
Ast 622: The Interstellar Medium
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Chapter 9a: Star Formation

http://www.spitzer.caltech.edu/images/3018-
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OB stars here have lifetimes of < 10 Myr

=> they were born very recently
https://en.wikipedia.org/wiki/Tarantula_Nebula

https://en.wikipedia.org/wiki/Tarantula_Nebula


The Sun is 4.567 Gyr old 
~ 1/3 Hubble time

https://en.wikipedia.org/wiki/Sun

https://en.wikipedia.org/wiki/Sun


The main phases of star formation

https://www.americanscientist.org/sites/americanscientist.org/files/2005223144527_306.pdf

https://www.americanscientist.org/sites/americanscientist.org/files/2005223144527_306.pdf


Characteristic mass

MJ = 1
6 ( π5

G3ρ0 )
1/2

c3

Jeans mass

= 3.9 ( nH2

1010 m−3 )
−1/2

( T
10 K )

3/2
M⊙

—> solar mass scales for dense, cold molecular cores

orders of magnitude higher for more diffuse atomic and ionized phases of the ISM



Gravitational collapse

tff = ( 3π
32Gρ )

1/2
= 1.2 ( nH2

1010 m−3 )
−1/2

Myr

free-fall timescale

(See book for formal derivation; general result 
 comes from dimensional analysis)t ∼ (Gρ)−1/2

—> solar mass stars form on ~Myr timescales, orders of 
magnitude smaller than their main sequence lifetime

=> protostars are rare!



Bonnor-Ebert sphere

Poisson’s equation in 
spherical coordinates

Hydrostatic equilibrium

Equation of state Fg
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Bonnor-Ebert sphere
First, try a power law solution…

ρ = ρ0rp

P = ρ0c2rp

dϕ
dr

= − 1
ρ

dP
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= − pc2

r
Hydrostatic equilibrium

∇2ϕ = 1
r2

d
dr (r2 dϕ
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⟹ p = − 2, ρ0 = c2

2πG

EOS



The singular isothermal sphere

A simple, analytically tractable solution for early models (Shu 1977)

BUT… its singular at the origin and infinite in mass

ρ = c2

2πGr2



Bonnor-Ebert sphere
Allow a finite density at the center

dP
dr

= − ρ
dϕ
dr

P = ρc2 ｝⟹ ρ = ρcene−ϕ/c2

Define normalized variables

to derive the Emden-Chandrasekhar equation

Solve numerically (Problem set 4)

x = (4πGρcen/c2)1/2r, y = ϕ/c2

1
x2

d
dx (x2 dy

dx ) = e−y



Bonnor-Ebert density profiles

T = 10K



Bonnor-Ebert density profiles

T = 10K

SIS

Note the scale where core flattens

external boundary condition 
=> finite radius and mass



The external boundary (ambient pressure) 
sets a radius and mass scale

general 
case

SIS

RSIS = c
(2πGρamb)1/2

MSIS = ∫
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4πr2ρdr = ( 2

πG3ρamb )
1/2
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y(xamb) = c2 ln(ρcen/ρamb)



The Bonnor-Ebert mass

T = 10KMax density contrast ~ 14

MBE ≃ 1.5MSIS = 1.18 c4

(G3Pamb)1/2



https://www.eso.org/public/images/eso0102c/

Is Barnard 68 a Bonnor-Ebert sphere?

https://www.eso.org/public/images/eso0102c/


Is Barnard 68 a Bonnor-Ebert sphere?

Yes!  (its rare to see such good agreement with theory in the messy ISM) 
Alves, Lada, & Lada 2001

measure AV profilecompare with 

and its close to critical…



So we have established that Bonnor-Ebert spheres are a good 
fit to observations of molecular cores.


How can we tell when / if they collapse?

Observations of core collapse



Wait around for a free-fall timescale ~ Myr? 


Measure kinematics. But how do we tell the difference between 
collapse and expansion along the line of sight?

These two scenarios would have the same velocity dispersion

Observations of core collapse



We need to be able to tell the difference between the near and 
far sides. If there is a source inside, we can look for red-shifted 
absorption = “inverse P Cygni profile”

velocity

Intensity

Emission line 
from central 

source

Absorption by layer 
between source 

and observer

P Cygni is a star with an expanding wind that produces telltale blue-shifted absorption in its spectral lines

Observations of core collapse



The same concept applies even if there is no central 
source but only an excitation gradient such that there is 
emission in the center and absorption in the exterior.

velocity

Intensity
Core 

emission

Self absorption

Observations of core collapse

Note that this requires an optically thick line Why?



Myers et al. 1996

Two-layer model

idealized picture

simplified model

Write down the RT equation and plot line profiles for different cases

(see problem set #5)



Observations of core collapse

Line profiles distinguish whether a core is collapsing or 
expanding and, with modeling, measure the speed.



Protostars
Characteristic mass and timescale => mass infall rate

·Min = 1.5MSIS
tff

≈ 2.2 c3

G
≈ 4 × 10−6 M⊙/yr (at T = 10K)

Accretion luminosity

Lacc = − GM ·Min ( 1
Rcore

− 1
R* )

≈ 9.3 ( M
1 M⊙ ) (

·Min
10−6 M⊙ yr−1 ) ( R*

3R⊙ )
−1

L⊙

Protostars shine (brightly) through gravitational 
accretion before they begin nuclear fusion



https://www.nytimes.com/2023/10/02/science/orion-nebula-webb-planets.html

Young planetary mass objects are detectable in Orion



Kelvin-Helmholtz timescale
Protostars contract through loss of gravitational energy through radiation

tKH = GM2
*

R*L*
≃ 31.1 ( M*

M⊙ )
2

( R*
R⊙ )

−1

( L*
L⊙ )

−1

Myr

For low masses, , and stars continue to contract after core collapse

=> optically visible pre-main sequence stars 

High mass stars, , reach the main sequence while still 
embedded in a collapsing core, i.e. 

tKH > tff

M* ≳ 8 M⊙
tKH < tff



Protostellar evolutionary tracks

https://universe-review.ca/I08-25-premainseq.jpg

(See my star and planet formation course for more details!)


