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Abstract.
Motivated by the WMAP results indicating an early epoch of reionization, we consider al-

ternative cosmic star formation models which are capable of reionizing the early intergalactic
medium. We develop models which include an early burst of massive stars (with several possi-
ble mass ranges) combined with standard star formation, in the framework of the hierarchical
scenario of structure formation. We compute as a function of redshift the stellar ionizing flux
of photons, the supernova rates and the chemical evolution, both in the intergalactic medium
and in the interstellar medium of forming galaxies. We apply constraints from the cosmic ob-
served star formation rate and the observed abundances in the Lyman α forest and in Damped
Lyman α clouds in conjunction with the ability of the models to produce the required degree of
reionization.
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1. Introduction
We have developed a model of cosmic evolution (Daigne et al. (2004), Daigne et al.

(2005)), which is a generalized version of standard chemical evolution models designed
to follow one specific structure such as the Milky Way (for a review, see Tinsley(1980)).
We describe baryons in the Universe by two large reservoirs. The first one stands for
the collapsed structures which form stars (hereafter the “structures”) and is divided in
two sub-reservoirs : the gas (hereafter the “interstellar medium” or ISM) and the stars
and their remnants (hereafter the “stars”). The second reservoir stands for the medium
lying between the collapsed structures (hereafter the “intergalactic medium” or IGM).
We follow the evolution of the baryonic mass of these reservoirs as a function of redshift.
It is governed by four mass fluxes, which represent four fundamental physical processes :
structure formation (accretion of baryons from the IGM by the structures), star forma-
tion (transfer of baryons from the ISM to the stars), metal ejection by stars (transfer of
baryons from the stars to the ISM) and enriched gas outflow from the structures (transfer
of baryons from the ISM to the IGM). We follow not only the evolution of the baryonic
mass of each reservoir but also the mass fraction of several chemical elements, the rate of
explosive events (type Ia and type II supernovae) and the ionizing flux of stellar origin.
The normal mode of star formation (0.1-100 M�) dominates during most of the cosmic
evolution. At high redshift and low metallicity, we consider a peculiar mode of star for-
mation (population III stars) with a top-heavy IMF in the range 40-100 M�. We have
also considered very massive stars in the range 140-260 M� or in the range 270-500 M�.
The transition from population III stars to the normal mode of star formation occurs at
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Figure 1. Cosmic star formation rate, type II supernova rate and global metallicity.
Top : Star formation rate as a function of redshift. The observed SFR up to z ∼ 5 is taken from
Hopkins (2004). Middle : Type II supernova rate as a function of redshift. The observed rate
up to z ∼ 0.7 is taken from Dahlen et al. (2004). Bottom : Global metallicity as a function of
redshift. The metallicity of 100 Damped Lyman-α systems measured by Prochaska et al. (2003)
is indicated. In the three panels, the result of four models characterized by different minimum
mass Mmin of the dark matter halo of star-forming structures (see text) is plotted in thick line.
Each value Mmin = 107, 108, 109 and 1011 M� is indicated in the upper panel and corresponds
to a different initial redshift. In the lower panel, the solide line (resp. dashed line) represents
the metallicity in the structures (resp. in the IGM). In each panel a model without outflow and
without population III stars is also indicated in thin line for the case Mmin = 108 M�.

a critical metallicity Zc which is taken to be 10−4 Z� (Bromm (2004)). The structure
formation is computed in the framework of the hierarchical scenario, using a code devel-
oped by Jenkins et al. (2001) based on the standard theory (Press & Schechter (1974))
which predicts the distribution of the mass of dark matter halos as a function of redshift.
We use the cosmological parameters of the so-called “concordance model” (Spergel et al.
(2003)). The growth of the reservoir of baryons in the structures is computed assum-
ing that stars form in collapsed structures having a dark matter halo of minimum mass
Mmin and that this process starts when the fraction of baryons in such structures is 1 %.
The outflow from the structures is assumed to be powered by a fraction ε of the kinetic
energy of supernovae. The escape velocity in the structures evolves with redshift to take
into account the increase of the typical mass of a star forming structure. Therefore the
outflow is much more efficient at high redshift than today.

The model is therefore characterized by five physical parameters : minimum mass Mmin

of the dark matter halo of star-forming structures, efficiency ε of the outflow, slope x1 of
the IMF, intensity ν1 and timescale τ1 of the SFR, which decays exponentially with time
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Figure 2. Evolution of the Iron and Silicon abundances. The mass fraction of Iron (top)
and Silicon (bottom) as a function of redshift is plotted in thick line both in the ISM of structures
(solid line) and in the IGM (dashed line) for four models characterized by Mmin = 107, 108, 109

and 1011 M�. In the case Mmin = 108 M�, an alternative model with very massive population
III stars in the 140-260 M� mass range is also plotted in thin dashed line and labeled with
PISN. Observed abundances are taken from Prochaska et al. (2003) (crosses: Iron and Silicon
abundances in 100 DLAs), Ledoux et al. (2003) (triangles: Iron and Silicon abundances in 33
DLAs and sub-DLAs), Songaila (2001) (boxes: Silicon IV abundance in the IGM) and Aguirre
et al. (2004) (big dot : total Silicon abundance in the IGM). Horizontal thin dashed lines indicate
the measured abundances in the following four very metal-poor halo stars : CS 22949-037 (Iron
and Silicon, from Depagne et al. (2002)), HE 0107-2240 (Iron and Silicon, from Bessell et al.
(2004)), HE 1327-2326 (Iron, from Frebel et al. (2005) and G 77-61 (Iron, from Plez & Cohen
(2005)).)

(for details see Daigne et al. (2005)). There are many observational constraints that can
be used to fix these parameters : the observed cosmic star formation rate up to z ∼ 5,
the present value of the fraction of all baryons which are in the star-forming structures
fb,struct(z = 0) ∼ 55 ± 15 % (Fukugita & Peebles (2004)), the observed rate of type II
supernovae up to z ∼ 0.7, the observed rate of type Ia supernovae up to z ∼ 1.6 and the
measurements of the abundances of several metals in the ISM and in the IGM up to z ∼ 5.

2. Cosmic Star Formation Rate, reionization and nucleosynthesis
We build a series of models for different minimum mass Mmin of the dark matter halo

of star-forming structures. The timescale of the SFR is fixed to fit the observed SFR
(shape of the decrease at low redshift), the intensity of the SFR is fixed by the observed
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Figure 3. Reionization. The cumulative number of ionizing photons emitted by stars is plotted
as a function of redshift for four different models characterized by Mmin = 107, 108, 109 and
1011 M�. In the case Mmin = 108 M�, two alternative models with very massive population
III stars are also indicated in dahsed line. The model labeled PISN (resp. BH) corresponds to
population III stars in the range 140-260 M� (resp. 270-500 M�). These stars are assumed to
end as a Pair-Instability Supernova (PISN) or to collapse directly into a black hole without
any metal production (BH). The minimum number of photons per baryon necessary to fully
reionize the IGM is plotted in thin dashed line for three different values of the clumpiness factor
CH II = 10, 30 and 100.

metal abundances in the ISM, the efficiency of the outflow is adjusted to reproduce the
observed present value of the baryon fraction in the star-forming structures and finally
the slope of the IMF is fixed to fit the observed type II supernova rate. Once the normal
mode is adjusted, a massive population III mode is added at high redshift for Z < Zc.
The intensity of this early starburst is taken as large as possible to get a high ionizing flux
at high redshift, under the constrain that one should avoid an overproduction of metals
leading to a too intense prompt initial enrichment of the ISM and the IGM. Results for
Mmin = 107, 108, 109 and 1011 M� are plotted in figures 1, 2 and 3. All these models
give a present value of the baryon fraction in the structures in agreement with Fukugita
& Peebles (2004) and reproduce well the observed SFR up to z ∼ 2− 3, the local global
metallicity in the structures and the type II supernova rate up to z ∼ 0.7. We find
that the early enrichment of the IGM is easier at low minimum dark matter halo mass
Mmin (see figure 1 bottom), as the star formation starts earlier. This effect is even more
visible for individual elements (see Iron and Silicon in figure 2). On the other hand the
reionization of the IGM is less efficient for low Mmin as the recombination time of ions
is shorter at high redshift (see figure 3). Very massive stars in the range 270-500 M�
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can play an important role for reionizing the IGM (see figure 3) as they add an intense
ionizing flux without metal production. On the other hand the intensity of a starburst
of PISN stars in the range 140-260 M� is strongly limited to avoid an overproduction
of metals. Therefore such stars are not good candidates for the early reionization of the
IGM (see figure 3). We conclude that intermediate minimum halo masses in the range
Mmin ∼ 108 − 109 M� and massive population III stars in the range 40-100 M� are
preferred. This corresponds to an epoch of reionization at z ∼ 10− 15 in agreement with
WMAP results (Kogut et al. (2003)). In such models, we predict that the early population
III starburst is responsible for ∼ 10% of metals in the IGM and that the observed cosmic
SFR is underestimated above z ∼ 3. It is interesting that the measurement of the type II
SN rate at z ∼ 2− 3 should severely discriminate among the different possible minimum
dark matter halo masses (see Figure 1 middle).

3. Supernovae
Once the intensity and the timescale of the normal mode of star formation have been

fixed (see previous section), it is possible to constrain the parameters fixing the type
Ia supernova rate. For type Ia progenitors in the mass range 2-8 M�, we find that
observations are well reproduced if ∼ 1 % of these stars lead to type Ia supernovae
and if the typical delay between the formation of the white dwarf and the explosion is
∼ 3−3.5 Gyr (figure 4). This delay is much larger than what was usually assumed in the
past (∼ 1 Gyr), as already suggested by Dahlen et al. (2004). With such parameters, we
predict that ∼ 50 % of Iron in the structures is produce by type Ia supernovae (figure 2),
whereas, due to the large delay, this fraction is only ∼ 10 % in the IGM.

4. Conclusion
It is very promising that our model of cosmic evolution is able to reproduce simultane-

souly a large set of independent observations at low and high redshift : present fraction
of baryons in the star-forming structures, observed cosmic SFR, observed type II and
type Ia supernovae rates, and chemical abundances in the structures and in the IGM.
We predict that the bulk of the star formation occurs in collapsed structures having dark
matter halos of minimum mass 108 − 109 M�, that the observed SFR above z ∼ 3 is
probably underestimated, that population III stars are mainly in the range 40-100 M�,
that only 10 % of the metals in the IGM are due to these populations III stars, that the
reionization of the IGM occurs at z ∼ 10 − 15 and is easier if population III stars also
include a very massive component above 270 M�, and that type Ia supernovae explode
with a long delay ∼ 3 − 3.5 Gyr and are therefore responsible of 50 % of Iron in the
structures but only 10 % in the IGM.
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Figure 4. Evolution of the type Ia / type II Supernova rates. Top : evolution of the ratio
of type Ia over type II supernova event rates. The observed local value is taken from Cappellaro
et al. (1999). Middle : type II SN rate as a function of redshift. The observed rate up to z ∼ 0.7 is
taken from Dahlen et al. (2004). Bottom : type Ia SN rate as a function of redshift. The observed
rate up to z ∼ 1.6 is taken from Blanc et al. (2004), Dahlen et al. (2004) and Strolger et al.
(2004). In the three panels, the result of two models with Mmin = 108 M� and Mmin = 1011 M�
is plotted in thick line. Models for Mmin = 107 and 109 M� are not plotted but are very close
to the model with Mmin = 108 M�.
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