Lecture |IX;

Star Formation

* Properties of interstellar medium and clouds
* The Jeans length and mass

|) Gravitational instability criterion
* Fragmentation process




e Properties of interstellar medium and clouds

- Stars form from the gravitational collapse of clouds present in the
interstellar medium

- Interstellar medium: gas and dust present between stars
Not an homogeneous medium

- made of clouds : bright and hot (ionised gas) if close to a massive star
or cold, dense and dark regions (neutral H; H, molecular clouds)

- Properties of cold clouds:

- neutral H cloud:T ~ 100K, density ~ 10-?' kg/cm-3
- molecular clouds T ~ 10K , density ~ 10! kg/m-3







Composite image showing the
molecular cloud Cepheus B,
located in our Galaxy about
2,400 light years from the
Earth, and young stars in and
around Cepheus B.The cloud
contains cool interstellar gas
(mostly molecular H) and dust.




 The Jeans length and mass

(after Sir James Jeans, 1902)

If a cloud of the interstellar medium is perturbed (for example from a supernova
explosion shock wave passing through it), this may yield to a gravitational instability
= the cloud collapses and this is the first step toward star formation process

|) Gravitational instability criterion

approximate treatment to determine the maximum mass of a stable cloud against
gravitational collapse = Jeans Mass

Consider N molecules of mass m in a box of size L at temperature T and density p

e Gravitational energy:  Q ~ -G M?/L
* Thermal energy: Etherm ~ N ks T
e If hydrogen is the dominant species: M =Nmy~L3p




* Ratio: |Q| / Etherm ~G M2 /(L N kBT) ~G (L3 p) mH /(L kBT) = (L/LJ)2
e Jeans Length: L) - (ke T/G mnu p)'/2

m |f L > L gravity dominates = large regions collapse

The Jeans lentgh corresponds to the smallest scale to collapse
e Jeans Mass: M~ L?p

— M, - (ks /G mu)3*/2 T 3/2 p-172 (1)

w If cloud of M > M, it will collapse
The Jeans mass correspond to the smallest mass of interstellar cloud to
collapse

Typical values of Jeans mass:

- neutral H cloud:T ~ 100K , density ~ 102" kg/m3 = M;~ 10*- 10> Mo
- dense molecular: clouds T ~ 10K , density ~ 10"° kg/m3 = M;~ 100 Mo
m Jeans mass is much larger than stellar masses, i.e only masses large compared to

stellar masses can become gravitationally unstable

w How do stars form from the interstellar medium?
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e Fragmentation process

The explanation is that a cloud exceeding the Jeans mass collapses and undergoes fragmentation

m while the cloud falls together, fragments of it become unstable and collapse faster than the
cloud as a whole
= smaller submasses can condense out of the collapsing cloud of mass > M;

e If the collapse is isothermal (constantT), since the Jeans mass is M) ~ T 32 p-!/2
= M| decreases since the density increases during the collapse

= The Jeans mass becomes smaller than the mass of the originally collapsing cloud

Assume M) has dropped to 1/2 its original value
= the cloud can split into two independent collapsing parts

, This kind of fragmentation can go on as long as the collapse remains (roughly) isothermal

* Conditions for isothermal collapse
If the thermal adjustment timescale is << the free-fall timescale — isothermal

This condition is fulfilled at the beginning of collapse of an interstellar cloud
Tapn ~ (Gp)'2 ~ 107 - 108 yr (under interstellar conditions p ~ 102! - 10! kg/m-3)
Tadj ~ 100 yr (cloud optically thin = photons can easily escape)
Tadj << Tdyn
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* What are the final products of such fragmentation process?
as p increases, the gas becomes more and more optically thick = Tag T

} as some point Tadj = Tdyn = collapse becomes adiabatic

* If the cloud collapses adiabatically
For a monoatomic ideal gas Vag=2/5 =T ~ P?> and from P ~ pT

= M)~ T %2 p-l/2 _ pI”2
m this means that in an adiabatic collapse, the Jeans mass increases since the density increases

= if the collapse of the fragments become adiabatic, the fragmentation process stops since the

Jeans mass is growing as p increases

= subregions of the fragments do not fall together on their own and fragmentation stops

m For a detailed estimate, one needs to know the radiation processes that cool the gas during
collapse — very complicated 3D radiative transfer hydrodynamics problems




* Rough estimate of the mass limit of fragmentation
(no need to specify the detailed of radiation process)

- Characteristic timescale of the free-fall of a fragment Tayn ~ (Gp)-'/2
- Total energy to be radiated away during collapse ~ gravitational energy ~ GM? /R
= rate of energy A to be radiated away in order to keep the fragment always at the same T

A . (GM2 /R) X (Gp)|/2 - (3/411-)|/2 G3/2 M5/2 / R5/2
- The fragment at temperature T cannot radiate more than a blackbody of that temperature
(this implies approximate thermal equilibrium, which is not too bad an assumption for the
of fragmentation where matter starts to become opaque)
rate of radiation loss of the fragment B = f 4TTR2 0T*
with f < | an efficiency factor
- For isothermal collapse B >>A

- Transition from isothermal to adiabatic will occur for A =< B

= M5 = (64T1%3) G2 2 T8 R?/ G3 ?)




- Fragmentation has reached its limit when M) equals this mass M

using (2), R = (3/411)'3 M;!3/p!3 and eliminating p using (1), one obtains the minimum Jeans

mass
M; (min)= 0.02 M, T'/4/f1/2

When this mass is reached, fragmentation terminates = correspond to the minimum mass to

fragment

Typical values If T ~ 1000K and f=0.1 = M;=0.3 Mo

provides the right order of magnitude of the minimum stellar mass that can form

more detailed numerical calculations yield for the minimum mass for fragmentation about a few
Jupiter masses (I My, = 1073 Mo)

* In the initial very massive collapsing cloud = formation of several sub-clouds (“fragments”) of
different masses > Mj(min) which collapse and inside which a star will form




* Final stage of cloud collapse: formation of a protostar (dense central regions which
are optically thick and reach hydrostatical equilibrium), an accretion disk and
eventually planets.....

La formation d’une étoile
de son disque, de ses planetes

1067 ans; 1-100 AU; 100-3000K




Useful Textbooks for this lecture:

Kippenhahn:
- Chap. 26 & 27

See also Prialnik (Chap. 10) and Phillips (Chap. 1.3)




