T: n~10 and T~104:

xm=2x1010 cm versus sizes ~ 3x1018 cm
tm=400 s  versus  ages ~ 3x1013 s

So: electron-ion (and electron-electron) interactions:
•mechanical equilibrium
•maxwellian velocity distribution



How big can this nebula be? If we equate the rate of ionizing 
photons produced by the star to the recombination rate in the 
nebula (assuming steady state), we get
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whereαB = recombinations that do NOT lead to more ionizations

For hydrogen, αB would include only recombinations to the n=2 
quantum level and higher. Recombinations to n=1 will produce a 
photon which will ionize some neutral H atom elsewhere, so 
cannot be counted in the net recombination rate.

In a typical nebula, a typical recombination rate is: 

  
neα ~ n

H +α ~ 10−11s−1



Approximate idealized 
H II region – 
“Strömgren* Sphere”

*(after Bengt Strömgren) 

  
transition zone ~ 1 m. f .p. ~

1
naν

~ 1016 cm ~ 0.01pc



After recombination, the 
radiative rate downward by 
deexcitation cascades goes as 
Aul~108 s-1. So once 
recombination occurs, almost 
all H0 is in the ground (n=1) 
electronic state.

In a more realistic nebula, H+ 
and He+ regions will exist, 
and may not have their outer 
radii coincide. 



Similarly, the metal 
ions may have 
numerous 
ionization zones.



Fractional Ionization – Inside a Typical H II Region

Near a “typical” hot 
ionizing star, T*~4x104 
K and nneb~10 cm-3,
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dν ≈ 5x1048

ν0

∞

∫ ionizing photons s−1

ν0 =
13.6eV
h

for hydrogen
⎛
⎝⎜

⎞
⎠⎟

aν H
0( ) ~ 6x10−18 cm2

⇒ ionization rate / H 0 ≈10−8s−1 for r ~ 5pc
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Now, so in stead state  
α H 0 ,T( ) ~ 4x10−13cm3s

  
10−8 n H 0( ) = nen H +( ) ⋅4x10−13
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For nH ~ 10cm
−3 →ξ ~ 4x10−4

H is almost totally ionized!

then,



Heating & Cooling

Heating - Photoionization
Cooling - Recombination
             - Bremsstrahlung (free-free)
             - Collisional
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L(rad) L(ff)
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L(collisional)

LC = naneqijEij
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collision radiation

collisional
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Other Processes

Dielectric Recombination

Capture of e- excites a second e-     2 EXCITED ELECTRONS

This dominates the C++ + e-    C+ reaction.

Charge-Exchange Reaction

  
Example : O+ 4S( ) + H 0 2S( )→ O0 3P( ) + H +

Inside an H II region, 
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At the edge of an H II region, 
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