Non-linear collapse phase
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Table 2.5 Main processes that cool the interstellar gas

Temperature Cooling process Spectral region

>10" K Free—free X-ray
10K <T < 10°K Iron resonance lines X-ray
1°K<T <10°K Metal resonance lines UV, soft X-ray
8000K < T < 10°K C, N, O, Ne forbidden lines IR, optical
Warm neutral gas: ~ 8000 K Lyman-a, [O1) 1216 A, 6300 A
100K < T < 1000K [O1], [C1], H, €— Far IR: 63 wum, 158 um
T ~10-50K CO rotational transitions Millimeter-wave
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Cooling time as f(metallicity)
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Atomic and molecular cooling for zero
metal gas
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Cooling rates as a function of temperature for a primordial gas composed At h Ig h rEd S h Ift’ H 2

of atomic hydrogen and helium, as well as molecular hydrogen, in the ab-

sence of any external radiation. We assume a hydrogen number density fo rms Vvia H 1on
ny = 0.045 cm ™ corresponding to the mean density of virialized halos at

z = 10. The plotted quantity A/n{,, where A is the volume cooling rate (in ( rare p roceSS)
ergem’ s7Y), is roughly independent of density (unless ny > 10 cm™?). The

solid line shows the cooling curve for an atomic ges, with the characteristic

peaks due to collisional excitation of hydrogen and helium. The dashed line

shows the additional contribution of molecular cooling, assuming a mole-




The first stars

Relative flux

We have never observed a
star with no heavy
metals (Z=0)
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IMF of first stars

Q: think of the Jeans criterion for gravitational
collapse. What might cause the Jeans mass to
be higher at redshift ~10 than now?



IMF of first stars

Q: think of the Jeans criterion for gravitational
collapse. What might cause the Jeans mass to be
higher at redshift ~¥9 than now?

A: The CMB temperature would be about 30K then,
not 3K. So no gas cloud could be as cool as current
day molecular clouds

This would explain absence of Z=0 stars today if no
low mass stars were formed then

Keller et al star consistent with contamination from
only one zero-metal 60 Msun star going supernova
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Interpreting the cooling plot
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Thin disk formation

gas inflows

cool,
conserving
angular
momentum

|
6o
l

Silk '77 Phil Hopkins
Binney '77

Rees & Ostriker ‘77




Angular momentum in galaxies

 Q:think back to the conditions at z~1000
when the CMB was observed. Was there much
net angular momentum in the universe?



Angular momentum in galaxies

13.3960

Q: The situation is
quite different now.
What do you think
might have given disk
galaxies their angular
momentum?



Tidal torque theory

The matter distribution in the universe is not uniform:
galaxies on filaments, clusters where filaments cross

Bolshoi
simulaton,
courtesy
Joel
Primack




Tidal torque theory

The surroundings of galaxies will exert a torque
on them, creating angular momentum in the
gas and dark matter which will go on to form
the galaxy

Then the gas (but not the dark matter) radiates,
cools, and collapses, conserving angular
momentum during a decrease in size of
around a factor of 10, leading to the rapidly

rotating disks we see today (Fall and Efstathiou
1980)
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Zavala et al 2008

The top panel shows the
size of the dark matter
halo: growing then
collapsing to half
Rmax

Middle panel shows
angular momentum
growing as the halo
does, then staying
constantduring halo
collapse

Tidal torque theory
predicts that L grows
as (scale factor)3/2



Inner halo is different

* Objects that will be in the inner halo suffer
intense merging and lose angular momentum
via dynamical friction

..........................

Figure 3. Projected positions of the dark matter particles which will eventu-
ally end up in the inner halo at 2 = 0. The left panel shows the distribution
at 1 + z ~ 4 and the right panel at 1 + z ~ 3.3.



Dynamical friction: just gravity
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When a massive object moves thru stars or dark
matter, it forms a wake which exerts a backward
force on the object. Satellite can transfer energy
and angular momentum to surroundings



* Strong merger
activity in
subhalos that form
inner halo transfer
angular
momentum to
outer halo and
leave inner halo
with low a.m.

Zavala et al 2008
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