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Between z » 1100 and z » 30…

the 
dark 

Ages̀
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Ingredients for the first star

+electrons

baryons
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The universe at z = 1089

Flat LCDM 
universe:

¾ WL=0.73
¾ WCDM=0.23
¾ Wb=0.04

The baryonic component consists of H, He, Li and Be (+isotopes).
At recombination, these nuclei capture electrons and the gas fil ling the 

universe becomes atomic.
How do we form stars out of this gas?
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How do we get the universe to form stars?

TCMB = 2.725 ± 0.002 K
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Still a key question in cosmology: "first light"
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From gas to stars

The baryonic component consists of 
H, He, Li and Be (+isotopes).

At recombination, these nuclei 
capture electrons and the gas filli ng 
the universe becomes atomic.

How do we form stars out of this gas?
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First structures in the dark age

In the current best CDM 
model, the first structures to 
form are the smallest    
(bottom-up).
However, these are dark matter 
halos; what we need to form 
stars is collapse of baryons.

Problem: gas pressure can 
counteract or even stop 
gravitational collapse of 
baryons. 
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Gravitational collapse of gas clouds

Þ for star formation the mass has 
to exceed the Jeans mass MJ: 

For gas clouds in virial equilibrium, gravitation and pressure balance eachother:

However, if the gravitational energy becomes for some reason too negative, the cloud will 
collapse:
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The cosmological Jeans mass

n µ (1+z)3

T µ (1+z)    before decoupling                       
Þ MJ = constant

T µ (1+z)2 after decoupling                 
(adiabatic expansion) Þ MJ µ (1+z)3/2
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Problem: gravity is dominated by dark matter.
Therefore this will only lead to hydrostatic equili brium of the gas within the 
dark matter potential well , not gravitational collapse.

However, unlike the dark matter, the gas can cool
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Gravitational collapse with cooling

M > MJ 

begins to 
collapse

n increases, but T constant: 
energy radiated away

Þ MJ decreases
Þ smaller fragments unstable:

fragmentation
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Fragmentation

fragmentation
ß

density fragments 
increases

ß
radiation trapped 
inside fragments

ß
T increases

ß
MJ increases

ß
fragmentation stops

ß
protostar
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Radiative cooling of atomic hydrogen gas
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Radiative cooling:
colli sion excites atom, 
deexcitation by 
photon emission; if 
photon escapes from 
gas, net effect is 
cooling of gas.

So only works if gas 
is warm enough to 
excite n=2 level:
T>8000 K

Atomic hydrogen 
(+helium etc) cannot radiatively cool below 8000 K (z~500)!
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Cooling by H2

Molecular hydrogen H2 has energy levels down to ~500 K, and could thus
Give cooling to much lower temperatures. Problem: how do we form H2 in 
the early universe?

¾ direct radiative association H + H ® H2 is strictly forbidden by quantum  
mechanics

¾ at low z, H2 forms on dust grains which act as catalyst: not possible at 
high z

¾ three-body processes H + H + H ® H2 + H are only relevant at very high 
densities (n > 109 cm-3)

Solution: recombination does not become quite complete 
Þ residual free electrons open a chemical pathway to the formation of H2
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Timescale for recombination
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at z = 9: tr=108 years;    at z = 0: tr=1011 years
Þ tr always longer than age of the universe   
Þ reionization never complete
Þ there are always residual free electrons
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Gas-phasechemistry

H2 reaches abundance ~ 10-5
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Two pathways:
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Cooling by H2

Other molecules (HD, LiH) can also
provide radiative cooling but models 
show that H2 cooling dominates.

Cooling halts when the H2
column density becomes so 
large that the photons cannot 
escape the cloud. This happens 
at N(H2)>1026 cm–2.
Then the Jeans mass rises and 
fragmentation stops.
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Bromm et al. 2001

What do the first structures look like?

30 pc

At high z, the Jeans mass is 
much higher than at low z,
because T remains high 
(ineff icient cooling, high 
TCMB). Hence the first stars 
(so-called Population III 
stars) are expected to be 
extremely massive.

They will rapidly ionize a 
very large volume: the 
reionization of the universe
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The first star
320 pc

Full hydrodynamics, 
chemistry and radiative 
transfer simulation of the 
formation of the first star
(Abel et al 2000)

32 pc

density

temperature
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Photo-ionization equilibrium
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Since ionization rate depends on n but recombination rate on n2,
the ionization-recombination equili brium will be strongly 
density-dependent.
Hence inhomogeneities (clumping) play a major role (just like in normal 
HII regions).
Dense clumps are hard to ionize and may remain neutral.

Q is production rate of 
ionizing photons
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Reionization of hydrogen

initial pre-overlap stage

individual sources 

escape photons find their way 
through high-density regions 
(high recombination rate!)

IGM is two-phase medium

D highly ionized regions

D neutral regions

ionization intensity very 
inhomogeneous
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Reionization of hydrogen

partial overlap stage

higher exposition by ionizing 
photons!

D ionization intensity   

increases rapidly

D expansion into high-density 
gas

D several unobscured
sources

D ionization intensity more 
homogeneous
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Reionization of hydrogen

overlap stage

ionization radiation 

does NOT reach 

self-shielded, 

high-density clouds

D end of overlap phase
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Stellar reionization simulations

log of HI
fraction

redshift evolution
of log from mean 
ionization density

gas temperaturegas density

1 Mpc

Gnedin 2000
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Stellar reionization simulations
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Stellar reionization simulations
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Stellar reionization simulations
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Stellar reionization simulations
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Stellar reionization simulations
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Stellar reionization simulations
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Stellar reionization simulations
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Reionization by what?

¾ Massive zero metall icity stars (Population III stars):
produce characteristic spectral li nes

¾ Early (mini-)quasars:
bright point source, harder spectrum, photons penetrate deeper;
X-rays may catalyze formation of H2 

Þ star formation induced in low-mass halos

Þ are the sources of reionization observable? 
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James Webb Space Telescope

simulation of 1% of a deep JWST image

JWST (6.5m infrared-optimized 
successor of HST, launch 2010)
will observe the epoch of f irst light

Reionization 34

Reionization when?

Since we cannot (yet) observe the sources of reionization directly,
we must rely on indirect methods to determine the epoch of reionization.

One method is the polarization structure of the cosmic microwave
background, where reionization should give a redshift-dependent large-
scale polarization signal.

This has very recently been detected by WMAP.

Result: zreion=17±5

Out of reach with current instruments, but accessible with JWST.

Reionization 35

After reionization

After reionization star formation will never be the same:

¾ the first massive stars produce dust which catalyzes H2 formation
Þ rapid formation of molecular gas, cooling and star formation

¾ the first massive stars pollute the InterGalactic Medium (IGM) with 
heavy elements which greatly increase the cooling rate
Þ strongly increased star formation rate.

As a result, star formation is from this epoch on much more similar to star 
formation in the present-day universe.

The metals ejected by Pop III stars should be traceable in the high-z IGM 
Þ quasar absorption linescan probe this.


