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ABSTRACT

We present results from the first cosmological simulations which study the onset of pri-
mordial, metal-free (population III), cosmic star formation and the transition to the present-
day, metal-rich star formation (population II- I), including molecular (H2, HD, etc.) evolution,
tracing the injection of metals by supernovæ into the surrounding intergalactic medium and
following the change in the initial stellar mass function (IMF) according to the metallicity of
the corresponding stellar population. Our investigation addresses the role of a wide variety of
parameters (critical metallicity for the transition, IMF slope and range, SN/pair-instability SN
metal yields, star formation threshold, resolution, etc.)on the metal-enrichment history and
the associated transition in the star formation mode. All simulations present common trends.
Metal enrichment is very patchy, with rare, unpolluted regions surviving at all redshifts, in-
ducing the simultaneous presence of metal-free and metal-rich star formation regimes. As a
result of the rapid pollution within high-density regions due to the first SN/pair-instability
SN, local metallicity is quickly boosted above the criticalmetallicity for the transition. The
population III regime lasts for a very short period during the first stages of star formation
(∼ 107 yr), and its average contribution to the total star formation rate density drops rapidly
below∼ 10−3

− 10−2.
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1 INTRODUCTION

The standard paradigm of cosmic structure formation relieson
the classical approach of Jeans’ theory (Jeans 1902) applied to
primordial matter fluctuations in the frame of an expanding Uni-
verse. Cosmological models for structure formation have been de-
veloped since several decades (e.g. Gunn & Gott 1972; Peebles
1974; White & Rees 1978) and the overall picture agrees with a
“flat” Universe where “cold-dark matter” is the dominant frac-
tion of matter and the “cosmological constant”,Λ, is the domi-
nant fraction of the cosmological energy density. Baryonicstruc-
tures arise from in-fall and condensation of gas into dark-matter
potential wells. In particular, it seems (e.g. Maiolino et al. 2007)
that molecular gas could account for a significant fraction of the
dynamical mass of early objects. Recent determinations of the cos-
mological parameters (Komatsu et al. 2010) suggest a present-day
expansion rateH0 ≃ 70 km/s/Mpc (in units of100 km/s/Mpc
this parameter becomesh ≃ 0.70), a total-matter density param-
eterΩ0m ≃ 0.272, with “baryonic” componentΩ0b ≃ 0.0456,
and a cosmological-constant density parameterΩ0Λ ≃ 0.728.
The primordial power spectrum of perturbation is well fittedby
a power law with indexn ≃ 0.96 and normalization via mass
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variance within8 Mpc/h radius σ8 ≃ 0.8. As a reference, it
is common to define the standardΛCDM model the one with
the following parameters:H0 = 70 km/s/Mpc, Ω0m = 0.3,
Ω0b = 0.04, Ω0Λ = 0.7, Ω0tot = 1.0, n = 1, σ8 = 0.9.
In the frame of cosmic evolution, it is believed that structure for-
mation takes place from the growth of primordial fluctuations in
matter density. These would contract and collapse allowinggas
cooling and the subsequent build-up of stars. The determination
of the properties of early stars and their effects on the follow-
ing baryonic-structure formation episodes is still a problem un-
der debate (for a complete review see e.g. Ciardi & Ferrara 2005).
Nevertheless, it is reasonably well established that the very first
generation of stars should be characterized by massive objects
with typical masses much larger than the presently observedones
(Schwarzschild & Spitzer 1953; Woosley & Weaver 1995; Larson
1998; Chiosi 2000; Heger & Woosley 2002, 2008). These primor-
dial stars (population III stars) are formed out of a pristine envi-
ronment, where the cooling agents are limited to primordial, H-
based molecules only, i.e. H2 and HD, which are able to cool the
gas down to temperatures of∼ 102 K. Therefore, the mass of
primordial stars should be relatively large and their spectrum, bi-
ased towards such large objects, is commonly referred to as “top-
heavy” initial mass function (IMF) (Larson 1998). These features
imply very short lifetimes (up to∼ 106 years only) and final
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death mostly into black holes (Heger & Woosley 2002). The only
mass range where primordial stars can explode as pair-instability
supernovæ (PISN) and pollute the surrounding medium is [140-
260] M⊙ (Heger & Woosley 2002). Nevertheless, also at masses of
∼ 100 − 140 M⊙ there can be some mass loss before collapse
(pulsational pair SN). The key uncertainty here is primary nitrogen
production and the dredge up of carbon and oxygen. In particular, if
the stellar atmosphere is highly CNO enhanced there may be sub-
stantial mass loss, but zero metallicity should still be a good first
approximation for such stellar flows (S. Woosley, private commu-
nication).
Despite the many uncertainties on their characteristics, population
III (popIII) stars have an important impact on the evolutionof the
intergalactic medium (IGM), since they initiate the metal pollution
of the IGM, with consequent change of its chemical composition
and cooling properties (chemical feedback). Therefore, star forma-
tion events in enriched regions will happen in completely different
conditions, because metals allow further cooling and fragmenta-
tion to smaller scales. This results in an initial stellar-mass function
peaked at lower masses, similar to the nowadays observed Salpeter-
like IMF (Salpeter 1955) for population II-I (popII-I) stars.
A very debated issue is the understanding of the transition from
the primordial popIII star formation regime to the standardpopII-
I regime. In this respect, there are evidences for the existence of
a critical metallicity,Zcrit, at which the modalities of star for-
mation allow such transition (Bromm et al. 2001; Schneider et al.
2002):Zcrit is the metallicity at which the metal cooling function
dominates over the molecular one. In this case, the fragmentation
process becomes highly enhanced, but the exact value is not well-
established, yet. Different studies suggest discrepant values with
Zcrit varying between∼ 10−6 Z⊙ (e.g. Schneider et al. 2006) and
∼ 10−3 Z⊙ (e.g. Bromm & Loeb 2003)1.
The main uncertainty is the presence of dust at high redshift. To
our knowledge, dust is produced and injected in the ISM mainly
by the low–mass stars in the AGB phase. This would imply no
dust production at very-high redshift, due to “long” stellar life-
times: a 8 M⊙ star has a life of∼ 0.1 Gyr, comparable with the
age of Universe atz ∼ 15 − 20. None the less, the presence
of large amounts of dust and heavy elements has been detected
at moderately-high redshift, i.e. atz > 6, when the Universe is
younger than∼ 1 Gyr (e.g. Bertoldi et al. 2003; Maiolino et al.
2004). This suggests that dust production must have occurred pri-
marily in the ejecta of supernova explosions, which are the final
fate of massive, short-lived stars. If, indeed, supernovæ could be
able to induce dust production then star formation in the early
Universe and the level ofZcrit would be strongly influenced, as
well. Enrichment by dust would not impact the thermal struc-
ture of the IGM, but its presence would alter the whole star for-
mation process. Indeed, when the metallicity of star forming re-
gions is still below∼ 10−6 Z⊙ the only relevant coolants are
molecules, mainly H2 and HD, while above∼ 10−4 Z⊙−10−3 Z⊙

gas cooling is fully dominated by metal fine-structure transi-
tions (e.g. Maio et al. 2007) and cloud fragmentation can hap-
pen down to sub-solar scales (Bromm et al. 2001; Schneider etal.
2002, 2004). In between, cooling capabilities depends mainly on
the amount of metals depleted onto dust grains. The mass con-
tent locked into dust grains, almost independently from theexact

1 We adoptZ⊙ ≃ 0.0201 (Anders & Grevesse 1989; Grevesse & Sauval
1998). See, however, Asplund et al. (2009) for a recently updated value of
Z⊙ ≃ 0.0134

mass of SNII/PISN progenitor, reaches2% − 5% of the parent
mass for type-II SN (Kozasa et al. 1991; Todini & Ferrara 2001;
Nozawa et al. 2003; Bianchi & Schneider 2007), and15% − 30%
for PISN (Nozawa et al. 2003; Schneider et al. 2004), in a few hun-
dred days after the beginning of the explosion. Despite the huge
difference between the dust mass fractions deriving from SNII and
PISN, the dust-to-metal mass ratios (or “depletion factors”) turn out
to be∼ 0.3−0.7 in both cases and, for metal poor SNII progenitors
with masses of25M⊙ − 30M⊙, it is up to∼ 1. The natural con-
clusion is that first massive stars could spread in the early Universe
a lot of dust during their final phases (as either SNII or PISN).
In the present work, we aim at investigating the birth of the first
stars, the following cosmic metal enrichment from their explosive
death and the transition to the standard, presently observed, star
formation regime. We focus on how such transition and the as-
sociated features are affected by different choices ofZcrit, IMF,
post-supernova metal yields, star formation density thresholds, box
dimension and resolution.
Throughout the paper we will refer to “population III regime” and
“population II-I regime” when the metallicity is below or above the
critical level, respectively. In addition, we will adopt the standard
ΛCDM cosmological model.
The paper is organized as follows: we describe the code and the
simulations in Sect. 2, results are given is Sect. 3, and parameter
dependence is addressed in Sect. 4 (4.1, 4.2, and 4.3). We discuss
and conclude in Sect. 5.

2 SIMULATIONS

The simulations were performed in the frame of the standard
ΛCDM cosmological model, by using the Gadget-2 code (Springel
2005). The initial conditions for the reference simulations were
generated sampling 0.7 Mpc/h, comoving (but see also discus-
sion on larger boxes in Sect. 4.3) of the cosmic fluid at redshift
z = 100, with 3203 particles per gas and dark matter species, hav-
ing masses of116M⊙/h and755M⊙/h, respectively. We perform
the numerical simulations including primordial molecularevolu-
tion (Maio et al. 2006, 2007; Maio 2008), star formation prescrip-
tions (Maio 2008; Maio et al. 2009), and metal pollution fromstars
(Tornatore et al. 2007). We choose the stellar IMF accordingto the
value of the gas metallicityZ: if Z < Zcrit a top-heavy IMF is
assumed, otherwise a Salpeter one.
More in detail, we include in the code the whole set of chemistry
reactions leading to molecule creation or destruction and metal
pollution, with the corresponding cooling functions. We follow
the abundances of the H- and He-based chemistry, involving e−,
H, H+, H−, He, He+, He++; H2-chemistry following H2, H+

2

(Yoshida et al. 2003) and deuterium chemistry with D, D+, HD,
and HeH+ (Maio et al. 2007). While in principle an arbitrary num-
ber of metals can be accounted for by the scheme for metallic-
ity tracking (Tornatore et al. 2007), in this work we focus onC,
O, Mg, S, Si, and Fe, since they are the most abundant metals
produced during stellar evolution. We assume, as initial chemical
composition, a primordial neutral gas with residual electron and
H+ fractions (Galli & Palla 1998)xe− ≃ xH+ ≃ 4 · 10−4, H2

fraction xH2
= 10−6, H+

2 fraction x
H

+
2

= 3 · 10−21, D frac-

tion xD = 3.5 · 10−5, D+ fractionxD+ = 4 · 10−9, HD fraction
xHD = 7 ·10−10 , HeH+ fractionxHeH+ = 10−14. Individual met-
als are set to zero initial abundance.
The natural gas evolution, with the initial in-fall into thedark-
matter potential wells and the shock-heating phase, is fully self-
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Table 1. Parameters adopted for the simulations.

Model box side number of mean inter-particleMgas[M⊙/h] Mdm[M⊙/h] Zcrit nH,th popIII IMF Massive
[Mpc/h] particles separation [kpc/h] [cm−3] range [M⊙] yields

Zcrit3 0.7 2× 3203 2.187 1.16× 102 7.55× 102 10−3Z⊙ 70 [100, 500] HW021

Zcrit4 0.7 2× 3203 2.187 1.16× 102 7.55× 102 10−4Z⊙ 70 [100, 500] HW021

Zcrit5 0.7 2× 3203 2.187 1.16× 102 7.55× 102 10−5Z⊙ 70 [100, 500] HW021

Zcrit6 0.7 2× 3203 2.187 1.16× 102 7.55× 102 10−6Z⊙ 70 [100, 500] HW021

Zcrit4-r8-100 0.7 2× 3203 2.187 1.16× 102 7.55× 102 10−4Z⊙ 70 [8, 100] HW082

Zcrit4-r0.1-100 0.7 2× 3203 2.187 1.16× 102 7.55× 102 10−4Z⊙ 70 [0.1, 100] HW082

Zcrit4-HW8-40 0.7 2× 3203 2.187 1.16× 102 7.55× 102 10−4Z⊙ 70 [0.1, 100] HW082

Zcrit4-WW8-40 0.7 2× 3203 2.187 1.16× 102 7.55× 102 10−4Z⊙ 70 [0.1, 100] WW953

Zcrit4-th7 0.7 2× 3203 2.187 1.16× 102 7.55× 102 10−4Z⊙ 7 [100, 500] HW021

Zcrit4-th1 0.7 2× 3203 2.187 1.16× 102 7.55× 102 10−4Z⊙ 1 [100, 500] HW021

Zcrit4-th01 0.7 2× 3203 2.187 1.16× 102 7.55× 102 10−4Z⊙ 0.1 [100, 500] HW021

Zcrit4-5th7 5.0 2× 3203 15.62 4.23× 104 2.75× 105 10−4Z⊙ 7 [100, 500] HW021

Zcrit4-10th7 10.0 2× 3203 31.25 3.39× 105 2.20× 106 10−4Z⊙ 7 [100, 500] HW021

1 Data tables from Heger & Woosley (2002).
2 Data tables from Heger & Woosley (2008).
3 Data tables from Woosley & Weaver (1995).

consistently followed through the attainment of the isothermal turn-
over and the subsequent cooling regime. This stage is very im-
portant at early times, as it represents the state when gas cool-
ing balances and takes over heating. Resolving the isothermal
phase in primordial-chemistry simulations is fundamentalto ac-
count for the early molecular cooling of the gas (as already dis-
cussed and shown in Maio et al. 2009). For this reason, we assume
that stars are formed roughly at the end of the gas cooling pro-
cess, when a suitable physical density threshold for early star for-
mation of∼ 102 cm−3 (more exactly70 cm−3) is reached (Maio
2008; Maio et al. 2009). The often used low-density threshold of
∼ 0.1 cm−3 (e.g. Katz et al. 1996) would induce spurious time
anticipation of the onset of star formation (Maio et al. 2009). Here-
after, stars evolve and die according to their characteristic lifetimes,
possibly expelling newly created metals into the surrounding gas
and modifying its cooling properties either at low (e.g. Maio et al.
2007) and at high temperatures (e.g. Sutherland & Dopita 1993;
Wiersma et al. 2009; Cantalupo 2010).
For the very first bursts (and those happening in gas of metallic-
ity smaller thanZcrit) we adopt a “Salpeter-like” IMF, in the mass
range[100, 500]M⊙, with a slope of−1.35. The stellar life-times
lie between∼ 3 · 106 yr, for the100M⊙ stars, and∼ 0 yr (instan-
taneous death), for the hundreds-solar-masses stars. As mentioned
in the Introduction, the relevant mass range for metal pollution is
approximatively[140, 260]M⊙, because of the formation of PISN.
We point out that in our approach each star forming SPH particle
can be assimilated to a simple stellar population, with coeval stars
formed out from the same environment. Once the particle (i.e. stel-
lar population) metallicity reaches the critical value,Zcrit, popII-I
star formation is assumed to set in, in place of popIII, and subse-
quent stars will have masses in the range[0.1, 100]M⊙, distributed
according to a Salpeter IMF. PopII-I stellar life-times areusually
much longer than those of popIII, ranging between∼ 2 · 1010 yr,
for the0.1M⊙ stars, and∼ 3 · 106 yr, for the100M⊙.
Yields of popIII stars (see discussion in Sect. 4.1) are assumed
accordingly to Heger & Woosley (2002), while for popII-I stars

we follow Woosley & Weaver (1995) for massive stars (SNII),
van den Hoek & Groenewegen (1997) for mass loss of low- and
intermediate-mass stars, and Thielemann et al. (2003) for SNIa.
In order to describe properly stellar evolution, it is important to take
into account feedback effects which deal with those physical pro-
cesses that are not resolved because of numerical limitations. In our
simulations star forming particles are subject to wind kinetic feed-
back2 with velocities of500 km/s. These particles produce metals
which are smoothed over the neighbours according to the SPH ker-
nel.
We perform four numerical simulations considering critical metal-
licities of Zcrit = 10−3Z⊙, 10

−4Z⊙, 10−5Z⊙, 10−6Z⊙, which
span the full range found in the literature (see Introduction). In
Sect. 4.1, 4.2, and 4.3 we will also investigate how the results are af-
fected by a different choice for the popIII IMF, the post-supernova
yields, the critical star formation threshold and the box dimen-
sion/resolution. A schematic description of the simulations is given
in Table 1.

3 RESULTS

In this section, we present results related to the early phases of cos-
mological metal enrichment and the transition from popIII to popII-
I regime. The results refer to the0.7Mpc/h side box described in
the previous section, with varyingZcrit, the most significant pa-
rameter in the calculation.

3.1 Metallicity distribution

In order to have a visual representation of the simulations we show
maps at redshiftz = 11 for the projected metallicity distribution

2 For a different metal/feedback approach, see also treatments based on
thermal feedback (e.g. Scannapieco et al. 2005).
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Figure 1. Metallicity maps at redshiftz = 11 for the0.7Mpc/h side box, withZcrit = 10−3Z⊙ (top-left panel),10−4Z⊙ (top-right panel),10−5Z⊙

(bottom-left panel), and10−6Z⊙ (bottom-right panel). The maps are obtained by projecting the whole simulation box.

(Fig. 1) for all the cases considered:Zcrit = 10−3Z⊙ (upper-left
panel), 10−4Z⊙(upper-right panel),10−5Z⊙(bottom-left panel)
and10−6Z⊙ (bottom-right panel). The metallicity is defined as the
metal mass fraction of each SPH particle:Z = mZ/mtot, where
mZ andmtot are respectively the mass of metals and the total mass
of each SPH particle.
Metal enrichment is very patchy and there are regions which are
very strongly polluted and others which preserve their pristine,
metal-free composition. The main pollution events happen around
the densest regions, where star formation takes place. We stress that
the differences in the distribution and level of metallicities are only
due to the value ofZcrit adopted. In particular, the metallicity of
the gas reaches a slightly higher value and wider distribution for
theZcrit = 10−3Z⊙ case than for the other cases. This is due to
the longer time needed to reach the critical level,Zcrit. Once this
happens, popII-I star formation sets in and further delays metal pol-
lution, because the SNII from popII-I stars release about one fourth
of metals per unit mass than the popIII ones, on a timescale atleast
∼ 10 times longer. WhenZcrit = 10−6Z⊙, pollution above the
critical metallicity threshold is immediate and most of theregions
rapidly move into the popII-I star formation regime. This transition
gets delayed asZcrit increases.
In Fig. 2, we compare metal enrichment at different redshifts. The
maps refer toz = 11 (upper row), 12 (central row) and 13 (bottom
row), for Zcrit = 10−3Z⊙ (left column) and10−5Z⊙ (right col-
umn). The process is quite fast as inferred from the rapid growth of
metal-enriched bubbles, and allows for high metal pollution within

very short time (see also Sect. 3.2).
To highlight the differences between popIII and popII-I star form-
ing regions, we plot in Fig. 3 the corresponding two-population
maps3 projecting the whole box. They show very well how the star
formation regime evolves according to metallicity (see further dis-
cussion in Sect. 3.3).
From a more quantitative analysis of the Figure, some distinctive
behaviour emerges. ForZcrit = 10−6Z⊙, almost all the polluted
areas reach the critical metallicity already in∼ 0.1Gyr (∼ 98%
at z = 13, ∼ 99% at z = 12, and ∼ 100% at z = 11).
In the other cases we observe a similar quick enrichment: for
Zcrit = 10−5Z⊙, 10

−4Z⊙ and10−3Z⊙ the percentage of areas
with Z > Zcrit is respectively∼ 72%, 49% and32% at z = 13;
∼ 86%, 70% and39% at z = 12; and∼ 99%, 97% and97%
at z = 11. We note as well that, at fixed redshift, the fraction of
popII-I star formation regions decreases with increasingZcrit, be-
cause of the higher enrichment level needed to allow the transition
from Z < Zcrit toZ > Zcrit.
As the enrichment process is very localized, also the transition to a
different star formation regime strongly depends on location. This
means that it is possible to find coexistence of population III and
population II-I, with stronger pollution in the central regions of star
formation sites and weaker pollution in the outermost ones (see
maps in Fig. 1 and in Fig. 2). It is in fact evident that the pref-

3 In this case, data are not smoothed on the edges of the pixels.
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Figure 2. Comparison of the metallicity maps at redshiftz = 11 (upper row), 12 (central row), and 13 (bottom row), for the0.7Mpc/h side box with
Zcrit = 10−3Z⊙ (left column) and10−5Z⊙ (right column). The maps are obtained by projecting the whole simulation box.

erential sites of popIII star formation are isolated areas and often
peripheric regions not strongly contaminated by nearby bursts. Our
findings are consistent with the study of theZcrit = 10−4Z⊙ case
by Tornatore et al. (2007). We note that changes inZcrit can only
slightly alter the whole enrichment scenario, as just few regions
which undergo popII-I star formation forZcrit = 10−5Z⊙ are un-
dergoing popIII star formation forZcrit = 10−3Z⊙ (e.g. Fig. 3).
In fact, accordingly with the previous discussion, the starforming
environment is chemically “sterilized” by one or a few subsequent
popIII generations.

3.2 Metallicity evolution

From the previous results, it emerges that metal enrichmentis a
very patchy and inhomogeneous phenomenon. Never the less, as
an indicative estimate of the global enrichment history of the Uni-
verse, we present the evolution of the average metallicities found
in the simulations (Fig. 4). Following previous discussions though,
we expect large fluctuations4 around the mean values reported here.
In particular, for eachZcrit (labeled on the upper-right corner and

4 Variances are comparable to the averages.
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Figure 3. Comparison of the two-population metallicity maps at redshift z = 11 (upper row), 12 (central row), and 13 (bottom row), for the0.7Mpc/h side
box withZcrit = 10−3Z⊙ (left column) and10−5Z⊙ (right column). The yellow areas refer to polluted regions with metallicity higher thanZcrit, while
the red ones to those with metallicity lower thanZcrit. The maps are obtained projecting the whole box.

shown by the horizontal dot-dot-dot-dashed line in each panel),
we show the maximum metallicity reached at any redshift (dotted
lines), the average metallicity of the enriched regions (dot-dashed
lines), the average metallicity in the whole simulation boxinclud-
ing primordial unpolluted zones (solid line) and the corresponding

individual metallicities for the different metals trackedby the code
(dashed lines).
The first metals spread during the final stages of stellar evolu-
tion leads to typical metallicities in the surrounding ISM of Z ∼

(10−5
− 10−4)Z⊙, which, shortly after, rise to values ofZ ∼
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Figure 4. Metal evolution as function of redshift for the0.7Mpc/h side box simulations, withZcrit = 10−3Z⊙ (upper-left panel),10−4Z⊙ (upper-right
panel),10−5Z⊙ (bottom-left panel), and10−6Z⊙ (bottom-right panel) case. The magenta horizontal dot-dot-dot-dashed line indicates, in each panel, the
critical metallicity; the dotted line is the maximum metallicity; the dot-dashed line is the average metallicity of thespread metals; the solid line is the total
metallicity averaged over the whole simulation box and the dashed lines the corresponding individual metallicities: oxygen (green), carbon (blue), magnesium
(red), sulphur (purple), silicon (pink), iron (yellow), other metals (cyan) – see also text in Sect. 2.

(10−4
− 10−3)Z⊙, between redshiftz ∼ 16 andz ∼ 15. There-

fore, the critical metallicityZcrit is easily overtaken, despite its
precise, actual determination. The leading element is always oxy-
gen, as it is the most abundant one produced by SNII and PISN
explosions.
For higherZcrit the popIII regime lasts longer, so that more mas-
sive star explosions take place which can pollute the mediumup
to higher metallicities, before popII-I star formation regime sets in.
This results in a quickerZ increase in the very early stages (the dif-
ference between theZcrit = 10−3Z⊙ andZcrit = 10−6Z⊙ cases
is almost two orders of magnitude atz ∼ 15).
Broadly speaking, a metallicity of10−6

− 10−5 Z⊙ is locally
reached after only∼ 105 yr. In ∼ 5 · 106 yr, it is possible to get
Z ∼ 10−4 Z⊙ or evenZ ∼ 10−3 Z⊙. An average pollution of
Z ∼ Zcrit is always obtained in a few107 yr (i.e. ∆z ∼ 1, at
z ∼ 16) after the onset of star formation (Fig. 4). Once the critical
metallicity is reached, popII-I star formation sets in and contributes
(on longer timescales) to metal enrichment, as well.

3.3 Star formation from population III and population II-I
stellar generations

In Fig. 5, we plot the average5 popIII star formation rate,SFRIII,
and the average total star formation rate,SFRtot. For all the simu-
lations the onset of star formation is atz ≃ 16.3, when the Universe
is about2.3 · 108 yr old (independently fromZcrit, which plays a
role only in the following epochs). As shown in Fig. 5, at the very
beginning popIII contribution is dominant, but rapidly fades away
and the popII-I regime is established.
For theZcrit = 10−3Z⊙ case, the contribution is higher and it de-
creases withZcrit. In fact, the higherZcrit, the higher the number
of star forming regions withZ < Zcrit. The total star formation
rate density is only mildly influenced by the exact value adopted for
Zcrit, meaning that popIII star formation does not affect the global
behaviour significantly and the bulk of star formation is mainly led
by popII-I stars. The reason for this is simply understood interms of
timescales, as popIII stars have shorter lifetimes (at most∼ 106 yr)

5 The average is the arithmetic average of the star formation rates taken at
each time-step and binned over 50 bins in redshift.
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Figure 5. Upper panel: redshift evolution of the average star formation
rate densities (inM⊙yr−1Mpc−3) for the 0.7Mpc/h side box simula-
tions. The four upper lines are the total star formation ratedensities for
Zcrit = 10−3Z⊙ (solid line),10−4Z⊙ (dotted line),10−5Z⊙ (dashed
line), and10−6Z⊙ (dotted-dashed line). The four lower lines are the corre-
sponding popIII contributions.Bottom panel: evolution of the ratio between
the average popIII star formation rate density (SFRIII) and the total star
formation rate density (SFRtot), SFRIII/SFRtot. The bullets correspond
to the redshift at which the average metallicity of the enriched particles
equals the value ofZcrit (as in Fig. 4).

and heavily pollute the medium up toZcrit via PISN explosions.
Therefore, after the first bursts, it is much easier to match the con-
ditions for standard popII-I star formation, rather than metal free
star formation. The period over which star formation is dominated
by popIII is slightly longer in theZcrit = 10−3Z⊙ case and de-
creases gradually withZcrit. ForZcrit = 10−3Z⊙,∼ 100% of the
total SFR is due to popIII stars in the redshift intervalz ∼ 15− 16
(equivalent to a time interval of∼ 2 · 107 yr), while the percent-
age decreases to an average value of roughly0.1% at z ∼ 12. In
theZcrit = 10−6Z⊙ case, there is a sudden drop below∼ 10%
already atz ∼ 15 − 16 and down to∼ 0.01% at z ∼ 12. The
intermediate cases are bracketed by the former two regimes.These
trends are consistent, because the time to pollute the IGM tolower
Zcrit is shorter. The resulting behaviour – the smallerZcrit, the
earlier the transition from popIII to popII-I dominated star forma-
tion – is expected, because, as mentioned, the time needed topol-
lute the IGM up to lowerZcrit is shorter.
The dots on the lines of the average fractions of popIII star forma-
tion rate densities, point to the redshifts when the averageenrich-
ment reaches the level ofZcrit (i.e. the abscissa of the intersecting
point between the dotted line and the horizontal line in eachpanel
of Fig. 4) for the different cases. At those redshifts, the average con-
tribution of popIII star formation has already dropped of more than
one order of magnitude. For theZcrit = 10−6Z⊙ case,Zcrit is
reached in the polluted regions whenSFRIII/SFRtot ∼ 1 and this
ratio steeply decreases afterwards. In the cases with higher Zcrit,
the popII-I regime develops simultaneously with the popIIIregime,
and the average popIII contribution to the total star formation rate
whenZ ∼ Zcrit is below∼ 10%.

Figure 6. Upper panel: redshift evolution of the average star formation rate
densities (inM⊙yr−1Mpc−3) for the 0.7Mpc/h side box simulations
with Zcrit = 10−4Z⊙. The upper lines are the total star formation rate
densities for different popIII IMF mass range:[0.1 M⊙, 100 M⊙] (solid
lines), [8 M⊙, 100 M⊙] (dashed lines), and[100 M⊙, 500 M⊙] (dot-
ted lines). The lower lines are the corresponding popIII contributions.Bot-
tom panel: evolution of the ratio between the average popIII star formation
rate density (SFRIII) and the total star formation rate density (SFRtot),
SFRIII/SFRtot. The bullets correspond to the redshift at which the aver-
age metallicity of the enriched particles equals the value of Zcrit.

4 PARAMETER DEPENDENCE

In the following, we will investigate the effects on our results of
the main parameters (other thanZcrit) adopted in the simulations
and choose as reference the one with box dimension0.7Mpc/h,
Zcrit = 10−4Z⊙, nH,th = 70 cm−3 and Salpeter slope for popIII
stars in the range [100M⊙, 500M⊙]. We have also checked the ef-
fects of adopting a different implementation of SPH (the relative
pressure SPH,rpSPH, according to Abel 2010), which only con-
siders pressure gradients in force calculations and performes closer
to grid-based codes. We found no strong deviations in the general
gas state (as also expected from the discussion in Sect. 3.8 of Abel
2010) and even in the star formation rates. Metal pollution at early
times is slightly more scattered, due to the capability of the rpSPH
implementation of better resolving instabilities. Overall, there are
no substantial changes in our results.

4.1 Different population III IMF’s and yields

In order to account for the uncertainties on the popIII IMF, we ex-
plore first the role of the slope of the popIII IMF, which so farhas
been fixed to the values = −1.35.
There are no robust arguments (neither theoretical nor observa-
tional) supporting the above assumption and different slopes or
shapes are not excluded. None the less, by changing slope, the ex-
pected fraction of PISN is not dramatically modified, as its value is
always around∼ 0.4 for anys between roughly−1 and−3. Thus,
the results on metallicity evolution and star formation rates are not
altered at all.
Differently, the chosen mass range and yields of popIII stars could
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Figure 7. Upper panel: redshift evolution of the average star formation
rate densities (inM⊙yr−1Mpc−3) for the 0.7Mpc/h side box simula-
tions with Zcrit = 10−4Z⊙. The upper lines are the total star forma-
tion rate densities for different popIII metal yields, and fixed the popIII
IMF mass range at[0.1 M⊙, 100 M⊙]: primordial SN yields for stars of
[8 M⊙, 40M⊙] (case Z=0 in Woosley & Weaver 1995) (dashed lines), pri-
mordial SN yields for stars of[8 M⊙, 40 M⊙] (Heger & Woosley 2008)
(dot-dashed lines), and primordial SN yields for stars of[8 M⊙, 100 M⊙]
(Heger & Woosley 2008) (solid lines). The lower lines are thecorrespond-
ing popIII contributions.Bottom panel: evolution of the ratio between the
average popIII star formation rate density (SFRIII) and the total star for-
mation rate density (SFRtot), SFRIII/SFRtot. The bullets correspond to
the redshift at which the average metallicity of the enriched particles equals
the value ofZcrit.

play a more important role, since they directly affect metalpollu-
tion and star formation history. The existence of popIII stars with
masses below∼ 102 M⊙ is supported by numerical simulations
(e.g. Yoshida 2006; Yoshida et al. 2007; Campbell & Lattanzio
2008; Suda & Fujimoto 2010), which find that it is possible to
fragment primordial clouds down to∼ 10 M⊙. According to
Woosley & Weaver (1995),Z = 0 massive stars can die as SN
if their mass is smaller than40 M⊙; above this limit, they col-
lapse into black holes. Recent updates, though, suggest that such
stars can die as SN even if their masses are larger, up to100 M⊙

(Heger & Woosley 2008). We have investigated the implications of
the uncertainties on our results.
In Fig. 6, together with the results for our reference run (dot-
ted lines), we show the trends for different popIII IMF mass
ranges (while we keep the same slope), assuming metal yields
for primordial, massive SN from Heger & Woosley (2008)6. We
plot star formation rates and the corresponding popIII contribution
for popIII IMF mass ranges of:[0.1 M⊙, 100 M⊙] (solid lines),
[8 M⊙, 100 M⊙] (dashed lines), and[100 M⊙, 500 M⊙] (dotted
lines). The latter case is our reference run and its popIII contribu-
tion is always lower than the other ones. The reason is the extremely

6 We use the tabulated post-supernova yields (Table 8 in Heger& Woosley
2008) for the10 M⊙ − 100 M⊙ stars, explosion energy of 1.2 Bethe,
standard mixing prescriptions, S=4 piston parameter (S. Woosley, private
communication).

short lifetime of stars with masses in the range[100 M⊙, 500 M⊙]
(and in particular in the PISN range), which pollute the surrounding
medium in a time-lag much shorter than the one needed to longer-
living ∼ 10 M⊙ stars. Therefore, metal pollution and the transition
to popII-I regime happen earlier, with a residual popIII contribution
of a factor of 3 or 4 smaller. The difference between the extreme
case of stellar masses in the range[0.1 M⊙, 100 M⊙] and the case
of stellar masses in the range[8 M⊙, 100 M⊙] is simply due to the
different normalization of the IMF, since yields and massive-SN
lifetimes are the same. Indeed, the SN fractions are∼ 0.14 and 1,
respectively. Thus, as in the latter case100% of the stars dies as
SN, their enrichment results slightly higher, and the popIII contri-
bution drops faster than in the former one (see also the bullets in
the lower panel).
Finally, we investigate the effects of different metal yields,
according to Woosley & Weaver (1995) and Heger & Woosley
(2008). As the massive-SN mass range differs in the two works,
in order to have a fair comparison between the yields only
and to exclude normalization effects, we fix the popIII IMF
range as[0.1 M⊙, 100 M⊙] and the massive-SN mass range
as [8 M⊙, 40 M⊙]. In Fig. 7, we compare the results for the
Woosley & Weaver (1995)’s yields (dashed lines) and for the
Heger & Woosley (2008)’s ones (dot-dashed lines). For sake of
completeness, we re-plot also the results for the IMF mass range of
[0.1 M⊙, 100 M⊙] and the massive-SN range of[8 M⊙, 100 M⊙]
(Heger & Woosley 2008). Due to the longer lifetimes of10 M⊙ −

40 M⊙ stars (dashed lines and dot-dashed lines), with respect to
PISN and100 M⊙ star lifetimes (solid lines), the popIII regime
can now last longer (compare bullets in Fig. 7 with the ones inFig.
5 or in Fig. 6), and contribute up to10% the total SFR atz ∼ 11:
some order of magnitude more than all the other cases. By directly
comparing the effects of adopting different yields, in the same mass
range, it comes out that their impact is negligible and thereare no
significant changes in the star formation history.

4.2 Density threshold for star formation

We now address how the transition from popIII to popII-I depends
on the choice of the density threshold for star formation. Indeed, it
is usual to assume that star formation takes place only in converg-
ing flows where a given number density is reached. Because dif-
ferent thresholds lead to different onsets of star formation (see also
Maio et al. 2009), this could also affect the properties of the transi-
tion. For this reason, we re-run the reference simulation (nH,th =
70 cm−3) assuming density thresholds ofnH,th = 7, 1, 0.1 cm−3.
Also in these cases the enrichment is very fast and the critical level
in polluted environments is always reached between redshifts∼ 15
and 18, very close to the value of our fiducial case,∼ 15 (see Fig.
4). Obviously, the higher the density threshold the later the onset of
star formation, as the gas needs more time to condense.
In Fig. 8 we show the star formation rates and the contribution from
popIII stars for different density thresholds. The asymptotic am-
plitude of the total SFR is not affected, but the contribution from
popIII stars has different slopes for differentnH,th: the higher the
threshold, the steeper the evolution ofSFRIII/SFRtot, with this
ratio decreasing of∼ 3 orders of magnitude in redshift intervals of
∆z ∼ 15, 8, 6, 4, fornH,tr = 0.1, 1, 7, 70, respectively.
It is evident that the difference between the70 cm−3, 7 cm−3, and
1 cm−3 cases is quite small, with star formation rates almost over-
lapping since the beginning of the process. The reason is that such
values fall in correspondence of the gas cooling branch, which
is extremely fast and therefore the effects on the final results are
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Figure 8. Upper panel: redshift evolution of the average star formation
rate densities (inM⊙yr−1Mpc−3) for the 0.7Mpc/h side box simu-
lations with Zcrit = 10−4Z⊙. The upper lines are the total star for-
mation rate densities for different H-density thresholds for star formation,
nH,th = 0.1 cm−3 (dotted lines),1 cm−3 (short-dashed lines),7 cm−3

(long-dashed lines), and70 cm−3 (solid lines). The four lower lines are
the corresponding popIII contributions.Bottom panel: evolution of the ratio
between the average popIII star formation rate density (SFRIII) and the
total star formation rate density (SFRtot), SFRIII/SFRtot. The bullets
correspond to the redshift at which the average metallicityof the enriched
particles equals the value ofZcrit.

very little. For the 0.1cm−3 case, instead, we find discrepancies at
higher redshift due to the unresolved isothermal peak. Thisis due
to the fact that (unphysical) low-density threshold modelsconvert
gas into stars quite regularly and smoothly, when it is stillshock-
heating in the hosting dark-matter potential well. But, if high-
density thresholds are used, the dense gas is converted intostars
later on, only after the loitering, isothermal phase (during which
it just gets accumulated at temperatures around∼ 104 K) and the
catastrophic run-away cooling. So, large amounts of particles un-
dergo star formation in a shorter time, after which the SFR catches
up and converges to the low-density-threshold cases. In themean-
time, the critical metallicity is more quickly reached, as well. This
also explains the differences among the slopes of the decrement.
The higher the density thresholds, the higher the gas accumulated
and catastrophically converted into stars, the higher the enrichment,
and the steeper the ratioSFRIII/SFRtot.
The popIII/popII-I transition (see bullets) happens in allthe cases
when the contribution of SFRIII has dropped roughly between
10−2

− 10−1, and at redshiftz ∼ 10 it is ∼ 10−3.
These conclusions support the fact that the transition frompopIII to
popII-I star formation regime is very fast, independently from the
detailed numerical parameters, as long as the gas isothermal phase
is resolved.

4.3 Box size

In this section, we discuss the effect on our results of different
choices for the box size. In the next, we will show metallicity prop-
erties (Sect. 4.3.1) and star formation rate densities (Sect. 4.3.2)

Figure 9. Average metallicities in the simulation of the box with a comov-
ing side length of 5 Mpc/h andZcrit = 10−4Z⊙. The density threshold is
7 cm−3. The magenta horizontal dot-dot-dot-dashed line indicates the crit-
ical metallicity; the dotted line is the maximum metallicity; the dot-dashed
line is the average metallicity of the spread metals; the solid line is the total
metallicity averaged over the whole simulation box; and thedashed lines
the corresponding individual metallicities (see also Fig.4).

.

for simulations with the same parameters used for our reference
simulation but with a box size in comoving units of5Mpc/h and
10Mpc/h. Properties and resolution are also summarized in Ta-
ble 1. Because of the lower resolution of such boxes (gas par-
ticle masses are of the order∼ 104 − 105M⊙/h), we cannot
adopt a very-high-density threshold (of∼ 102 cm−3 or more),
therefore, to make a meaningful comparison we show results for
nH,th = 7 cm−3.

4.3.1 Metallicity

The global behaviour is patchy and similar to the maps already
shown for the0.7 Mpc/h cases (Figs. 1, 2, 3). The only differ-
ence is the larger sampling of star forming regions with a wider
statistical significance.
In Figs. 9 and 10, we plot metallicity evolution for the simulations
with 5 Mpc/h and 10 Mpc/h box side, respectively. In both cases,
the critical metallicity is reached quite quickly and metal-rich re-
gions haveZ > Zcrit already by redshift∼ 10. The rapid at-
tainment ofZcrit is independent of the resolution, which instead
influences the onset of star formation. That is the reason why, in
the 10 Mpc/h box side, star formation is slightly delayed. As in
Fig. 4, we also plot the maximum (dotted lines) and average metal-
licity in the whole simulation box (solid lines) with the different
metal contributions (dashed lines). We find that the first caneas-
ily reach solar values, because of strong pollution due to the high
PISN metal yields; the second hasZ < Zcrit at any redshift above
∼ 7. These fluctuations are reflected in the high patchiness of early
metal spreading. The metal pollution histories do not show large
discrepancies and, in spite of differences in resolution ofmore than
one order of magnitude for the SPH masses, an overall agreement
between larger (5 or 10 Mpc/h) and smaller (0.7 Mpc/h) boxes is
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Figure 10. Average metallicities in the simulation of the box with a comov-
ing side length of 10 Mpc/h andZcrit = 10−4Z⊙. The density thresh-
old is 7 cm−3. The magenta horizontal dot-dot-dot-dashed line indicates
the critical metallicity; the dotted line is the maximum metallicity; the dot-
dashed line is the average metallicity of the spread metals;the solid line is
the total metallicity averaged over the whole simulation box and the dashed
lines the corresponding individual metallicities (see also Fig. 4).

.

reached. Thus, the general results are independent from thepartic-
ular cosmological sampling.

4.3.2 Star formation from population III and population II-I
stellar generations

We will now discuss the behaviour of the star formation ratesfor
the simulations previously introduced.
The average star formation rate densities are shown in the up-
per panel of Fig. 11, for the boxes of0.7Mpc/h (dashed lines),
5Mpc/h (dotted lines), and10Mpc/h (solid lines). The upper
lines refer to the total star formation rate densities and the ones be-
low to the corresponding popIII star formation rate densities (data
points are by Reddy et al. 2008). Overall, they seem to connect
fairly well with the observed trend at lower redshift.
In the bottom panel, we present the ratios of popIII versus total star
formation rate. Independently from the box size, the popIIIcontri-
bution is unity at the very beginning (i.e.∼ 100% of the SFR is
due to popIII) and, for all the cases, rapidly decreases below ∼ 1%
at redshiftz ∼ 11, and below∼ 0.1% at redshiftz . 11: a time-
lag much shorter than a Gyr. This means, consistently with what
said in Sect. 3, that the bulk of popIII episodes happpens in ashort
time after the onset of star formation and it dominates the cosmo-
logical SFR for a limited period at high redshift. At lower redshift,
only isolated regions could still have pristine environment and host
popIII star formation (which is none the less several order of mag-
nitude smaller that the total SFR).
A general feature of the large box simulations is the slight delay of
the onset of star formation: this is due to the limited capabilities of
the bigger SPH particles to condense, cool, and collapse. Indeed,
molecular cooling is not efficient when the SPH masses are so high
(∼ 104 − 105M⊙/h) and the primordial gas in-fall is not well re-

Figure 11. Upper panel: star formation rate densities for the simulations
with a comoving box side of0.7Mpc/h (dashed lines),5Mpc/h (dotted
lines) and10Mpc/h (solid lines). The density threshold is7 cm−3. For
each of them, we show the total star formation rate density (upper lines)
and the popIII one (lower lines). Data points (Reddy et al. 2008) are dif-
ferent determinations of the star formation rate density: square symbols are
the UV determinations, triangular symbols are the IR determinations.Bot-
tom panel: evolution of the ratio between the average popIII star formation
rate density (SFRIII) and the total star formation rate density (SFRtot),
SFRIII/SFRtot. The bullets correspond to the redshift at which the aver-
age metallicity of the enriched particles equals the value of Zcrit.

solved. The qualitative agreement of these results is encouraging,
though.

5 DISCUSSION AND CONCLUSIONS

In this work, we perform numerical simulations of early struc-
ture formation, including both primordial, molecular evolution and
metal enrichment from stellar death, to study the transition from
an early, massive star formation mode to a more standard one,reg-
ulated by the gas metallicity. We follow (see details in Maioet al.
2007; Tornatore et al. 2007) the abundances of e−, H, H+, H−, He,
He+, He++, H2, H+

2 , D, D+, HD, HeH+, C, O, Mg, S, Si, Fe, and
use different initial stellar-mass functions, metal yields, and critical
metallicities for the transition from a popIII to a popII star forma-
tion mode,Zcrit. At the present, our work is the only one dealing
with detailed chemical evolution, from early molecule creation to
the later stages of star formation, and, at the same time, allowing
to trace simultaneous, different stellar populations, according to the
underlying metallicity.
Indeed, early structure formation can be accurately modeled only
with a proper treatment of both the chemistry of primordial
molecules and the metal enrichment. In fact, the main influence
of chemical evolution on the following generations of structures
is via metal pollution (chemical feedback). This event can com-
pletely alter the cooling properties of the gas and thus the modal-
ities of star formation, inducing a transition from a top-heavy to a
standard IMF. The transition is believed to happen when the gas is
enriched aboveZcrit, which allows fragmentation below the typi-
cal scales determined by primordial molecular cooling. Because of
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our ignorance of the features of early dust formation and thelack
of precision of many atomic and molecular data, the exact determi-
nation ofZcrit is still elusive; reasonable values should range be-
tween10−6 Z⊙ and10−3 Z⊙ (Bromm et al. 2001; Schneider et al.
2002).
In our simulations we assume four different values ofZcrit in
the above range:10−6, 10−5, 10−4, and10−3 Z⊙. From our in-
vestigation, some common features emerge. In general, metal pol-
lution, independently from the parameters adopted in the simu-
lations, is very patchy, with excursions of orders of magnitudes
at all redshifts. This is consistent with any simulation including
metal enrichment (Raiteri et al. 1996; Gnedin 1998; Mosconiet al.
2001; Lia et al. 2002a,b; Kawata & Gibson 2003; Kobayashi 2004;
Ricotti & Ostriker 2004; Scannapieco et al. 2005; Tornatoreet al.
2007; Oppenheimer et al. 2009). In addition, the gas is easily en-
riched aboveZcrit. For this reason, the average contribution from
pristine, metal-free (orZ < Zcrit) stars to the total cosmic star for-
mation density is dominant only in the very early phases of struc-
ture formation, while it drops below∼ 10−3 quite rapidly, after
the explosion of the first pair-instability supernovæ and their metal
ejection. In fact, PISN explosions which follow the death ofthe
first, metal-free or very-metal-poor stars, are the main responsibles
for enriching the surrounding medium up to a minimum level of
∼ 10−4 Z⊙. This means that nearby star forming regions have a
very high probability of being polluted aboveZcrit (as seen also in
Fig. 4), while popIII star formation can still occur fartheraway, in
rare, isolated regions with pristine or low-metallicity gas (e.g. Fig.
3). None the less, this would not be the dominant star formation
regime.
Our findings hold regardless of the value ofZcrit, the popIII IMF
adopted, and the numerical parameters involved in modelingstar
formation (as shown in Sect. 4.1, 4.2, and 4.3). Differencesare
found if different IMF mass ranges for primordial stars are used.
Because of the short life and the high metal yields of early, massive
SN, the popIII regime contributes, in any case, only slightly to the
global SFR (as expected by e.g. Ricotti & Ostriker 2004), since the
early pollution events quickly raiseZ aboveZcrit, independently
from the detailed prescriptions.
The simulations were performed using a standardΛCDM cosmol-
ogy, but slightly different parameters would not change thegen-
eral picture. We have checked this, by running simulations with
Ω0m = 0.26, Ω0Λ = 0.74, Ω0b = 0.0441, h = 0.72, σ8 = 0.796,
andn = 0.96 (WMAP5 data, Hinshaw et al. 2008) and found that
the same results hold, albeit shifted by a∆z ∼ of a few to lower
redshift (because of the smallerΩ0m).
One last comment about the role of dust production from SNII
and/or PISN: one of the main uncertainties in determiningZcrit.
According to our findings, given the strength and rapidity ofmetal
enrichment (see e.g. Figs. 4, 9 and 10), details about dust and its
impact onZcrit are not relevant for the general process and for our
understanding of the transition from primordial, popIII regime to
present-day-like, popII-I regime (even if they could be of some in-
terest on very local scales). The entire process, in fact, isdominated
by metal pollution and the strong yields of early, massive stars.
We have to stress somecaveats, though. Ejection of particles into
the IGM is an unknown process. We have assumed winds origi-
nated from stars (kinetic feedback), but different mechanisms (like
gas stripping, shocks, thermal heating from stellar radiation, etc.)
could play a role, as well, mostly at high redshifts, when objects
are small and can easily loose part of their baryonic content. In
addition, diffusion and conduction will probably alter thesmooth-
ness of metal and molecule distribution, but these phenomena have

not been extensively studied, yet, and probably will dependon
many parameters: e.g., the way metal or gas particles are ejected
and mixed, how they are transferred away from the production
sites, how strong is the efficiency of such processes, just tomen-
tion a few. Some attempts to address such issues have been done
(Spitzer 1962; Cowie & McKee 1977; Brookshaw 1985; Sarazin
1988; Monaghan 1992; Cleary & Monaghan 1999; Klessen & Lin
2003; Jubelgas et al. 2004; Monaghan et al. 2005; Wadsley et al.
2008; Greif et al. 2009), but much more realistic and detailed anal-
yses are still strongly needed.
To conclude, we have followed the structure formation process
from very early times to first star formation and subsequent metal
pollution. In the 1 Mpc side box simulations we have seen that, af-
ter ∼ 2 × 108 yr, molecular evolution leads the very first bursts
of star formation (popIII), but metal enrichment is extremely fast
(Figs. 1, 2, and 3) in inducing the nowadays observed star formation
mode (popII-I). In fact, we observe a steep increase ofZ, with local
values rapidly reaching and overtakingZcrit (Fig. 4). Metal pollu-
tion proceeds from the densest cores of star formation outwards,
because of supernova ejections from high-density to lower-density
environments (Figs. 2, and 3). Rare, unpolluted regions canstill
survive, determining the simultaneous presence of the two star for-
mation regimes, andZcrit can affect the level of residual popIII star
formation. As a result of this rapid pollution, we find that the aver-
age contribution of the popIII component to the total star formation
rate density is of a few times∼ 10−4

− 10−3 (with a maximum of
∼ 10−2

−10−1) atz ∼ 11 (Figs. 5,6, and 7). This general picture is
preserved regardless of the precise value of the metallicity thresh-
old Zcrit the slope of the popIII IMF, and their yields, but is quite
sensitive to the popIII mass range. The change of the critical den-
sity threshold for star formation influences little these conclusions,
but can affect the onset and the decrement of the popIII contribu-
tion to the total SFR (e.g. Fig. 8). We have found similar results
in larger-box simulations, either in the metal enrichment features
(Figs. 9 and 10) and in the star formation behaviour (Fig. 11).
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