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The details of the abundances that are produced depend upon
the nucleion / photon ratio - the present day baryon density
and the temperature of the cosmic backgroud.

The He abundance depends upon the expansion rate and
the weak interaction rate (n decay) and is insensitive to
the nucleion / photon ratio because He forms rapidly.

The deuterium and lithium abundances  depend upon the
competition between the reaction rates and expansion rate.
These are sensitive to the nucleion / photon ratio.

He 1/4
H   3/4

Composition of the intergalactic gas





Observational Evidence of
          Reionization











































Norris, Hartwick, Peterson  ApJ, 273, 450

<13.5

13.8

14.9

N V

O VI

H I



 

  





Systems with log N(H I) > 14.0 are highly ionized
Temperatures from line widths to low for collisional ionization
Need hard photoionizing flux from QSOs, not hot stars

QSOs at z=2.4 HE1122- 1648 and HE2217- 2818







Fan astro� ph/0301135Z=6.43
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Smette et al astro� ph/0204204
HE 2347� 4342
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 Ion    eV
H I    13.6
He II 54.4
O VI  138



H I ionization starts at z=6
clouds enriched by heavy elements
He II ionization starts a z=3



Sources of ionizing photons
QSOs
Population III stars

Sources of heavy elements in the IGM
Super novae, galactic winds
galaxy collisions

Observations
QSO Absorption lines
environmental effects on dwarf galaxies



High Redshift Galaxies and the Lyman� alpha forest in a CDM Universe

Photoionizing background radiation 
spatially uniform (QSOs)

galactic winds, star formation





Cosmological Reionization by Stellar Sources

3D radiative transfer
ionizing sources are stars grouped in galaxies
Parameters:

efficiency of star formation
ionizing radiation per star

3� 5% of all baryons in stars by z=4
10� 20% of all stars form by z=4







MOVIES

A� Gas density and surface of the ionization front
C� neutral hydrogen (opaque), and isosurfaces of gas 

density colored by T


