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ABSTRACT

Context. The mechanical and radiative feedback that exists in the star formation history affects the subsequent star formation rate.
Aims. After considering the effects of negative feedback on the process of star formation, we explore the relationship between star
formation process and the associated feedback, by investigating how the mechanical feedback from supernovae(SNe) and radiative
feedback from luminous objects regulate the star formation rate and therefore affect the cosmic reionization.
Methods. Based on our present knowledge of the negative feedback theory and some numerical simulations, we construct an analytic
model in the framework of the Lambda cold dark matter model. In certain parameter regions, our model can explain some observa-
tional results properly.
Results. In large halos (Tvir > 104 K), both mechanical and radiative feedback have a similar behavior: the relative strength of negative
feedback reduces as the redshift decreases. In contrast, in small halos (Tvir < 104 K) that are thought to breed the first stars at early
time, the radiative feedback gets stronger when the redshift decreases. And the star formation rate in these small halos depends very
weakly on the star-formation efficiency.
Conclusions. Our results show that the radiative feedback is important for the early generation stars. It can suppress the star formation
rate considerably. But the mechanical feedback from the SNe explosions is not able to affect the early star formation significantly.
The early star formation in small-halo objects is likely to be self-regulated. The radiative and mechanical feedback dominates the
star formation rate of the PopII/I stars all along. The feedback from first generation stars is very strong and should not be neglected.
However, their effects on the cosmic reionization are not significant, which results in a small contribution to the optical depth of
Thomson scattering.
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1. Introduction

In the past decades, the so-called “bottom-up” hierarchi-
cal scenario for the large-scale structure formation in the
Lambda cold dark matter (ΛCDM) cosmogonies has been
getting decisive support from more and more observations
(e.g. from HST, WMAP, SDSS) and from high-resolution
N-body/hydrodynamics numerical simulations. Owing to the
complexity of the baryonic evolution in the radiative background
and gravitational field, the galaxy formation and evolution in
dark matter halos and the reionization history of IGM have
not been fully understood yet. The difficulties stem from our
lack of knowledge of those early formed objects that are un-
observable at present. The formation of the first objects is rel-
evant to the cosmic reionization history. Recent detections of
the Gunn-Peterson trough (Gunn & Peterson 1965) in the spec-
tra of QSOs with z � 6 indicate less 50% neutral hydrogen at
z ∼ 6.5 (Fan et al. 2006; Wyithe et al. 2005). The ongoing ob-
servations by the WMAP satellite of cosmic microwave back-
ground (CMB) and the highest redshift QSOs put very tight con-
straints on the reionization history of the Universe. The WMAP

five-year observation manifests the Thomson scattering optical
depth, τe = 0.084+0.016

−0.016 (Komatsu et al. 2008), which suggests
that our Universe might be reionized during the period of red-
shift 9.4 ≤ zre ≤ 12.2.

It is well-known that chemical elements heavier than lithium
are produced exclusively through stellar nucleosynthesis. Some
of the first generation stars (the so-called population III stars,
hereafter, PopIII) die as SNe explosions, which can expel heavier
elements into the intergalactic medium (IGM). When the metal
elements in IGM are enriched to a certain threshold Zcrit, the
population II/I stars (hereafter PopII/I) will form and take the
place of the first stars to light the universe. Thence, the SNe
from PopIII stars determine the transition from PopIII to PopII/I.
The existence of PopIII stars can help in explaining the metal
enrichment from Z � 10−12−10−10 to the lowest metallicity of
PopII stars Z � 10−4−10−3, the formation of massive black
holes, the reionization of the universe, the starting engine for
the formation of the first galaxies and the G-dwarf, and so on
(Ciardi & Ferrara 2005). But there is still no hope in observ-
ing the first generation stars until the launch of the James Webb
Space Telescope (JWST), the successor of the Hubble Space
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Telescope (HST) (Barkana & Loeb 2001). JWST is expected to
find the pair instability SNe (PISNe) from massive PopIII stars
(Wise & Abel 2005).

Due to the absence of the observational data of very high-
redshift (z ≥ 10) objects, theoretical investigations are mainly
based on numerical simulations. Some works concentrated on
the effects of the first-generation SNe explosions (Yoshida et al.
2003; Kitayama & Yoshida 2005; Greif et al. 2007), while the
others focused on the strong stellar and galactic winds from
PopIII stars (Meynet et al. 2006; Ricotti et al. 2008). Based on
these works, we put forward a model to describe the global ef-
fects from the PopIII stars at an early time, such as the SFR den-
sity, the IGM reionization, and so on.

In this paper, we study the effects of the mechanical feedback
from SNe and the radiative feedback from stars and UV back-
ground, especially the negative feedback effects on the SFH
and the cosmic reionization history. The radiative feedback from
PopIII stars includes the ISM photoevaporation and IGM reion-
ization. The outline of this paper is as follows. In Sect. 2, we
describe the evolution of dark matter halos in the ΛCDM model.
Within this framework, the SFR in a halo can be expressed
as an analytic formula with some free parameters. Mechanical
feedback from stars is studied in Sect. 3. In Sect. 4, we intro-
duce an analytic model to deal with the radiative feedback from
PopIII. Finally, our discussion and conclusions are presented
in the last section. Throughout this paper, we adopt the cos-
mological parameters consistent with the 5 years WMAP data:
Ωmh2 = 0.1358,ΩΛ = 0.726, Ωb = 0.0456, h = 0.7, σ8 = 0.812
(Komatsu et al. 2008).

2. Cold dark matter model and star formation
in galaxies

2.1. Redshift evolution of dark matter halos

In the hierarchical clustering scenario of CDM halos, a sim-
ple and successful model for the formation and distribution of
spheroidal or ellipsoidal collapsing objects was presented in last
century based on the theory of Gaussian random fields about
cosmological density perturbation (Press & Schechter 1974;
Bardeen et al. 1986). In this scenario, gravity governs almost the
whole process. The dark matter halos increase their own mass
through accreting matter and merging with each other (Lacey
& Cole 1993). Based on this model, Sasaki (1994) proposed an
analytic formula to describe the formation and evolution of the
CDM halos. In this formalism, the number density of collapsed
objects with mass in the range (M,M + dM), which are formed
at the redshift interval (zc, zc + dzc) and survive till redshift z, is
(Sasaki 1994; Chiu & Ostriker 2000),

N(M, z, zc)dMdzc = αNM(zc)

(
δc

D(zc)σ(M)

)2 Ḋ(zc)
D(z)

× dzc

H(zc)(1 + zc)
dM. (1)

Here the overdot represents the time derivative, and NM(zc) dM
is the number of collapsed objects per unit comoving vol-
ume within a mass range (M,M + dM) at redshift zc (Press &
Schechter 1974). In Eq. (1), δc is a constant, usually taken to be
1.686 in a matter-dominated flat universe (Ωm = 1). This value
is quite insensitive to the cosmological parameters (Eke et al.
1996), where H(z) is the Hubble parameter, D(z) the growth fac-
tor for linear perturbations, and σ(M) the rms mass fluctuation
on a mass scale M. In addition, N(M, z, zc) in Eq. (1) represents

the formation rate of halos weighted by their survival probabil-
ity. For more accuracy, here we use Sheth & Tormen (1999)’s
modified formula for the expression of NM(zc)dM, which fits the
numerical simulations better than the original one, especially at
high redshift. Numerical simulations also indicate α = 0.707
(see Sheth et al. 2001, for more details).

2.2. Star-formation rate in galaxies and the cosmic SFR
density

Stars or even galaxies are confirmed to form through cool-
ing and condensation of baryons within the DM halos (White
& Rees 1978). The formation and evolution of galaxies and
the associated star formation histories have been studied exten-
sively via both numerical simulations and semi-analytic mod-
els (Cen & Ostriker 1992; Chiu & Ostriker 2000; Choudhury
& Srianand 2002; Springel & Hernquist 2003; Nagamine et al.
2006). Following Cen & Ostriker (1992), Chiu & Ostriker
(2000) and Choudhury & Srianand (2002), we assume1 that the
SFR in a halo with mass M at z that has collapsed at an earlier
redshift zc, is given by

ṀSF(M, z, zc) = f∗M
Ωb

Ωm
× t(z) − t(zc)

κ2t2
dyn(zc)

exp

(
t(z) − t(zc)
−κtdyn(zc)

)
· (2)

Here, f∗, t(z), tdyn are the fraction of total baryonic mass in a halo
that will be converted to stars, the age of the Universe at red-
shift z, and the dynamical time scale, respectively. In our model,
we take f III∗ = 0.07 (Choudhury & Ferrara 2006) for PopIII stars
and f II∗ = 0.3 for PopII/I stars. The dynamical time scale tdyn is
given by (Chiu & Ostriker 2000),

tdyn(z) =

√
3π

32Gρvir(z)
, (3)

and here,

ρvir(z) = Δc(z)ρc(z),

Δc(z) = 18π2 + 82d(z) − 39d2(z),

d(z) =
Ωm(1 + z)3

Ωm(1 + z)3 + ΩΛ
− 1,

ρc(z) =
3H2(z)

8πG
·

The duration of star formation activity in a halo depends on the
value of κ. Note that κ → 0 corresponds to the star formation
occurring in a single burst. By using a 3D cosmological code that
includes most of the needed physics to simulate the formation
and evolution of the first galaxies, Ricotti et al. (2002a,b, 2008)
show that the first luminous objects (“small-halo objects”) are
characterized by “bursting” star formation. In this paper, we thus
set κIII = 0.01 for PopIII SF (Samui et al. 2007) and κII = 1 for
PopII/I (Cen & Ostriker 1992; Chiu & Ostriker 2000; Choudhury
& Srianand 2002).

Consequently, the cosmic SFR per unit comoving volume
(SFR density, hereafter SFRD) at a redshift z can be written as

ρ̇SF(z) =

∞∫
z

dzc

∞∫
Mlow

N(M′, z, zc) × ṀSF(M′, z, zc)dM′, (4)

1 In fact, this is not the most fundamental assumption (see Appendix A
for details).
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where the lower mass cutoff Mlow(z) at a given epoch depends
on the cooling efficiency of the gas and the different feedback
processes. Following Barkana & Loeb (2005), the lower mass
cutoff can be expressed as

Mlow(z) = 9.2 × 107M�
( Vc

16.5km s−1

)3 (1 + z
10

)− 3
2

, (5)

where the circular velocity Vc = (2kBTvir/μmp)1/2, the mean
molecular weight μ = 0.61, and Tvir is the virial temperature
of halos. Halos with Tvir ≥ 104 K are able to cool via atomic
transitions. It is usually considered as standard in most semi-
analytic models that the minimum mass of star-forming halos
is Mlow(z = 6) ∼ 108 M�. When the H2 content of the gas
is considerable, molecular line cooling can make gas condense
within the small halos (Tvir ∼ 103 K) and eventually form stars
(Tegmark et al. 1997; Haiman et al. 2000; Barkana & Loeb 2005;
Schneider et al. 2006; Samui et al. 2007). In the ΛCDM model,
the number of halos with masses 105−108 M� (Tvir < 104 K) that
are expected to possess PopIII stars at high-redshift decreases af-
ter z ∼ 10 due to the DM halos merging process (Mo & White
2002), so these small-halo objects can dominate the galaxy mass
function until at least redshift z ∼ 10 (Ricotti et al. 2002b).
Finally, we consider the atomic cooling model (Tvir ∼ 104 K) for
PopII/I and molecular cooling model (Tvir ∼ 103 K) for PopIII.
It is notable that the Mlow mentioned above corresponds to the
neutral regions only.

On the other hand, the Lyman-Werner (912−1108 Å) back-
ground can also inhibit the star formation (Haiman et al. 1997;
Ricotti et al. 2002a; Yoshida et al. 2003). However, it is interest-
ing that the positive feedback of H2 re-formation (e.g. in front
of HII regions and inside relic HII regions) can counterbalance
the negative feedback from LW background (Ricotti et al. 2001,
2002a). As a consequence, the formation of small-mass galax-
ies is not suppressed, so in this paper we do not consider the
LW background feedback by assuming that positive feedback
dominates and star formation in small galaxies is not suppressed.

2.3. PopIII mass fraction

With the evolution of the Universe, the characteristics of star
formation changes from a metal-free, massive-star-dominated
(PopIII) mode to a metal-enriched, normal-star-dominated
(PopII/I) mode. Numerical simulations indicate that this transi-
tion occurs when the metal has been enriched to a critical value,
Zcrit � 10−3.5∼−4 Z� (Bromm et al. 2003; Smith & Sigurdsson
2007). If most of the first generation stars die as PISNe, the
volume-averaged mean metallicity would reach Z ∼ 10−4 Z� at a
redshift of ∼12−16 (Yoshida et al. 2004). It is suggested that the
PopIII stars are terminated at zend ∼ 9−10 (Ricotti et al. 2002b;
Salvaterra & Ferrara 2003; Matsumoto et al. 2005; Choudhury
& Ferrara 2006).

Based on the above discussions, we assume a PopIII mass
fraction, FIII(z), which means the mass fraction of objects
forming from gas with Z < Zcrit at a redshift z, i.e. the
sites of PopIII star formation (Scannapieco et al. 2003). Here
FIII(z) is merely a function of redshift z. The transition from
PopIII to PopII/I should not happen suddenly at a certain red-
shift, because chemical feedback is a local process: with re-
gions close to star formation sites rapidly becoming metal-
polluted and overshooting Zcrit, and others remaining essentially
metal-free. PopIII and PopII star formation modes could have
been coeval (Ciardi & Ferrara 2005), so instead of assigning
FIII(z) a Heaviside function θ(z − ztran), here we introduce a

Table 1. Model parameters.

Parameters Referrence values

εIIISN 0.05

εIISN 0.02

f III
esc 0.8

f II
esc 0.1

f III∗ 0.07

f II∗ 0.3

function: FIII(β, z) = (z/ztran)β/[1 + (z/ztran)β], in which β is a
free parameter describing the transition speed. The β→ ∞ limit
reproduces the sharp transition case. In this work, we take the
transition redshift to be ztran � 14, and the free parameter β = 12,
which ensures the mass fraction of PopIII is lower than 5 percent
at zend. Now the SFRD can be rewritten as

ρ̇III(z) =

∞∫
z

dzc

∞∫
Mlow

dM′N(M′, z, zc)

× ṀSF(M′, z, zc) × FIII(zc) (6)

for PopIII, and

ρ̇II(z) =

∞∫
z

dzc

∞∫
Mlow

dM′N(M′, z, zc)

× ṀSF(M′, z, zc) × (1 − FIII(zc)) (7)

for PopII/I.

3. Mechanical feedback processes

3.1. PopII/I SNe feedback

Mechanical feedback is associated with mechanical energy in-
jection from SNe explosions and galactic winds. Most of works
concentrate on the effects of the first-generation SNe explosions
at very high redshift rather than the winds from metal-free stars
(Mori et al. 2002; Yoshida et al. 2003; Salvaterra et al. 2003;
Kitayama & Yoshida 2005; Greif et al. 2007). A consequence
of SNe explosions is to expel the gas out of the host halo par-
tially (blowout) or totally (blowaway) and reduce or empty the
reservoir for subsequent star formation. Some numerical simula-
tions show that one PopIII PISN M∗ = 200 M� (ESN ∼ 1052 erg)
can deplete its host halo easily (discussed in the next subsection).
But there are at least two reasons for an SN explosion of PopII/I
not being capable of blowing the most gas out of its host halo:
(i) its explosion energy is much lower than that of a PopIII star,
and the disperse distribution of the lifetime of PopII/I stars can-
not ensure enough number of the SNe per unit time to deplete
the halo; (ii) a halo with virial temperature Tvir ≥ 104 K in the
PopII/I epoch (z ≤ 14) having mass of Mvir � 108 M�, corre-
sponding to a binding energy Eb � 1052 ∼ 1053 erg, is able to
prevent an SN explosion of PopII/I (generally ESN ≤ 1051 erg)
from expelling most gas out of the halo, because for halos with
mass Mvir ≥ 107 M� the star formation will not be quenched
even if ESN exceeds the binding energy of halos Eb by 2 orders
of magnitude (Kitayama & Yoshida 2005). Furthermore, the en-
riched metallicity can enhance the gas cooling, which can also
help to hold the escaping gas back.

However, the huge energy generated by a (PopII/I) SN ex-
plosion can, at least, partially heat the cold gas even in a
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high-metallicity environment. This normal SNe feedback has
been extensively studied both in terms of SNe explosions and
galactic outflows. Due to the feedback of supernovae explosions,
the gas will be removed from the cold phase at the rate (Granato
et al. 2004):

ṀSN
II =

2
3

ṀSF(M, z, zc) ε
II
SN

ηII
SNEII

SN

σ2

= 1.1εIISNṀSF(M, z, zc)

(
500 km s−1

Vc

)2

, (8)

where ηII
SN � 6 × 10−3 M−1� is the number of SNe expected

per solar mass of formed stars, EII
SN is the kinetic energy of the

ejecta from each PopII/I supernova (6× 1050 erg; e.g. Nadyozhin
2003), and εIISN is the fraction of this energy that is used to heat
the cold gas. Here ηII

SN is evaluated by “Starburst99” and adopt-
ing a minimum progenitor mass of 8 M� and the Salpeter IMF.
Some analyses show that above 90% of the SN kinetic energy
may be lost by radiative cooling (Thornton et al. 1998; Heckman
et al. 2000). Here we set εIISN = 0.02. As the line-of-sight
velocity dispersion σ, we adopt the relationship σ � 0.65Vc
(Ferrarese 2002). Finally, we can obtain the SNe feedback on
PopII/I SFRD:

ρ̇FB
II (z) =

∞∫
z

dzc

∞∫
Mlow

dM′ N(M′, z, zc)

×
[
1 − FIII(zc)

]
× ṀII

SF(M′, z, zc), (9)

where ṀII
SF(M, z, zc) is the regulated SFR by the feedback from

SNe explosions in PopII/I dominated halos (with Tvir ≥ 104 K,
see Appendix A for detail).

3.2. Mechanical feedback from first-generation stars

The ultimate fate of a metal-free star depends critically on its
mass (Heger & Woosley 2002; Heger et al. 2003): (1) 8 M� <
M∗ < 25 M� (these stars explode as core-collapse SNe and leave
neutron stars behind); (2) 25 M� < M∗ < 40 M� (these explode
as faint type II SNe and leave black holes behind); (3) 40 M� <
M∗ < 140 M� (these do not explode as SNe and directly collapse
into black holes2); (4) 140 M� < M∗ < 260 M� (these explode
as PISNe, causing complete disruption); (5) 260M� < M∗ (these
collapse, in the absence of rotation, directly into black holes), so
not all the PopIII stars can die as an SN explosion. We employ a
slightly top-heavy IMF (Larson 1998) for PopIII stars (50 M� ≤
M∗ ≤ 500 M�):

dN
(dlog M∗)

∝ (1 + M∗/Mc)−1.35, (10)

where Mc = 100 M� is the characteristic stellar mass of PopIII.
As a result, the PISN is almost the only type of supernova ex-
plosion for PopIII. Bromm et al. (2003) show that, for a halo of
mass M ∼ 106 M� at z ∼ 20, a PISN of mass M∗ = 250 M�
(ESN ∼ 1053 erg) can disrupt the halo completely. A similar re-
sult has been obtained by Greif et al. (2007), who find that a
PISN with mass M∗ = 200 M� (ESN ∼ 1052 erg) can deplete the
whole host halo.

2 But some of them experience a pulsating instability and eject their
outer envelope, again leaving black holes behind.

The photoevaporation effect might be particularly important
for PopIII objects (Ciardi & Ferrara 2005). In small-halo ob-
jects (Tvir < 104 K), photoevaporation alone from OB stars can
produce strong galactic winds that expel most of the gas from
galaxies. Galactic winds produced by an SN explosion may be
important after about 10 Myr (Ricotti et al. 2008). Because the
internal photoevaporation in a PopIII object is able to deplete
most of the gas before the first SNe explode, in fact, the first
SNe explosions have no chance to exert negative feedback on
the star formation in these halos. Finally we only consider the
SNe feedback in halos of Tvir > 104 K in this paper. For those
big halos (Tvir > 104 K), the high cooling effect and deeply grav-
itational well can confine the gas photoevaporation. And even
the most powerful PISN (ESN � 1053 erg) cannot significantly
blow the gas away (Kitayama & Yoshida 2005). In reference to
the mechanism of the SNe feedback of PopII/I, we use the same
formula but with different parameters to describe the PopIII-SNe
feedback in these halos (M > 108 M�),

ṀSN
III =

2
3

ṀSF(M, z, zc) εIIISN

ηIII
SNEIII

SN

σ2

= 4.5εIIISNṀSF(M, z, zc)

(
500 km s−1

Vc

)2

· (11)

Here EIII
SN � 1052 erg, ηIII

SN � 1.5 × 10−3 M−1� (evaluated with the
PopIII IMF and mass range). For lack of information about the
strength factor of the SNe feedback of PopIII, we set εIIISN = 0.05
(Granato et al. 2004; Lapi et al. 2006) as our reference value.
One can obtain the PopIII SFRD with SNe feedback:

ρ̇FB
III (z) =

∞∫
z

dzcFIII(zc)

∞∫
M(zc ,104 K)

N(M′, z, zc)

× ṀIII
SF(M′, z, zc)dM′ (12)

where ṀIII
SF(M, z, zc) is the regulated SFR by the feedback from

SNe explosions in PopIII halos of Tvir > 104 K (see Appendix A
for detail). Of course, it is definite that the number density of
halos with Tvir > 104 K is tiny in PopIII epoch according to the
hierarchical clustering scenario.

Figure 1 shows the SNe feedback in PopIII (Tvir > 104 K)
and PopII/I halos. In the left panel, we scale down all the ob-
servation data by a factor 1.9 to make it consistent with the
IMF used in our model (Mmin∗ = 0.5 M�, Mmax∗ = 100 M� for
PopII/I stars and Salpeter type IMF). In the right panel, the orig-
inal SFRD of PopIII (Tvir > 104 K) is cut down about one order
of magnitude by the SNe feedback.

Figure 1 manifests the relative feedback strength of
SNe feedback [ρ̇FB

III (z)/ρ̇III(z) or ρ̇FB
II/I(z)/ρ̇II/I(z)] reduces as the

redshift decreases, because massive halos appear abundant only
at low redshift according to the “bottom-up” hierarchical struc-
ture model (see Mo & White 2002, for details) and massive halos
whose binding energy is much higher than before can reduce the
feedback effect from SNe explosions. On the other hand, mas-
sive stars disappear as the metallicity of gas is enriched. Small
star formation with a long lifetime and small ESN is enhanced in
the metal-enriched cloud.

4. Radiative feedback and cosmic reionization

The ionizing radiation produced by massive stars or quasars can
have local effects or long-range effects, either affecting the for-
mation and evolution of nearby objects or joining the radiation
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Fig. 1. Evolution of SFRD with the redshift z. Left panel: the crossed data points are taken from Hopkins & Beacom (2006). The squared ones
come from Reddy et al. (2008). Three circled points are from the UDF data (Bouwens et al. 2005). The dashed line represents the PopII/I SFRD
without SNe feedback, while the dot-dashed one with the SNe feedback. Right panel: the original SFRD of PopIII (Tvir > 104 K, the dot-dashed
line) is suppressed down about one order of magnitude by the SNe feedback (the dotted line).

produced by other galaxies to form a background. Mini-QSOs
that are usually thought to be powered by accretion onto the first
black holes may provide an X-ray background when the universe
has a certain number of mini-QSOs in a unit comoving volume.
This background would ionize the HI to H+ and e− by direct pho-
toionization or collisional excitation from a high-energy photo-
electron produced by photoionization. If this event occurs at the
core of a protogalaxy, the fraction of molecular hydrogen would
be promoted (Haiman et al. 2000; Glover & Brand 2003) via

H + e− → H− + γ, (13)

H− + H→ H2 + e−. (14)

Dijkstra et al. (2004) and Salvaterra et al. (2005) show that the
hard X-ray from the same sources will produce a present-day
soft X-ray background. They find that the models with accreting
black holes will overproduce the observed X-ray background by
a large factor. A population dominated by mini-QSOs could still
partially ionize the IGM at z > 6, but its contribution can be
severely constrained if the X-ray background is resolved further
into discrete sources. By considering the constraint from the soft
X-ray background, Ricotti & Ostriker (2004b) show that mini-
quasars at high-z do not overproduce the X-ray background and
can still produce a significant contribution to reionization and
the optical depth of electrons τe.

Based on the investigation of the environment and reion-
ization process around the highest redshift QSOs having
Gunn-Peterson troughs (z > 6.1), Yu & Lu (2005) argue that a
significant fraction of hydrogen in the Stromgren sphere around
QSOs is ionized by photons from stars and that only about sev-
eral percent to at most 10−20% of the total hydrogen is left (e.g.,
in minihalos, halos, or high-density subregions) to be ionized by
QSO photons. Willott et al. (2005) show that the current con-
straints on the quasar population give an ionizing photon den-
sity 30% that of the star-forming galaxy population by an-
alyzing the observational data from the Canada-France-Hawaii

Telescope. They conclude that active galactic nuclei make a neg-
ligible contribution to the reionization of hydrogen at z ∼ 6. But
this argument only applies to quasars at z ≤ 6, one can still have
a high-z population of mini-quasars that partially ionize the IGM
at z > 10 without overproducing the X-ray background (Ricotti
et al. 2005).

Pre-ionization by X-rays can increase the IGM optical depth
from τe � 0.06 given by stellar sources only to 0.1 ≤ τe ≤ 0.2
(Ricotti & Ostriker 2004b). From 4 ∼ 5 years ago, it was nec-
essary to fit an observational value of τe � 0.17 measured by
WMAP satellite. Recent WMAP data indicating 0.068 ≤ τe ≤
0.1 maybe imply that pre-ionization by X-rays is not as impor-
tant as before. In this paper, we focus on the ionization by stellar
sources and ignore the effects from QSOs or mini-QSOs. We will
consider the AGN feedback carefully in the work in preparation.

4.1. Photoevaporation in small-halo objects (Tvir < 10 4 K)

PopIII stars quite likely reside in small DM halos and a metal-
free environment. It benefits the photons escaping and the radia-
tive cooling. As mentioned in the last section, photoevaporation
is important in small-halo objects (Tvir < 104 K, e.g. most of the
PopIII halos). It can prevent the size of HII regions from exceed-
ing Rcom

HII � 5 h−1 kpc, the mean free path of ionizing photons,
about the size of the dense filaments and the virial radii of the
halos (Ricotti et al. 2002b). When the HII regions become big-
ger than the filaments, molecular hydrogen is destroyed and the
star formation is suppressed. An analytic model has been devel-
oped to describe the propagation of ionization fronts in the IGM
(Barkana & Loeb 2001):

〈nH
ISM〉

dVp

dt
=

dNγ
dt
− αB〈(nH

ISM)2〉Vp, (15)

where Nγ is the number of ionizing photons produced by
the source. Here Vp is the ionized proper volume, αB �
2.6 × 10−13 cm3 s−1 is the case B recombination coefficient

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200809916&pdf_id=1
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at T � 104 K (Seager et al. 1999; Barkana & Loeb 2001),
and nH

ISM is the proper number density of the hydrogen atoms.
We assume the ISM in halos is homogeneous, which means
〈(nH

ISM)2〉 = 〈(nH
ISM)〉2, so the analytical solution is

Vp(t, t(zc)) =
∫ t

t(zc)

1

〈nH
ISM(t′)〉

dNγ
dt′

× exp

{
−αB

∫ t

t′
〈nH

ISM(t′′)〉 dt′′
}

dt′, (16)

where3

〈nH
ISM(t)〉 = Δc(t) × Ωb

Ωm
× n̄0

H × (1 + z(t))3,

n̄0
H = 1.88 × 10−7

(
Ωbh2

0.022

)
cm−3, (17)

and n̄0
H is the present number density of hydrogen. As mentioned

in Eq. (3), Δc is the overdensity relative to the critical density at
the collapse redshift. Following Barkana & Loeb (2001), we can
evaluate dNγ/dt by using

dNγ
dt
=
α − 1
α

nIII
γ

ts
, (18)

where α is the index in the mass-luminosity relation (for
OB stars α = 4.5), and nIII

γ the number of ionizing photons re-
leased per baryon of stars formed (Schaerer 2003; Haiman &
Bryan 2006). Fang & Cen (2004) present a relationship between
nIII
γ and the stellar mass, M∗. Because nIII

γ is not sensitive to M∗
in the mass range of concern, we set nIII

γ as a fixed value 80 000
in this paper (Fang & Cen 2004). Most massive stars fade away
with the characteristic time scale ts = 3 × 106 yr (Bond et al.
1984; Alvarez et al. 2006). For a halo of mass M, star formation
initiated at t(zc), the proper size (or radii) of the HII region at
later time t, is

R(M, t(zc), t) =

{
3

4π
f III
∗ f III

esc
ΩbM
Ωmmp

× Vp(t, t(zc))

}1/3

, (19)

where f III
esc is the escape fraction of ionizing photons from the

sources (or resolution elements in 3D numerical simulations,
see Ricotti et al. 2002a,b, 2008), and f III

esc � 0.3 ∼ 0.9 is sug-
gested by Choudhury & Ferrara (2006) and Mao et al. (2007).
Yoshida et al. (2007) provide a time-averaged ionizing photon
escape fraction as a function of stellar mass M∗. For the mass
range adopted in this work, we use a fixed value f III

esc = 0.8.
As mentioned above, star formation will be suppressed when
R(M, t′(zc), t′) is equal to the size of the filaments. Thus the rela-
tion between t′ − t′(zc) and M is given by

R(M, t′(zc), t′) = Rcom
HII /(1 + z′). (20)

We illustrate this relationship in Fig. 2, where τFB = t′ − t′(zc)
is the duration time of star formation. We plot five cases zc =
10, 15, 20, 25, 30, which are actually not straight lines in the fig-
ure. For the halos with the same mass, τFB increases as the red-
shift decreases. The bigger the halo, the less time it spends en-
larging the HII region to the size of the filaments. If τFB < ts, the
photoevaporation feedback occurs before the first SN exploded.

3 The mass fraction of baryons in a halo is Ωb
Ωm

, so the baryon density

in halos is at least Δc(t) × Ωb
Ωm

times the one in IGM.
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τ F
B
 /
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yr
.)

M / (Msun)
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zc=15
zc=20
zc=25
zc=30

Fig. 2. The duration time of star formation τFB = t′ − t′(zc) versus the
masses of halos.

And the inequality c × τFB > Rcom
HII /(1 + z′) (c the speed of light)

is valid for all these cases, which means the speed of the prop-
agation of the ionization fronts cannot exceed the speed of the
light4.

Now we can calculate the SFRD in PopIII halos with Tvir <
104 K by using

ρ̇FB
III (z, <104 K) =

∞∫
z

dzcFIII(zc)

M(zc ,104 K)∫
M(zc ,103 K)

N(M′, z, zc)

× θ(t(zc) + τFB − tz) × ṀSF(M′, z, zc)dM′ (21)

where θ is a Heaviside function. Figure 3 shows the effects of this
kind of feedback: (i) they suppress the PopIII SFRD down about
one order of magnitude at the peak (z ∼ 15); (ii) photoevapo-
ration gets stronger when redshift decreases. And we also find
that the feedback will become weak when f III

esc is tuned down.
Moreover, the SFRD is not sensitive to the f III∗ .

4.2. Radiative feedback in large halos (Tvir > 10 4 K)

For halos with Tvir higher than the cooling temperature of the
hydrogen atoms (104 K), gas cools via HI emission lines, and
the photoevaporation by internal sources cannot expel gas sig-
nificantly. But the ionizing background can still suppress some
small halos in which the star formation is about to initiate. Due
to the IGM reionized by UV photon escape from star-forming
galaxies, the temperature of the gas in halos is enhanced. This
can dramatically increase the Jeans mass. Furthermore, numer-
ical simulations indicate that the photoionizing background can
completely suppress galaxy formation in halos with circular ve-
locity Vc ≤ 35 km s−1, while the mass of cooled baryons is
reduced by 50% for halos with circular velocities ∼50 km s−1

(Thoul & Weinberg 1996). In the ionized fraction of the uni-
verse, we assume complete suppression of star formation in ha-
los below circular velocity Vc = 35 km s−1 and no suppression
above circular velocity of 95 km s−1. For intermediate masses,

4 However, it seems that the offcenter sources may make a superlu-
minal spread when their HII regions get an overlap. But it is not real
superluminal behavior.
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we adopt a linear fit from 1 to 0 for the suppression factor (as in
Bromm & Loeb 2002). Thus in the HII region the SFRD can be
expressed by

ρ̇HII
II (z) =

∞∫
z

dzc

∞∫
M(zc ,104 K)

dM′ N(M′, z, zc)

×
[
1 − FIII(zc)

]
× ṀII

SF(M′, z, zc) ×W(Vc) (22)

for PopII/I and

ρ̇HII
III (z, >104 K) =

∞∫
z

dzcFIII(zc)

∞∫
M(zc ,104 K)

N(M′, z, zc)

× ṀIII
SF(M′, z, zc) ×W(Vc)dM′ (23)

for PopIII, where W(Vc) is

W(Vc) =

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
0, Vc ≤ 35 km s−1

(Vc − 35)/(95− 35), 35 ≤ Vc ≤ 95 km s−1

1, Vc ≥ 95 km s−1.

(24)

We plot two extreme cases in Fig. 4: the stars form in the
completely reionized universe in HII region and in the com-
pletely neutral universe in HI region. This radiative feedback
from PopII/I(le f t panel) and PopIII has the same behavior: feed-
back gets stronger when redshift increases. Similar to the SNe
mechanical feedback mentioned above, the more massive the
halo, the less the SF can be affected.

For the ionized fraction of the universe at a given redshift z,
it can be described by the following equation. For simplicity,
we assume that all the Lymann continuum photons escape from
a star-forming galaxy are involved in reionizing the IGM, and
the photons emitted from the sources will immediately join the
action with the atom, regardless of the photon propagation be-
tween the source and the atom5. Then the fraction of ionized
hydrogen QHII, the so-called filling factor, evolves as (Barkana
& Loeb 2001),

dQHII

dz
=

f∗ fesc

(1 + z)3n̄0
H

dNγ
dt

dt
dz
− αB(1 + z)3n̄0

HQHIIC
dt
dz
, (25)

where the volume-averaged clumping factor of the IGM, C, is
defined as C ≡ 〈n2

H〉/((1 + z)3n̄0
H)2. The first term on the right is

the rate of ionization and the second term is the rate of recombi-
nation, weighted by the QHII, as recombinations take place only
in the ionized region. Then dNγ/dt is obtained from the SFRD
calculation as,

dNγ
dt
=
ρ̇SF(z, >104 K)(1 + z)3

f∗mp
nγ, (26)

where ρ̇SF(z, Tvir > 104 K) is the SFRD in halos of Tvir > 104 K
(including all PopII/I halos and a few PopIII halos) at z. Because
the strong photoevaporation feedback in small-halo objects can
quench the SF, which stops the ionizing photons to escape to the
IGM. This part of SFRD contribute little to the IGM reioniza-
tion. The value of nγ depends on the IMF of the forming stars.
For a Salpeter IMF (with 0.5 M� ≤ M∗ ≤ 100 M�), nII

γ is about
5400, evaluated by “Starburst99”6 with metallicity Z = 0.008,
however, for the metal-free stars, the IMF could be biased to-
wards very massive stars. As mentioned in the last section, we
still used nIII

γ ∼ 80 000 as our reference value. For the clumping
factor of IGM, C, we adopted the simple form given by Haiman
& Bryan (2006).

By solving Eq. (25) (see Appendix B for detail), one can
find that SF and reionization affect each other. When star forma-
tion gets high, HI ionization becomes strong and star formation
is suppressed. Hopefully, JWS T can help us to understand their
relationship (SF and reionization) exactly. The result is plotted in
Fig. 5 (left panel). One may find that the solid line separates from
the SFRD(PopII/I+PopIII) in HI region and eventually merges
into the SFRD line in HII region as the filling factor QHII (see
Fig. 6) increases from zero to unit. The PopIII SFRD in halos
of Tvir < 104 K is taken into account in the righthand panel in
Fig. 5. By comparing these two panel, we can find that the main
part of PopIII SFRD is still contributed by those stars in small-
halo objects. Since the PopIII PISNe contaminate the IGM with
heavy elements at very high efficiency (recall the ultimate fate
of metal-free stars), PopIII ends its era by itself quickly (sur-
vival time ∼2 × 108 yr). The ignition of PopII stars makes the
reionization continue and eventually completes it at z ∼ 6.

The reionization history and the optical depth of electrons
are plotted in Fig. 6. Here we take the singly ionized HeII into
account in righthand panel in Fig. 6. The equation for calculat-
ing the optical depth of electrons is:

τe(z) =
∫

ne(z)σe
ds
dz

dz (27)

5 Recent work shows that the finite speed of light will lead to a sub-
stantial change of the growth rate in the ionized volume (see Qiu et al.
2008, for more details).
6 http://www.stsci.edu/science/starburst99/
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where ne(z) is the mean electron number density in the universe,
σe stands for the Thompson cross section for electron scatter-
ing, and ds = −cdz/H(z)(1 + z) is the proper line element.
Figure 6 illustrates that the model output can fit the observa-
tion from the highest QSOs (zre ∼ 6), and WMAP 5 years result
(τe = 0.084+0.016

−0.016 Komatsu et al. 2008) at the same time. Most
of the UV photons emitted from small halos that have the over-
whelming majority in PopIII objects are confined in Rcom

HII . As
shown in the le f thand panel in Fig. 6, PopIII stars are not able
to reionize the universe significantly (about 20% at z ∼ 14). In
the righthand panel, the optical depth to Thomson scattering
provided by PopIII stars is less than 22%.

5. Discussion and conclusions

In this paper we develop an analytic model of the mechanical
and radiative feedback of star formation based on some results
of numerical simulations. Basically, our results can fit the ob-
servational data. However, this model also depends on some ini-
tial parameters (most of them are listed in Table 1) and working
assumptions.

(i) It is possible to fit the reionization result from the highest
QSOs observation by providing another pair of f II∗ and f II

esc.
This is because the IGM reionization mainly depends on nII

γ

and f II∗ × f II
esc. The value of nII

γ is nearly fixed under certain
conditions (e.g. metallicity, IMF, and stellar mass range),
but lacking the SFRD observational data constraint on f II∗ ,
one can find many pairs of f II∗ and f II

esc by keeping f II∗ × f II
esc

invariant to guarantee τe = 0.084+0.016
−0.016.

(ii) As for the assumption on FIII(z), there are a lot of simi-
lar functions. This is an uncertainty factor in this model.
Hopefully, it may be determined by the numerical simula-
tions and even the future JWST observation.

(iii) We only consider the negative feedback in this work,
the neglect of some positive feedback, such as the X-ray

background or dense shell (from SNe explosions) fragmen-
tation, results in the underestimation of the SFRD, QHII, τe,
and so on. This is what we will investigate in the next work.

(iv) Although we can fit the optical depth to Thomson scattering
in this work, it does not mean the X-ray pre-ionization is not
important. Obviously, our results are close to the low fringe
of the error bar. Perhaps, the left space in the error bar is
waiting for the contribution from X-ray pre-ionization.

In the following, we summarize the results of this work in more
detail.

1. The SNe feedback can suppress the star formation in large
halos (Tvir > 104 K). And the relative feedback strength of
SNe feedback [ρ̇FB

III (z)/ρ̇III(z) or ρ̇FB
II/I(z)/ρ̇II/I(z)] reduces as

the redshift decreases, because massive halos appear abun-
dant at low redshift and massive halos whose binding energy
is much higher than before can reduce the feedback effect
from SNe(see Eqs. (8) and (11)).

2. The radiative feedback mechanism can affect the SFR in both
small (Tvir < 104 K) and large(Tvir > 104 K) PopIII ha-
los. In small halos, the shallow gravitational well and the
poor cooling-efficiency cannot prevent the hot gas from es-
caping due to the strong photoevaporation from the massive
OB stars. The radiative feedback can suppress the PopIII
SFR considerably. In large halos, the ionizing background
enhances the Jeans mass and makes the SFR suppressed
more or less.

3. The SFRD in small PopIII halos (Tvir < 104 K) is sensi-
tive to τFB, which depends on f III

esc and nIII
γ seriously. If f III

esc

and nIII
γ increases, τFB will decreases and so does the SFRD.

Furthermore, our results support this viewpoint: early star
formation is likely to be self-regulated (Ricotti et al. 2002a,b;
Yoshida et al. 2003; Ciardi & Ferrara 2005; Kitayama &
Yoshida 2005; Ricotti et al. 2008).
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4. Although PopIII stars have high value of f III
esc and nIII

γ , they
are not able to reionize the universe considerably (about 20%
at z ∼ 14). And the optical depth to Thomson scattering pro-
vided by PopIII stars is less than 22%.

In general, we find the radiative feedback is important to the
formation of the early generation stars. It suppresses the star
formation considerably. But the mechanical feedback from the
SNe explosions is not able to affect the early star formation sig-
nificantly. The radiative and mechanical feedback dominates the
star formation rate of the PopII/I stars. The feedback on SFRD
from first generation stars is very strong and should not be ne-
glected. However, their effect on the cosmic reionization is not
significant, which results in a small contribution to the optical
depth of electrons τe.
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Appendix A: How to get the SFR formula with SNe
feedback

Following Cen & Ostriker (1992), a halo with mass M has the
initial baryonic gas Mb(0) = Ωb

Ωm
× M. Later on, partial baryonic

gas condenses into cold gas Mcold. It is reasonable to assume that
the rates of the mass change are proportional to Mb(t) at time t:

dMb(t)
dt

= −Mb(t) and
dMcold(t)

det
= +Mb(t). (A.1)
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This is also an implicit assumption in Cen & Ostriker (1992). By
solving Eq. (A.1) with the initial condition, we obtain

Mb(t) = Mb(0) exp(−t) and

Mcold(t) =

t∫
0

Mb(t′)dt′ = Mb(0)
[
1 − exp(−t)

]
. (A.2)

Cold gas can form stars with efficiency f∗. And we assume that
the newly formed star mass per unit time, ṀSF, is proportional
to the net mass of cold gas at that time Mnet

cold(t):

ṀSF(t) = f∗ × Mnet
cold(t), (A.3)

here

Mnet
cold(t) = Mcold(t) − f −1

∗

t∫
0

ṀSF(t′)dt′. (A.4)

Solving Eq. (A.3) with ṀSF(0) = 0 (because Mnet
cold(0) = 0),

we get

dMSF(t)
dt

= f∗Mb(0) × t exp(−t). (A.5)

If we replace t with [t(z) − t(zc)] /
[
κtdyn(zc)

]
, one can easily ob-

tain Eq. (2). Since the feedback of supernovae explosions re-

moves the cold gas at the rate7 ṀSN
II = 1.1εIISNṀSF(t)

(
500 km s−1

Vc

)2
;

therefore,

Mnet
cold(t) = Mcold(t) − f −1

∗

t∫
0

ṀSF(t′)dt′ −
t∫

0

ṀSN
II (t′)dt′

= Mcold(t) −
t∫

0

⎡⎢⎢⎢⎢⎢⎣ f −1
∗ + 1.1εIISN

(
500
Vc

)2⎤⎥⎥⎥⎥⎥⎦ ṀSF(t′)dt′, (A.6)

where the circular velocity Vc is a function with two variables M

and z (Barkana & Loeb 2001). Then
{
Ωm
Ωm(z)

Δc(z)
18π2

}1/3
varies be-

tween 0.65 and 1.0 when z is between 30 and zero. For simplicity
we use its intermediate value 0.75 in this work:

Vc(M, zc) =
√

0.75 × 23.4

(
M

108 h−1 M�

)1/3 (1 + zc

10

)1/2

· (A.7)

Solving Eq. (A.3) again with ṀSF(0) = 0, one can get the SFR
with PopII/I SNe feedback:

dMII
SF(t)

dt
=

Mb(0)
S II(M, zc)

⎧⎪⎪⎨⎪⎪⎩ exp
(
− t

)

− exp

{
−
[
f II
∗ S II(M, zc) + 1

]
t

}⎫⎪⎪⎬⎪⎪⎭, (A.8)

where S II(M, zc) = 1.82× 109 εIISN M−2/3(1+zc)−1 for the feedback
from PopII/I stars, while S III(M, zc) = 7.58 × 109 εIIISNM−2/3(1 +
zc)−1 for the feedback from PopIII stars in halos with

7 In halos of mass M ≥ 108 M� or virial temperature of Tvir ≥ 104 K
after z = 30, even a PISN with ESN = 1053 erg cannot make a substantial
gas outflow (Kitayama & Yoshida 2005). So we assume the baryons loss
in a halo should not be taken into account.

Tvir > 104 K. After substituting [t(z) − t(zc)] /
[
κtdyn(zc)

]
for t,

we have the SFR with SNe feedback:

ṀII
SF(M, z, zc) =

ΩbM
ΩmS II(M, zc)κtdyn

⎧⎪⎪⎨⎪⎪⎩ exp
[
− t(z) − t(zc)
κtdyn(zc)

]

− exp

{
−
[
f II
∗ S II(M, zc) + 1

] t(z) − t(zc)
κtdyn(zc)

}⎫⎪⎪⎬⎪⎪⎭, (A.9)

and

ṀIII
SF(M, z, zc) =

ΩbM
ΩmS III(M, zc)κtdyn

⎧⎪⎪⎨⎪⎪⎩ exp
[
− t(z) − t(zc)
κtdyn(zc)

]

− exp

{
−
[
f III
∗ S III(M, zc) + 1

] t(z) − t(zc)
κtdyn(zc)

}⎫⎪⎪⎬⎪⎪⎭. (A.10)

Obviously, Eqs. (A.9) and (A.10) reduces to Eq. (2) when
S III(M, zc) approaches to zero.

Appendix B: Radiative feedback from massive stars

We focus on the radiative feedback from the ionizing back-
ground. Similar to Samui et al. (2007), we describe the strength
of radiative feedback via the circular velocity of halos Vc and
the fraction of ionized hydrogen QHII. Considering the IGM in
a unit volume after the ignition of the first stars, partial volume
was reionized by the UV photons from massive stars in the mas-
sive halos(Tvir > 104 K). For the ionized part of the halo, their
SFR will be suppressed by this ionizing background, which also
depends on their mass. On the other hand, the SF will continue
in the rest of the volume, where the IGM is neutral, so the total
SFRD is contributed by these two parts at the same time:

ρ̇SF(z, >104 K) = ρ̇HI
SF(z) (1 − QHII(z)) + ρ̇HII

SF (z)QHII(z)

=

[
ρ̇HI

II (z) + ρ̇HI
III (z, >104 K)

]
(1 − QHII(z))

+

[
ρ̇HII

II (z) + ρ̇HII
III (z, >104 K)

]
QHII(z). (B.1)

where ρ̇HI
II (z) stands for ρ̇FB

II (z), ρ̇HI
III (z) for ρ̇FB

III (z, >104 K).
By combining Eqs. (26), (25) and (B.1), one can get,

dQHII(z)
dz

= Θ(z)QHII(z) + Ξ(z), (B.2)

here,

Θ(z) =
1

n̄0
H

⎧⎪⎪⎨⎪⎪⎩nIII
γ f III

esc

⎛⎜⎜⎜⎜⎝dρHII
III (z, >104 K)

dz
− dρHI

III (z, >104 K)

dz

⎞⎟⎟⎟⎟⎠
+ nII
γ f II

esc

⎛⎜⎜⎜⎜⎝dρHII
II (z)

dz
− dρHI

II (z)

dz

⎞⎟⎟⎟⎟⎠
⎫⎪⎪⎬⎪⎪⎭ − αB(1 + z)3n̄0

HC(z)
dt
dz
,

Ξ(z) =
1

n̄0
H

⎧⎪⎨⎪⎩nIII
γ f III

esc

dρHI
III (z, >104 K)

dz
+ nII
γ f II

esc

dρHI
II (z)

dz

⎫⎪⎬⎪⎭ .
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