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ABSTRACT

We use cosmological simulations to study the origin of primordial star-forming clouds in a ACDM
universe, by following the formation of dark matter halos and the cooling of gas within them. To model
the phvsn:s of GhEIIllGELll_}" pristine gas. we emplcg,r a non-equilibriuvm treatment of the chemistry of 9
species (e~, H, HY, He, He™, He™", Ha, Hi, H™) and include cooling by molecular hydrogen. By
considering msmcrlugical volumes, we are ahle ‘tD study the statistical properties of primordial halos and
the high resclution of our simulations enables us to examine these objects in detail.

In particular, we explore the hierarchical growth of bound structures forming at redshifts = == 25 — 30
with total masses in the range == 10° — 108M;,. We find that when the amount of molecular hydrogen in
these objects reaches a critical level, cooling hv rotational line emission is efficient, and dense clumps of
cold gas form. We identify these “zas clouds” as sites for primordial star formation. In our simulations,
the threshold for gas cloud formation by molecular cooling corresponds to a critical halo mass of ==
5% 10°h~1 M, in agreement with earlier estimates, but with a weak dependence on redshift in the range

= 16. The complex interplay between the gravitational formation of dark halos and the thermodynamic
and chemical evolution of the gas clouds compromises analytic estimates of the critical Ha fraction.
Dynamical heating from mass accretion and mergers opposes relatively inefficient cooling by molecular
hydrogen, delaying the production of star-forming clouds in rapidly growing halos.

We also investigate the impact of photo-dissociating ultra-violet (UV) radiation on the formation of
primordial gas clouds. We consider two extreme cases by first including a uniform radiation field in the
optically thin limit and secondly by accounting for the maximum effect of gas self-shielding in virialized
regions. For radiation with Lyman-Werner band flux J > 107 erg 57! em~2 Hz~! str—!, hydrogen
molecules are rapidly dissociated, rendering gas cooling inefficient. In both the cases we consider, the
m'erall impact can he descrlhed by computing an equilibrium Hy abundance for the radiation fiwx and

Based on our numerical results, we develop a semi-analytic model of the formation of the first stars,
and demonstrate how it can be coupled with large N-body simulations to predict the star formation rate
in the early universe.

Subject headings: cosmology:theory - early universe - stars:formation - galaxies:formation
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Cosmological Simulations of
Primordial Gas Cloud Formation
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Figure 4. The two criteria for baryonic cooling,
THubble/THy o = 1 (Ean. B) and  |Qu, . /Qdyn heat| > 1
(Eqn. [B), for the 100 most massive haloes at redshift 45. Haloes
in the upper right guadrant satisfy both cooling criteria and are
thus expected to undergo barvonic collapse. Haloes in the upper
half have enough Hz such that their baryonic cooling time is
less than the age of the universe. Haloes in the right half have
H: cooling rates that are larger than their dynamical heating
rates and thus experience nett cooling. Dynamical heating delays
baryonic collapse (haloes in upper left panel) such that only 2
haloes are capable of cooling by redshift 45, even though 5 haloes
have sufficiently short Ho cooling times.



a) HII region sizc 1s maintamed b) HII can recombine after
by subsequent source(’s) 1% star switches off Reed+ 2005




Neutrino Signatures from the First Stars
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Abstract

Evidence from the WMAP polarization data indicates that the Universe may have besn
reionized at very high redshift. It is often suggested that the jonizing UV flux originates
froan an early popailation of massive or very massive stars. Depending on their mass, such
stars can explode either as type 11 supemovas or pair-instability supermovae, or may entirely
collapse into a black hole. The resulting neutrino emission can be quite different in exch case.
We consider here the relic nomitring background produced by an sarly burst of Popalation 11T
stars coupled with a normal mode of star formation at kewer redshift. The compatation is
performed in the framework of hierarchical strocture formation and is based on cosmic star
formation histories constrained to reproduce the obssrved star formation rate st redshifi
2 = 6, the observed chemical abundances in dampesd Lyman alpha absorbors and in the
interpalactic medinm, and to allow for an early raonization of the Universs at » -~ 10—230 We
find that althowugh the high redshift burst of Population 111 stars does lead to an appreciable
fux of neutrinos ab relatively low enerpy (K. & 1 MeV), the observable neutrino fux is
dominated by the normal mods of star formation. We also find that pradicted Auwes are
at the present level of the Superk imit. As a consequencs, the supernova rolic neatring
backpround has a direct impact on models of chemical evolotion and for supemova dynamice.
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Prospects for observation
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How did the first galaxies form ?

- maybe not the way you might have thought



The Dark Ages...

Firststar  ,-o52 First light, FirstHlqugion ., -

Ve
e
-

Fossil HII region,_., ¢ “Re”combination ,_,4 First gala>§y ?

A




Evolution of early HII regions
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Hot gas in a small halo
- gone with the wind...
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3D radiative transfer scheme

Ray-tracing to

awim all the gas particles (— millions
W/~ particles) to compute

-~ photon arrival time
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A three-dimensional

cosmological simulation
with gravity, hydrodynamics,
primordial gas chemistry,
and radiative transfer



Radial velocity profile
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Evolution of the baryon fraction
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Helium i1onization

A 120 Msun PopllII star Photo-dissociation region
QLw = 1.6 10°0 /s
QH = 1410%/s
QHe = 7.8104 /s
QHe+ = 5.0 10%8 /s

lonized region could be
similar to planetary nebula
rather than to local HII regions




Early Helll region
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Final state
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During the 100 Myrs...

~a few Myrs o
3.

~10% yrs

~20-30 Myrs 4.
~20-30 Myrs ™

~10 Myrs

1.

5

6.

7.

Radiation from the central star drives

a wind and evacuates the halo gas.

The star dies off.

The surrounding gas starts cooling and
recombining. (Plenty of electrons.)

Dark halo grows continuously.

The outgoing gas is eventually (re-)captured
by the halo’s gravity.

The primordial gas cools more efficiently,
and condenses at the center of the halo.

A single small (—a few hundered solar masses)
gas clump is formed, in which 2nd generation
stars are being formed



Chemo-radiation-hydrodynamics
simulations — so, what's new ?

1. Photon escape fractions are now consistently

calculated. (not just input parameters).
Gas clumping factor better (directly) estimated,
and star-forming gas clouds are explicitly located.

Qwe want (N, Npp, C, fesc, cx)

2) The results have significant implications
for early (proto-)galaxy formation,
and provide initial conditions.



Halo mass evolution in the CDM model
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