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ABSTRACT
The reionization of cosmic hydrogen, left over from the big bang, increased its temperature

to �104 K. This photoheating resulted in an increase of the minimum mass of galaxies and

hence a suppression of the cosmic star formation rate (SFR). The affected population of dwarf

galaxies included the progenitors of massive galaxies that formed later. We show that a massive

galaxy at a redshift z � 6 should show a double-peaked star formation history marked by a clear

break. This break reflects the suppression signature from reionization of the region in which

the galaxy was assembled. Since massive galaxies originate in overdense regions where cosmic

evolution is accelerated, their environment reionizes earlier than the rest of the universe. For a

galaxy of ∼1012 M� in stars at a redshift of z ∼ 6.5, the SFR should typically be suppressed at

a redshift z � 10 since the rest of the universe is known to have reionized by z � 6.5. Indeed,

this is inferred to be the case for HUDF-JD2, a massive galaxy which is potentially at z ∼ 6.5

but is inferred to have formed the bulk of its 3 × 1011 M� in stars at z � 9.

Key words: galaxies: formation – galaxies: high-redshift – cosmology: theory.

1 I N T RO D U C T I O N

Following the epoch of cosmic recombination at z ∼ 103, neutral

hydrogen pervaded the universe until it was reionized by the early

galaxies (Barkana & Loeb 2001). There has been much interest

recently in developing observational techniques that will reveal the

redshift of reionization, zrei. Existing methods provide conflicting

constraints. The large-scale polarization anisotropies of the cosmic

microwave background (CMB) imply 11 � zr � 30 at 95 per cent

confidence (Kogut et al. 2003), while the size of the ionized regions

around quasars at z ∼ 6 (Mesinger & Haiman 2004; Wyithe & Loeb

2004; Wyithe, Loeb & Carilli 2005) implies a substantial neutral

hydrogen fraction at that late time. Here, we propose a new probe of

zr , namely the imprint of reionization on the star formation histories

(SFHs) of individual massive galaxies at z � 6.

The photoionization of hydrogen raised its temperature to

�104 K. This heating process resulted in an increase of the min-

imum mass of galaxies and hence a suppression of the cosmic star

formation rate (SFR). We previously suggested (Barkana & Loeb

2000) that this global signature could be observed by detecting the

corresponding fall in the number counts of faint galaxies. However,

we predicted that even the future James Webb Space Telescope

could individually detect only a fraction of the affected low-mass

galaxies. While the same signature may be more easily detectable

�E-mail: barkana@wise.tau.ac.il (RB); aloeb@cfa.harvard.edu (AL)

through the evolution of the supernova rate (Mesinger, Johnson &

Haiman 2005), there is a generic reason that makes it advantageous

to search for localized rather than global signatures of reionization.

At high redshift, large fluctuations in the number density of galaxies

in various regions cause reionization to occur at different times in

different regions (Barkana & Loeb 2004). Thus, a region of size

�10 comoving Mpc should show evidence for a relatively rapid

reionization, while any global signature will be further smoothed

out over a redshift interval of ∼2–4.

Since a 1012 M� halo forms out of matter in a region of a few

Mpc in size, the SFH of an individual massive galaxy at high redshift

should show a break in its SFR. This break reflects the suppression

signature from reionization of the region from where the galaxy

was assembled. We show that even a rather massive galaxy at z ∼ 6

should show this break, since most of its mass is expected to have

been in low-mass progenitors when the surrounding region was

reionized. Moreover, if this signature can be detected in multiple

galaxies which lie in regions that reionized at different times, then

the spatial variation of reionization can be probed with this method.

Massive galaxies are routinely being detected at redshifts z �
6 (Bouwens et al. 2005; Stark & Ellis 2006), in some cases with

sufficient data for a detailed analysis of the stellar content. For ex-

ample, Mobasher et al. (2005) have recently reported the discovery

of HUDF-JD2, a galaxy which is potentially at z ∼ 6.5, although

spectral lines were not detected and thus the redshift is based on

the shape of the spectrum. If the high redshift is a correct inference,

then the galaxy possesses almost 1012 M� in stars. Further analysis
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396 R. Barkana and A. Loeb

of the spectral shape, in particular, the Balmer break signature of an

established stellar population, indicates that the galaxy formed the

bulk of its stars at z � 9 and could have reionized its surrounding

region at z � 10 (Panagia et al. 2005). Also, Eyles et al. (2005)

analysed two galaxies at z ∼ 5.8 that had been found by Stanway,

Bunker & McMahon (2003). They showed that these galaxies had

stellar masses of �1010 M� and had formed most of their stars at

z � 7.5 while a minority formed closer to the detected redshift (see

also Yan et al. 2005).

It is therefore particularly timely to examine the question of

whether the above-mentioned data imply that reionization occurred

early in the universe. In this paper, we consider the imprint of reion-

ization on the SFHs of individual massive galaxies like HUDF-JD2.

Since massive galaxies originate in overdense regions where cosmic

evolution is accelerated, we show that their environment reionizes

earlier than the rest of the universe. In Section 2, we present our for-

malism for calculating the SFH within galaxies and show general

results in Section 3. We apply these results to HUDF-JD2 and the

other galaxies in Section 4 and give our main conclusions. Through-

out this paper, we assume a flat universe with cosmological param-

eters h = 0.72 and �m = 0.27 (which includes �b = 0.046), with

the remaining energy density in a cosmological constant (Spergel

et al. 2003).

2 M O D E L L I N G S TA R F O R M AT I O N
H I S TO R I E S

In order to model the SFH of a typical galaxy, we must account for

a number of effects that determine the availability of gas for star

formation. We first consider the ability of gas in general to cool, and

the ability of pressure to resist gravity – particularly after the gas

is heated during reionization. Having analysed these effects on the

gas, we begin for each galaxy with the average accretion history of

the dark matter halo that will eventually host it, and then calculate

the additional effects that modify the accretion history of the gas

relative to the dark matter. We then consider how the reionization

history differs from region to region, and how this is correlated with

the SFHs of galaxies in different regions.

We begin by considering the gas in galactic haloes. Star forma-

tion requires the gas to cool and collapse to high density within a

halo. We assume that galaxies form in haloes above some minimum

mass Mcool that depends on the efficiency of atomic and molecular

cooling. A minimum virial temperature of ∼104 K is required for

significant ionization and thus efficient atomic cooling, and this im-

poses a minimum halo circular velocity of 16.5 km s−1. On the other

hand, if molecular hydrogen is present, then Tvir ∼ 103 K is needed

to excite its rotational and vibrational transitions, which yields

Vc = 3.7 km s−1 for molecular hydrogen cooling. Since feedback

from stellar radiation may efficiently dissociate the H2 in the inter-

galactic medium (IGM; Haiman, Rees & Loeb 1997), we consider

two possible cases, where molecular cooling is either effective or not

effictive (atomic cooling sets the threshold in the latter case). In ei-

ther case, once the minimum Vc has been determined, the minimum

halo mass in which gas can cool efficiently is then

Mmin(z) = 9.4 × 107 M�
(

Vc

16.5

)3 (
1 + z

10

)−3/2 (
�m h2

0.14

)−1/2

.

(1)

In addition, reionization heats the IGM, increasing pressure gra-

dients dramatically and preventing gas from accumulating in small

haloes (Rees 1986; Efstathiou 1992; Quinn, Katz & Efstathiou 1996;

Thoul & Weinberg 1996; Navarro & Steinmetz 1997; Weinberg,

Hernquist & Katz 1997; Kitayama & Ikeuchi 2000; Dijkstra et al.

2004). Specifically, we assume that after reionization gas continues

to accrete only into haloes above a characteristic infall mass. For a

small density fluctuation relative to the cosmic mean density, gravity

overcomes pressure in a region above the Jeans mass

MJ = 2.6 × 109

(
�mh2

0.14

)−1/2 (
γ

0.61

μ

10

1 + z

T

104K

)3/2

M�,

(2)

where T is the temperature of gas at the cosmic density, γ (which

lies after reionization in the range 1–1.5) is its adiabatic index and μ

is the mean molecular weight in units of the proton mass. However,

a halo in the process of formation is significantly denser than the

cosmic mean, so that even haloes well below the Jeans mass can

accrete some gas, especially at high redshift. Based on the above-

mentioned numerical simulations, we adopt a minimum infall mass

of MJ/4, which corresponds to a circular velocity of ∼35 km s−1.

Note that it would be incorrect to use the filtering mass (Gnedin &

Hui 1998) as the cut-off mass, since the filtering mass describes the

cumulative time-averaged effect of pressure suppression while our

results depend on the instantaneous rate of gas infall into galactic

haloes.

The Jeans mass depends on the thermal evolution of the IGM

(Hui & Gnedin 1997; Theuns et al. 2002). In order to calculate it,

we assume that reionized gas is initially heated to 20 000 K and

subsequently evolves according to

n
d

dt

(
3

2
kB T

)
= kB T

dn

dt
+ � − �, (3)

where the number density of particles n changes due to adiabatic

expansion, and the right-hand side includes the volume cooling rate

� and heating rate �. The cooling rate includes the contributions

of single and dielectronic recombinations, collisional excitations

and ionizations, free–free emission and Compton scattering off the

CMB. Assuming a highly ionized plasma in ionization equilibrium,

the heating rate for each atomic species equals its recombination rate

times the average energy injected per photoionization. We assume

an ionizing spectrum of stars with metallicity equal to 1/20 of the so-

lar value, distributed according to the locally measured initial mass

function (IMF) of Scalo (1998). This implies that helium is once

ionized simultaneously with hydrogen reionization, and that later

photoheating of recombining atoms results in an average energy

injection of 3.8 eV per recombination to H I and 5.6 eV per recom-

bination to He I (where we used Leitherer et al. 1999). Hui & Gnedin

(1997) showed that after reionization, the gas in hydrodynamic sim-

ulations approximately follows a power-law temperature–density

relation T ∝ ργ−1 at densities up to ∼10 times the mean density.

We estimate γ by calculating the thermal evolution of gas at the

(evolving) cosmic mean density, and the temperature of gas held at

10 times the mean density.

In general, star formation can be triggered when fresh gas is

accreted from the IGM (including during mergers) or from merger-

induced gravitational effects on gas that had previously accreted into

galaxies. In this paper, we assume that the SFR in galaxies is domi-

nated by the fresh-gas mode, and comment below on the possibility

of a significant mode of star formation in previous-accreted gas. We

calculate the average accretion history of haloes using the extended

Press–Schechter model. Given that a halo of mass Mh formed at

redshift zh, the fraction of its mass that had already accreted into

progenitor haloes above Mmin(z′) at a given z′ > zh is (Bond et al.
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1991; Lacey & Cole 1993)

Facc[Mh, zh, Mmin(z′), z′] =

erfc

{
δc(z′) − δc(zh)√

2(S[Mmin(z′)] − S(Mh))

}
,

(4)

where in general, S(M) is the variance of fluctuations in spheres of

comoving radius containing mass M, and δc(z) is the critical density

threshold required for a region to collapse by redshift z. We use the

convention where the variance is linearly extrapolated to the present,

while the critical threshold varies with redshift. If we write δc(z) =
δ0(1 + z), then δ0 is approximately constant at high redshifts, and

equals 1.28 for our assumed cosmological parameters.

The SFH of a halo depends on the assumed reionization redshift

zrei of the surrounding region. For a halo containing a galaxy with

stellar mass M∗ at zh, the mean expected SFR at times earlier than

reionization is simply equal to

SFR(z′) = M∗
d

dt ′ Facc[Mh, zh, Mmin(z′), z′], (5)

where t′ is the age of the universe at redshift z′, and we assumed

a star formation efficiency that does not change with time. We use

this expression even though Mmin changes with time, since it only

increases slowly with time and we assume that gas that accretes

into a halo near Mmin(z′) at some z′ is likely to continually merge

into larger haloes and thus be in a halo above Mmin(z) at all z <

z′. At reionization, however, the minimum mass for accreting new

gas jumps suddenly to (1/4)MJ(zrei), and a large fraction of the gas

that had previously accreted remains for sometime in haloes less

massive than this minimum infall mass. At a given redshift z′ after

reionization, the fraction of the halo gas that has accumulated since

reionization equals the fraction that is in haloes above (1/4)MJ(z′)
and that had not yet accreted into galaxies by zrei. For each possible

progenitor mass at z′, we apply equation (4) to find the fraction of the

progenitor’s mass that still lay outside galactic haloes at reionization.

Note that this fraction is independent of the final halo mass Mh due

to the random walk statistics of the extended Press–Schechter model

(Bond et al. 1991). For progenitors of a given mass M at redshift z′,
infall of new gas is due to both the increasing number of progenitors

with time and the increase with time of the fraction of gas in the

progenitors that did not already form stars before zrei. Thus, in this

case

SFR(z′) = M∗
d

dt ′

∫ Mh

1
4

MJ(z′)
dM

[
d

dM
Facc(Mh, zh, M, z′)

]
× {1 − Facc[M, z′, Mmin(zrei), zrei]},

(6)

where Mmin(zrei) is calculated from equation (1) assuming either

atomic or molecular cooling sets the minimum mass.

Our approach in this paper to reionization is not to try to theoreti-

cally predict the absolute redshift at which it ends, since this depends

strongly on the average escape fraction of photons from galaxies, a

number that is highly uncertain. We instead focus on observational

constraints on the reionization redshift as well as theoretical predic-

tions of the spatial fluctuations in the reionization history. In particu-

lar, we define a redshift shift 	z which is the difference between the

local redshift at which a given region is reionized and the redshift

of complete global reionization. Regions in which galaxies form

earlier than the cosmic average have a positive 	z. The expected

distribution of 	z values can be predicted for a given reionization

redshift, as long as the escape fraction from galaxies has roughly the

same overall average value in different regions. We focus on these

redshift fluctuations because they may be directly observable, as we

argue below.

Massive haloes are rather rare at high redshift, but current tele-

scopes can only detect the very brightest galaxies from those early

times. At high redshift, there are large fluctuations in the number

density of galaxies in various regions (Barkana & Loeb 2004). The

extended Press–Schechter model predicts that galactic haloes will

form earlier in regions that are overdense on large scales (Kaiser

1984; Bardeen et al. 1986; Cole & Kaiser 1989; Mo & White 1996),

since these regions already start out from an enhanced level of den-

sity, and small-scale modes need only supply the remaining per-

turbation necessary to reach the critical density for collapse. Thus,

an observed bright galaxy is likely to naturally flag a region with a

large-scale overdensity. In such a region, galaxy formation and thus

reionization will proceed faster than in the universe as a whole. In

particular, within the extended Press–Schechter model (Bond et al.

1991), if the cosmic fraction of gas accumulated in galaxies reaches

a certain value at redshift z, then it will reach the same value at a

different redshift z + 	z in a box containing mass Mbox with a mean

overdensity δ̄box. At high redshifts (z > 3), this shift in redshift is

(Barkana & Loeb 2004)

	z = δ̄box

δ0

− (1 + z)

[
1 −

√
1 − S(Mbox)

S(Mmin)

]
. (7)

To calculate the number density of haloes above some mass in a

given region, we begin with the cosmic mean halo mass function

of Sheth & Tormen (1999) which fits numerical simulations more

accurately (Jenkins et al. 2001) than the original model of Press &

Schechter (1974). We then adjust the halo distribution as a function

of density in a region based on the prescription of Barkana & Loeb

(2004), in which the extended Press–Schechter model is used for the

relative adjustment factor; we showed there that this hybrid model

fits a wide range of simulations. If the expected number of haloes

above some mass in a given region is n̄, then the probability of

finding at least one such halo in such a region is given by Poisson

statistics: P(�1) = 1−exp(−n̄). Furthermore, since n̄ is a function

of the overdensity δ̄box of the region, the probability of the region

having a given δ̄box can be calculated as the probability of having

an overdensity δ̄box [which is given by a Gaussian with variance

S(Mbox)] times P(�1) for the given δ̄box, divided by P(�1) for the

cosmic mean halo mass function.

These probability distributions of 	z also imply a large scatter in

the reionization redshift in various regions. Once ionizing photons

escape from the immediate vicinity of the sources, they encounter

mostly low-density IGM, where the dominant factor limiting reion-

ization is the need to produce one ionizing photon per hydrogen

atom (Miralda-Escudé, Haehnelt & Rees 2000; Gnedin 2000). If

we assume a fixed efficiency for the production of ionizing photons

in galactic haloes, then the reionized fraction in any region is thus

proportional to the total gas fraction in galaxies within that region.

This assumption is in fact fairly accurate even with recombinations

included, as long as the number of times each hydrogen atom must

be reionized is roughly the same in different regions. Indeed, the

recombination rate is not expected to vary greatly in different re-

gions, since the fluctuation in the mean density of such regions is

fairly small. For example, a 10 comoving Mpc box at redshift 7 has

density fluctuations of σ ∼ 0.2. Recombinations can be included in

a future refinement of our model.

Numerical simulations in small boxes (Gnedin 2000) suggest that

reionization occurs locally as a fast transition, as we have assumed

for the progenitors of each galaxy, while the large-scale galaxy num-

ber fluctuations mentioned above imply that globally, reionization

occurs at different times in different regions (Barkana & Loeb 2004).

Rare overdense regions can be assumed to reionize themselves as
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398 R. Barkana and A. Loeb

though they were isolated from the rest of the universe, since they

are most likely to fully reionize before their lower density surround-

ings. Thus, the 	z calculated above yields an accurate estimate for

the earlier reionization redshift of such regions, as long as 	z is pos-

itive and significantly large. We assume this is the case for regions

that are at least a +1 − σ fluctuation, which means that they form

more galaxies than 84 per cent of other such regions in the universe.

For voids, on the other hand, while 	z of reionization can come out

negative in our model, the real 	z in the universe cannot be nega-

tive for any region; as soon as the universe contains enough ionizing

photons to fully reionize, all regions are indeed reionized, includ-

ing the underdense regions which are reionized by excess photons

from the denser surrounding regions. Thus, we adjust the probabil-

ity distribution of 	z for reionization, for all 	z smaller than that

corresponding to a +1 − σ fluctuation, by a constant factor so that

the total probability of having 	z > 0 is unity.

These arguments suggest that the SFHs of high-redshift galaxies

can be used to study the spatial correlation function of reionization.

In a sufficiently small region, all galaxies will show in their SFH

evidence for approximately the same reionization redshift which

characterizes that particular region. Galaxies separated by a large

distance will in general show a significant variation in reionization

redshifts, where this variation will be strongly correlated with the

different environments of the galaxies. In the quantitative results

below, we adopt a distance of 10 comoving Mpc as the fiducial size

of a region with a uniform reionization history, based on analyti-

cal models of the distribution of bubble sizes during reionization

(Furlanetto, Zaldarriaga & Hernquist 2004; Wyithe & Loeb 2004).

3 R E S U LT S

The reionization signature we predict is a generic feature, and we

illustrate it in this section for a wide range of possible galaxies.

For example, Fig. 1 shows the mean expected SFHs of redshift 6.5

galaxies. As detailed in the previous section, we assume that stars

form in haloes above a minimum cooling mass before reionization,

and in haloes above a minimum infall mass after reionization. We

consider a pre-reionization minimum mass set by requiring atomic

cooling or molecular cooling. We find that a massive z = 6.5 galaxy

should generically show a double-peaked SFH, with one early peak

due to star formation in low-mass progenitors before reionization,

and a much later peak due to gas infall into more massive progeni-

tors. The same qualitative features are expected even when we vary

the observed redshift (see Fig. 2) or the reionization redshift (see the

bottom panel of Fig. 3). For a given observed galaxy, if reionization

occurred earlier, then its signature on the SFH is more difficult to

observe, for two reasons. First, a smaller fraction of the observed

stars is expected to have formed prior to reionization (see the top

panel of Fig. 3); and secondly, the early peak in this case lies more

than a few hundred million years in the past, allowing only low-mass

stars to survive and making it difficult to pin down the age of this

episode of star formation.

Current instruments are limited to detecting the brightest high-

redshift galaxies, which should typically reside in the most massive

haloes. Such haloes are far more likely to form in overdense regions,

where galaxy formation generally, and reionization in particular,

should occur earlier than in the universe as a whole. Fig. 4 shows

that substantial values of 	z up to ∼7 are possible, depending on

the halo mass and the redshift at which it is observed. Note that

the value of 	z is essentially independent of the reionization red-

shift and of the precise value of the minimum mass, since for both

atomic and molecular cooling, S(Mmin) 	 S(Mbox) in equation (7).

Figure 1. SFHs of redshift 6.5 galaxies versus cosmic age or redshift. We

show the fractional SFR summed over all progenitors that form stars. As-

suming zrei = 10, we consider atomic cooling for the progenitors of Mh =
1013 M� haloes (solid curve) or Mh = 1011 M� haloes (dotted curve), or

molecular cooling for the progenitors of Mh = 1013 M� haloes (long-dashed

curve) or Mh = 1011 M� haloes (short-dashed curve).

Figure 2. Same as Fig. 1, but for redshift 8 galaxies (top panel) and for

redshift 5.8 galaxies (bottom panel). Note that in each panel the x-axis shows

cosmic age (bottom axis labels) and redshift (top axis labels).

Increasingly rare haloes should show larger values of 	z, a trend

that should be seen observationally once large-area surveys deter-

mine the abundance of rare, massive haloes. Fig. 5 shows the mean

abundance of haloes at several redshifts (Sheth & Tormen 1999).

4 A P P L I C AT I O N TO PA RT I C U L A R G A L A X I E S
A N D D I S C U S S I O N

Mobasher et al. (2005) have recently used deep multiwaveband pho-

tometry to place the galaxy HUDF-JD2 potentially at a redshift

z ∼ 6.5. They estimated a stellar mass of 6 × 1011 M�, for a Salpeter
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Figure 3. Bottom panel: same as Figs 1 and 2 (with the x-axis shown as both

time and redshift), but for the case of a 1013 M� halo and atomic cooling,

assuming no reionization (solid curve) or zrei = 9, 10 or 13 (dashed curves).

We show the mean expected SFR in absolute units, assuming a 20 per cent

star formation efficiency. Top panel: fraction of stars that formed prior to

reionization versus zrei, for a halo observed at z = 6.5. We consider atomic

cooling for haloes Mh = 1013 M� (solid curve) or Mh = 1011 M� (dotted

curve), and molecular cooling also for Mh = 1013 M� (long-dashed curve)

or Mh = 1011 M� (short-dashed curve).

Figure 4. Bottom panel: most probable redshift shift versus halo mass, for a

halo observed at z = 5.8 (long-dashed curves), 6.5 (solid curves) or 8 (short-

dashed curves). In each case, we show 	z for reionization of a 10 Mpc

box containing the halo, relative to complete reionization of the universe.

Top panel: normalized probability distribution of 	z. We consider haloes

Mh = 1013 M� (solid curves) or Mh = 1012 M� (dotted curves), considering

(from left to right) a halo observed at z=6.5 or 8. For the Mh =1011 M� case,

we also consider z = 6.5 (short-dashed) or z = 8 (long-dashed). Note that to

the left of the dotted vertical line (which indicates a +1 − σ fluctuation), the

total probability in each case is fixed but its precise distribution is uncertain

(see Section 2).

Figure 5. Cosmic mean number density of haloes versus halo mass. We

show the comoving number density at z = 5.8 (dotted curve), 6.5 (solid

curve), 8 (short-dashed curve), 10 (long-dashed curve) and 15 (dot-dashed

curve). Also shown are the observed abundances of massive z = 5.8 galaxies

using Eyles et al. (2005) and assuming a 20 per cent star formation efficiency

(×), and the range (two connected circles) corresponding to an efficiency of

20–100 per cent for the massive z = 6.5 galaxy from Mobasher et al. (2005).

stellar IMF which places most of the mass in stars below a solar

mass. Fixing the contribution of the 1–3 M� stars which dominate

the observed infrared emission, we convert to the locally measured

IMF of Scalo (1998) and find a total stellar mass of 3 × 1011 M�.

This implies a minimum host halo of total mass 2 × 1012 M�, for

a maximum possible (100 per cent) efficiency of formation of stars

from baryons. Efficiencies near ∼10 per cent are more typically as-

sumed, so we illustrate results for an intermediate value of 20 per

cent which yields a 1013 M� halo. Eyles et al. (2005) have also

analysed two high-redshift galaxies with spectroscopic redshifts

z = 5.78 and 5.83, with stellar masses �1010 M� (for the Scalo

1998 IMF), which for a 20 per cent efficiency implies host haloes

of mass 3 × 1011 M� for each galaxy.

Galaxies similar to those observed should generally show a clear

double-peaked SFH. For a 1013 M� galactic halo at z = 6.5, a ma-

jority of the stars are expected to have formed prior to reionization

if reionization occurred at zrei < 9.9 or <11.3, assuming atomic or

molecular cooling, respectively (see Fig. 3). These redshifts corre-

spond to look-back times of 363 and 443 million years, respectively,

with respect to the cosmic age of 847 million years at z = 6.5. A

3 × 1011 M� halo observed at z = 5.8 should have its SFH domi-

nated by pre-reionization stars if zrei < 8.9 (atomic cooling) or zrei <

10.4 (molecular cooling). Indeed, signatures of early star formation

were found in the galaxies cited above. Eyles et al. (2005) found

that most of the stars in the two z = 5.8 galaxies had formed at z �
7.5. Similarly, Mobasher et al. (2005) found that the z = 6.5 galaxy

had formed most of its stars at z � 9, and could have reionized its

surrounding region even earlier, at z � 10 (Panagia et al. 2005).

If these signatures do indeed correspond to local reionization of

the regions surrounding these galaxies, then they could have im-

portant implications for cosmic reionization. However, in analyzing

these implications we must account for the fact that the galaxies

were most likely found in overdense regions that reionized earlier

than did the rest of the universe. Indeed, the 10 comoving Mpc re-

gion surrounding the massive z = 6.5 galaxy most likely reionized
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at a 	z = 4.7 earlier than the rest of the universe, that is, at z �
11. The observed z = 5.8 galaxies correspond to haloes that are not

nearly as rare, but still are most likely in regions that reionized early

by a 	z = 1.2, that is, at z � 7.5. Thus, the signatures of reioniza-

tion observed in these galaxies only imply an early reionization of

the surrounding regions, but do not push cosmic reionization earlier

than the already established z � 6.5 (see Section 1).

If these galaxies indeed lie in atypical, overdense regions, then

consistency implies that such massive galaxies must be extremely

rare. The two z = 5.8 galaxies were detected in an effective volume

of ∼1.7 × 105 comoving Mpc3 (Stanway et al. 2003), while the

z = 6.5 galaxy was found in the Hubble Ultra Deep Field, which

(adopting an effective redshift range of 6.2–6.8 for the search) cor-

responds to ∼9 × 103 comoving Mpc3. Although the number of

galaxies is small and large fluctuations are expected, we can esti-

mate the resulting abundances of these galaxies (see Fig. 5). The

z = 5.8 galaxies have a lower abundance than expected, by a factor

of ∼20. However, the observed number of two galaxies represents a

lower limit, since there are other galaxies in the field with undeter-

mined redshifts or stellar masses. Furthermore, if the star formation

efficiency in these galaxies is only ∼5 per cent rather than 20 per

cent, then their abundance is similar to that expected. However, the

z = 6.5 galaxy is extremely massive and was found in a very small

field. For the 20 per cent efficiency that we have adopted, the a

posteriori probability of finding this galaxy is ∼6 × 10−6, making

it rather unlikely that the claimed high redshift is accurate. If this

galaxy represents the result of an unusual star formation episode

which was characterized by a near-perfect efficiency, then finding

such a 2 × 1012 M� halo represents a ∼10−3 likelihood. Further

observations of larger fields are required to determine whether this

detection may have been a stroke of luck. Note, however, that even a

small change in the halo mass would change the detection probabil-

ity significantly, because of the exponential cut off of the halo mass

function. Thus, the probability is also sensitive to any uncertainties

in the estimated stellar mass.

We caution that the SFHs we predict in this paper may not be

entirely accurate. First, even in a small region from which a sin-

gle observed galaxy arises, the suppression of star formation builds

up somewhat gradually as the progenitors reionize their surround-

ings. In addition, if significant star formation is triggered during

mergers in previously accreted gas then this will somewhat weaken

the signature of reionization, since infall of fresh gas is immedi-

ately suppressed by the increased pressure while mergers continue

among progenitors that had accreted gas prior to reionization. We

expect, however, that infall will be dominant at high redshift, since

around reionization most of the gas of an eventual large galaxy

lies in low-mass progenitor haloes (typically with mass of order

108 M�) in which even a few supernovae can easily disperse much

of the gas. Thus, although more detailed models of feedback should

be explored, we expect the initial burst of star formation in fresh

infalling gas to be the dominant mode of star formation at high red-

shift. It is also important to note that we have calculated in this paper

mean expected SFHs, while there should be significant variation in

the merger histories of individual galaxies (e.g. see the top panel

of Fig. 4). Detailed models and numerical simulations can be used

to more accurately quantify our predictions. However, regardless

of the fine details, we emphasize that the signature we predict is

a generic, qualitative feature that should be clearly observable in a

majority of high-redshift galaxies.

In conclusion, observations of high-redshift galaxies should al-

ways be fitted with SFHs consisting of at least two separate episodes

of star formation. If the signature of reionization is seen in the SFHs

of many individual galaxies, then the variation of the reionization

redshift in different regions and its spatial correlation function can

be studied quantitatively. In particular, a consistent picture should

emerge where overdense regions both reionize earlier and contain a

higher abundance of massive galaxies than the rest of the universe.
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