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ABSTRACT

Reducing the power on small scales relative to the ‘‘ standard ’’ � cold dark matter (�CDM) model
alleviates a number of possible discrepancies with observations and is favored by the recent analysis of the
Wilkinson Microwave Anisotropy Probe (WMAP) plus galaxy and Ly� forest data. Here we investigate the
epoch of reionization in several models normalized to WMAP on large scales and with sufficiently reduced
power on small scales to solve the halo concentration and substructure problems. These include a tilted
model, the WMAP running-index model, and a warm dark matter model. We assume that the universe was
reionized by stellar sources composed of a combination of supermassive (�200M�) Population III stars and
Population II stars with a ‘‘ normal ’’ initial mass function (IMF). We find that in all of these models, struc-
ture formation and hence reionization occurs late, certainly at redshifts below 10, and more probably at zd6.
This is inconsistent (at 2 �) with the determination of zreion ’ 17 from the WMAP temperature-polarization
data and is only marginally consistent with Sloan Digital Sky Survey quasar observations. The tension
between the galactic-scale observations, which favor low-power models, and the early reionization favored
byWMAP can only be resolved if the efficiency of Population III star formation is dramatically higher than
any current estimate or if there is an exotic population of ionizing sources such as miniquasars. Otherwise, we
may have to live with the standard �CDM power spectrum and solve the small-scale problems in some other
way.

Subject headings: cosmology: theory — galaxies: evolution — intergalactic medium

On-line material: color figures

1. INTRODUCTION

The first-year Wilkinson Microwave Anisotropy Probe
(WMAP) satellite data have yielded a remarkable confirma-
tion of what is coming to be regarded as the ‘‘ standard
model ’’ of cosmology: a Hubble parameterH0 ’ 70 km s�1

Mpc�1, matter and vacuum densities consistent with a flat
geometry �m ’ 1� �� ’ 0:3, and a nearly scale-invariant
primordial power spectrum, ns ’ 1, at least on large scales.
There were some surprises, as we will discuss below, but in
many ways theWMAP results highlight the marked success
of standard lambda cold dark matter (�CDM) in reconcil-
ing diverse observations from the cosmic microwave
background (CMB), to galaxy clusters, supernovae, and
gravitational lensing. This remarkable agreement with data
on large scales, however, brings into sharper focus several
nagging discrepancies on small scales. Specifically, observed
galaxy central densities appear to be significantly lower than
the standard �CDM model predicts (Flores & Primack
1994; Moore 1994; Alam, Bullock, & Weinberg 2002;
Swaters et al. 2003; McGaugh, Barker, & de Blok 2003; van
den Bosch, Mo, & Yang 2003), and �CDM may also pro-
duce too much substructure compared with observed
numbers of satellite galaxies in the Local Group (Klypin
et al. 1999;Moore et al. 1999). A natural way to relieve these
problems, while maintaining the large-scale success of the
model, is to reduce the power on small scales relative to
large, either by introducing a ‘‘ tilt ’’ in the primordial power

spectrum (ns < 1), as expected in some variants of inflation
(Alam et al. 2002; Zentner & Bullock 2002), or by resorting
to warm dark matter (WDM) (Avila-Reese et al. 2001;
Bode, Ostriker, & Turok 2001; Alam et al. 2002). In these
models, collapse happens later, when the universe was less
dense, and galaxy halos are naturally less centrally concen-
trated. Later collapse also alleviates the dwarf problem
(Colı́n, Avila-Reese, & Valenzuela 2000; Knebe et al. 2002;
Bullock & Zentner 2002; Zentner & Bullock 2003) and the
‘‘ angular momentum catastrophe ’’—the ongoing problem
with producing disk galaxies with sufficient specific angular
momentum in hydrodynamic simulations within the
�CDM framework (Sommer-Larsen & Dolgov 2001).
Interestingly, one of the surprises of the WMAP analysis is
that when combined with other small-scale data from the
2dF galaxy redshift survey and the Ly� forest, it favors (at
�2 �) a model in which the spectral index varies strongly as
a function of wavenumber, dn=d ln k ’ �0:03 (Spergel et al.
2003), in precisely the manner needed to cure many of the
problems on small scales (Zentner & Bullock 2003).

The second (and perhaps major) surprise from the
WMAP report was the detection of a large amplitude signal
in the temperature-polarization maps, indicating a large
optical depth to Thomson scattering (� ¼ 0:17� 0:04). The
straightforward interpretation of this result is that the uni-
verse became reionized at zreion ¼ 17� 5 (Kogut et al.
2003), rather earlier than many had expected. Several work-
ers have recently demonstrated that even within the
standard�CDM framework, models of reionization require
rather extreme assumptions in order to produce enough
early star or quasar formation to reionize the universe by
z � 17 (Wyithe & Loeb 2003b; Haiman & Holder 2003;
Ciardi, Ferrara, & White 2003a; Sokasian et al. 2003; Cen
2003b). Put in the context of the small-scale crises facing the

1 Space Telescope Science Institute, Baltimore, MD 21218;
somerville@stsci.edu, mlivio@stsci.edu.

2 Harvard-Smithsonian Center for Astrophysics, Cambridge, MA
02138; jbullock@cfa.harvard.edu.

3 Hubble Fellow.

The Astrophysical Journal, 593:616–621, 2003 August 20

# 2003. The American Astronomical Society. All rights reserved. Printed in U.S.A.

E

616



standard model, and indeed, in view of the running-index
model favored by the extended WMAP analysis, we are left
with a paradox. The galactic-scale data favor low-power
models precisely because they produce late structure
formation, but the high optical depth measurement seems
to favor early collapse instead. In fact, the late reionization
implied by low-power models would more easily accommo-
date the simplest interpretation of the Gunn-Peterson
troughs observed in several Sloan Digital Sky Survey
(SDSS) quasars at ze6 (Fan et al. 2001; Becker et al. 2001)
and the high temperature of the intergalactic medium
(IGM) at z � 4 (Theuns et al. 2002; Hui & Haiman 2003).
This tension has been anticipated for several years; for
example, Barkana, Haiman, & Ostriker (2001) considered
the constraints that could be placed on WDM based on
knowledge of zreion and suggested that WMAP would be
able to provide this knowledge.

In this paper we set out to quantify these concerns for sev-
eral classes of models with reduced small-scale power using
a simple yet conservative analytic approach that is informed
andmotivated by numerical simulations. Our aim is to com-
pute conservative upper limits on zreion for several models
that have small-scale power reduced to plausibly solve the
galactic-scale difficulties, including the running spectral
index model favored by WMAP. In what follows, we
assume that reionization is due to stellar sources alone, as
active galactic nuclei (AGN) are likely to be unimportant to
reionization at high redshift unless there are exotic objects
(such as ‘‘ miniquasars ’’) that are completely disjoint from
the known population (Schirber & Bullock 2003).

2. MODELS AND NORMALIZATION

In order to focus on the ramifications of reducing the
small-scale power, we will fix the cosmological parameters
in all of our models to canonical values: �m ¼
1:0� �� ¼ 0:3, �bh2 ¼ 0:02, and H0 ¼ 70 km s�1

Mpc�1. Additional parameters of each of the models are
described in Table 1. In all cases, we assume that the primor-
dial power spectrum takes the form PðkÞ / kns , with a
spectral index that can vary as function of scale as
ns ¼ nsðk0Þ þ 0:5 dn=d ln k lnðk=k0Þ.4 In column (2) of
Table 1, we list ns, evaluated at k0 ¼ kWMAP � 0:05 Mpc�1,
and in column (3), we give dn=d ln k. We use the transfer
function of Eisenstein & Hu (1999), which accounts for the
effects of baryons. In order to make contact with previous
work, our specific choice for normalizing standard �CDM

(with ns ¼ 1:0) is �8 ¼ 0:9, where �8 (col. [4]) is the linear
rms fluctuation amplitude of the power spectrum within
spheres of radius 8 h�1 Mpc, evaluated at z ¼ 0. This spec-
tral index and normalization are very close to the best-fit
parameters derived from the WMAP data alone, without
combination with other data sets. In order to ensure
consistency on large scales, we have chosen to fix the nor-
malization of the rest of our models to match that of
standard�CDM at k ¼ kWMAP.

The first of our models with reduced small-scale fluctua-
tions, ‘‘ TILT,’’ has �8 ¼ 0:75 and modest tilt, ns ¼ 0:95, as
expected in many simple models of inflation (see, e.g.,
Kinney 2003). The specific parameter choice is motivated by
the work of Zentner & Bullock (2002, 2003), who concluded
that this normalization/tilt is favored by galaxy rotation
curve data and may also alleviate the dwarf satellite prob-
lem without the need for differential feedback. Interestingly,
this parameter choice is also nearly identical to the best-fit
power-law model in the WMAP joint analysis with other
CMB data, the 2dFGalaxy Redshift Survey, and Ly� forest
data (Spergel et al. 2003). The next model, ‘‘ RSI,’’ is moti-
vated by the same joint WMAP analysis but represents the
case in which they have allowed a running spectral index.
Their best fit has ns ¼ 0:93 and dn=d ln k ¼ �0:03. Our nor-
malization for RSI, �8 ¼ 0:81, is slightly below the quoted
WMAP value (by �3.5%) because of the simple way we
have elected to normalize on large scales, but this difference
is small compared with the quoted uncertainty. This RSI
case also does quite well in explaining the small-scale
observations (Zentner & Bullock 2003).

Our final model is computed in the context of a WDM
scenario in which the primordial power spectrum is scale-
invariant, but free streaming damps fluctuations below a
characteristic scale set by theWDMparticle massmW ,

Rf ¼ 0:2 ð�Wh2Þ1=3
�
mW

keV

��4=3

Mpc : ð1Þ

We calculate the WDM spectra assuming the same flat cos-
mology with �W ¼ �m ¼ 0:3 and use the approximate
WDM transfer function given by Bardeen et al. (1986),

PðkÞ ¼ exp½�kRf � ðkRf Þ2�PCDMðkÞ ; ð2Þ

where PCDMðkÞ is the usual CDM power spectrum. We
choose mW ¼ 1:5 keV, or Rf ’ 0:027 Mpc, in order to sup-
press power below a mass scale of �1010 M�. This choice of
WDMmass (with ns ¼ 1:0) significantly alleviates the usual
small-scale problems (Eke, Navarro, & Steinmetz 2001;
Alam et al. 2002; Zentner & Bullock 2003) yet is not ruled
out by Ly� forest data (Narayanan et al. 2000) or by pre-
WMAP constraints from reionization and early structure

TABLE 1

Summary of Models

Model

(1)

nðkWMAPÞ
(2)

dn=d ln k

(3)

�8
(4)

m�

(keV)

(5)

zðn� ¼ 2Þ
(6)

zðn� ¼ 10Þ
(7)

�CDM.............. 1.0 0.0 0.90 0.0 13.8 9.0

TILT................. 0.95 0.0 0.75 0.0 9.7 6.0

RSI ................... 0.93 �0.03 0.81 0.0 8.1 5.1

WDM............... 1.0 0.0 0.89 1.5 7.0 4.9

4 Note that our definition of ns follows Spergel et al. (2003) and
Hannestad et al. (2002) and differs by a factor of 2 from Kosowsky &
Turner (1995).
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formation (Barkana et al. 2001). We neglect the finite
particle velocity dispersion, as well as associated phase-
space restrictions, which are expected to have negligible
consequences for a 1.5 keVmodel (Alam et al. 2002; Zentner
2003).

3. HALO COLLAPSE RATES

We show in Figure 1 the fraction of the total mass in the
universe that is in collapsed halos in two different mass
ranges, computed using Press-Schechter formalism (Press &
Schechter 1974). In the top panel, we show the fraction of
mass in halos with mass greater than 1:0� 106 h�1 M� but
with temperatures of less than 104 K. (Conversions between
mass and temperature are the same as in Somerville &
Primack 1999.) As discussed below, we expect gas in these
halos (sometimes called ‘‘ minihalos ’’) to be able to cool
only via H2, and based on the results of hydrodynamic simu-
lations by Yoshida et al. (2003), they may potentially harbor
massive Population III stars. In the bottom panel, we show
the mass fraction in halos with Tvir > 104 K, which should
be able to cool via H i and form Population II stars with a
normal Salpeter-like initial mass function (IMF). We see
that all models with reduced small-scale power have dra-
matically decreased mass fractions relative to standard
�CDM in halos of the scale expected to be eligible for star
formation at high redshift. The TILT model shows the
smallest decrease on all scales, while theWDMmodel shows
the most dramatic decrease.

4. STAR FORMATION AND IONIZING PHOTONS

A basic requirement for star formation is the presence of
cold dense gas. The two primary coolants in the early uni-
verse, before the production of heavy elements, are molecu-
lar and atomic hydrogen. Atomic hydrogen is inefficient at
temperatures below �104 K, implying that molecular
hydrogen was probably the main coolant in the first halos to
collapse at z � 20–30, with temperatures of a few hundred
kelvins. Recent theoretical work suggests that the first stars
to form in these primordial halos may have been extremely
massive, �100–600 M�, but that the efficiency was rather
low, with less than �1% of the available gas converted to
stars or star clusters (Abel et al. 2000, 2002; Bromm, Coppi,
& Larson 2002).

The overall efficiency of early star formation is regulated
in minihalos by a complex interplay between the destruction
of H2 by UV photons and its catalysis by X-rays
(Machacek, Bryan, & Abel 2001, 2003; Ricotti, Gnedin, &
Shull 2001, 2002; Cen 2003a) and in larger halos by photo-
evaporation and supernova feedback (Ciardi et al. 2000;
Somerville 2002; Benson et al. 2002). The efficiency of pro-
duction and mixing of heavy elements also determines the
epoch at which the IGM becomes sufficiently polluted with
metals to allow cooling to lower temperatures and frag-
mentation, leading to a shift from the formation of solely
supermassive stars to a more normal Salpeter-like IMF
(Bromm et al. 2001a). For a more detailed discussion of this
scenario, see the excellent review by Loeb & Barkana
(2001), as well as recent papers by Cen (2003a), Haiman &
Holder (2003), andWyithe & Loeb (2003a, 2003b).

We model the global star formation rate density (SFRD)
by assuming that it is proportional to the rate at which gas
collapses into halos in a given mass range,

_��� ¼ e��b
dFh

dt
ðM > McritÞ ; ð3Þ

where dFh=dtðM > McritÞ is the time derivative of the
fraction of the total mass in collapsed halos with masses
greater than Mcrit, obtained from the halo mass
function dnh=dMðM; zÞ given by the Press-Schechter model,
and �b is the mean density of baryons. We adopt
Mcrit ¼ MðTvir ¼ 104 KÞ and eII� ¼ 0:1 for ‘‘ Population II ’’
halos and eIII� ¼ 0:002 and MIII

crit ¼ 1:0� 106 h�1 M� for
‘‘ Population III ’’ halos. To avoid ‘‘ double counting,’’ we
also apply an upper mass cutoff on Population III halos of
MðTvir ¼ 104 KÞ, although in practice this has little effect
on our results. In Somerville & Livio (2003, hereafter SL03),
we found that this simple prescription, with these parameter
values, agrees well in the redshift range 3dzd30 with
more detailed semianalytic models and hydrodynamic
simulations of Population II star formation including pho-
toionization and supernova feedback (e.g., Somerville,
Primack, & Faber 2001; Springel & Hernquist 2003) and
also with the general analytic arguments outlined by
Hernquist & Springel (2003). The global star formation rate
predicted by this approach is also consistent with observa-
tional constraints at 3dzd6 (SL03). Similarly, our
Population III SFRD is in good agreement with the detailed
numerical hydrodynamic simulations of Population III for-
mation by Yoshida et al. (2003), as also shown explicitly in
SL03. In both cases, the analytic recipe used here slightly
overestimates the star formation rate relative to the more
realistic simulations, thus leading to more optimistic results

Fig. 1.—Fraction of mass in collapsed dark matter halos as a function of
redshift for the four power spectra summarized in Table 1. The top panel
shows the mass fraction in halos with mass greater than 1:0� 106 h�1 M�
but virial temperature Tvir < 104 K. In the absence of metals, gas in these
halos can cool primarily by molecular hydrogen, and we associate them
with possible sites of massive (200 M�) Population III star formation. The
bottom panel shows the mass fraction in halos with Tvir > 104 K. We asso-
ciate these halos with H i cooling and Population II star formation with a
‘‘ normal ’’ IMF. The impact of reduced small-scale power on early star for-
mation on both of these mass scales is dramatic. [See the electronic edition
of the Journal for a color version of this figure.]
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for early reionization. As we do not know when the transi-
tion from solely supermassive Population III stars to Popu-
lation II star formation will occur, we conservatively shut
off the Population III mode at z < 6 (when the IGM is
known to be significantly polluted with metals). Earlier
shutoff times will only lead to later reionization, making our
conclusions even stronger.

For Population II stars, we use the results of Leitherer
et al. (1999) for the number of � < 912 Å photons produced
by low-metallicity stars with a ‘‘ bottom-light ’’ Salpeter
IMF. At ages less than about 3 million yr, these stars pro-
duce about 8:9� 1046 photons s�1 M�1

� . For Population
III, we assume that each star produces 1:6� 1048 photons
s�1 M�1

� for a lifetime of 3 million yr (Bromm, Kudritzki, &
Loeb 2001b). We note that, in the spirit of optimism that we
have adopted throughout, these values are at the high end
of the estimates of ionizing photon production and lifetime
for both populations.

The cumulative number of ionizing photons per hydrogen
atom in the universe n� is shown in Figure 2 for each of the
four models summarized in Table 1. Many analytic and
numerical studies have attempted to determine the critical
value ncrit� needed to attain ‘‘ overlap,’’ or reionization that is
�99% complete (Sokasian et al. 2003; Ciardi, Stoehr, &
White 2003b; Razoumov et al. 2002; Haiman, Abel, &
Madau 2001; Miralda-Escudé, Haehnelt, & Rees 2000;
Gnedin 2000; Madau, Haardt, & Rees 1999). Typically, ncrit�

is expected to be greater than unity, as not all photons
escape from the galaxy, the IGM is clumpy, and ionized

hydrogen can recombine. We subsume the uncertainties
associated with the escape fraction fesc, the number of
ionizations per UV photon fion, and the clumping factor
Cclump into the parameter ncrit� . For reference, Sokasian et al.
(2003) find that a gross budget of ionizing photons (i.e.,
before applying an escape fraction) n� � 5–20 is needed to
achieve a volume-weighted ionization fraction of 99% in a
recent high-resolution numerical simulation of reionization
by Population II-like stellar sources. This range is consistent
with other results from the literature. The clumping factors
in numerical simulations are known to be potentially over-
estimated because of their limited numerical resolution
(Haiman et al. 2001; Sokasian et al. 2003), and no numerical
simulation to date has included the contribution from Pop-
ulation III stars, which are likely to be less clustered and to
have high escape fractions. We therefore entertain the possi-
bility that as few as�2 ionizing photons per hydrogen atom
may be able to do the job, although ncrit� � 10 is likely to be
more realistic. The redshift at which n� ¼ ncrit� ¼ 2 or 10 in
each of the models is shown in Figure 2 and recorded in
Table 1. We regard these values as bracketing a generous
but plausible range for the expected redshift of overlap in
these models.

One can quickly see that it is difficult to achieve reioniza-
tion earlier than z � 10 in any of the models with reduced
small-scale power. In the RSI model favored by Spergel
et al. (2003), ncrit� ¼ 2 occurs at z � 8—only slightly earlier
than for the WDM model. Values of n�e10–20, corre-
sponding to more typically favored values of the photon
escape fraction ( fesc � 0:2), recombination rate, and clump-
ing factor, are attained only at z � 6–5 in the models with
reduced small-scale power—thus these models (particularly
WDM and RSI) may not even be able to reionize the uni-
verse early enough for consistency with the SDSS quasar
observations. As noted above, we have allowed massive
Population III star formation to continue until z ¼ 6,
although we actually expect it to shut off much earlier. This
would lead to even later reionization, as shown by the short-
dashed lines in Figure 2, which show the contribution from
Population II stars only.

4.1. Uncertainties and Extreme Parameter Values

Certainly it may be argued that the IMF and formation
efficiency of early generations of stars are highly uncertain.
We now consider how much we would have to vary the free
parameters in our simple model to obtain reionization by
z � 17 in the RSI model favored by the analysis of WMAP
combined with other data (Spergel et al. 2003). These results
are summarized in Table 2. In model RSI.x1, we increase
the efficiency of star formation in Population II halos to
100% (corresponding to all baryons forming stars the
moment they are within a halo) and the assumed mass of

Fig. 2.—Cumulative number of hydrogen-ionizing photons per hydro-
gen atom produced, as a function of redshift, for the four initial power
spectra. Long dashed lines show the contribution from Population III stars,
short dashed lines show the contribution fromPopulation II stars, and solid
lines show the total. Straight dotted lines indicate the redshift at which two
and 10 ionizing photons per atom have been produced and roughly bracket
the range of redshifts in which the overlap of ionized regions is expected to
occur. In all three models with reduced small-scale power, overlap occurs
later than z � 10. This may be compared with the estimate of
zreion ¼ 17� 5 from the WMAP temperature-polarization results (Kogut
et al. 2003). [See the electronic edition of the Journal for a color version of this
figure.]

TABLE 2

RSI Model Variants

Model eII� eIII� NII
� zðn� ¼ 1Þ zðn� ¼ 2Þ zðn� ¼ 10Þ

RSI.x1 ...... 1.0 0.006 �1 11.7 10.8 8.7

RSI.x2 ...... 1.0 1.0 �1 16.8 16.0 14.0

RSI.x3 ...... 0.1 0.002 �2 9.8 8.9 6.1

RSI.x4 ...... 0.1 0.002 �10 11.4 10.6 8.6

RSI.x5 ...... 0.1 0.002 NIII
� 12.0 11.2 9.3
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Population III stars to 600 M�, the maximum expected
value suggested by Omukai & Palla (2003), although this is
larger than the maximum value advocated by Abel et al.
(2002). Reionization is then expected between z � 10:8 and
8.7. Only if we assume 100% star formation efficiency in
Population III halos as well (model RSI.x2) do we find that
reionization could plausibly occur by z � 16–14, in
reasonable agreement with theWMAP TE results.

Alternatively, we can leave the star formation efficiency
parameters at their fiducial values and vary the number of
ionizing photons produced by each population. For exam-
ple, the IMF of early Population II stars might be top-heavy
because of the higher temperatures and pressures and lower
metallicities at early times (Larson 1998). Moreover,
Tumlinson, Shull, & Venkatesan (2003) find that zero-
metallicity Population II stars with a Salpeter IMF produce
only about 50% more hydrogen-ionizing photons than the
low-metallicity Leitherer et al. (1999) models used here (see
also Schaerer 2003). We find that increasing the number of
ionizing photons per solar mass of Population II stars by a
factor of 2–10 can only shift reionization to at best
zreion � 10:6 (models RSI.x3 and RSI.x4). Even with the
extreme assumption that Population II stars produce as
many ionizing photons per unit mass as supermassive Popu-
lation III stars (about 20 times the fiducial value), we find it
is unlikely that the universe could be reionized earlier than
z � 11 in the context of theWMAPRSI model.

An additional uncertainty arises from the possible inac-
curacy of the Press-Schechter model that forms the basis of
our calculation. We do not think that this could produce a
large error, since we have calibrated our star formation rate
estimates against numerical simulations set within the stan-
dard �CDM framework (see x 4 and SL03). Moreover,
Jang-Condell & Hernquist (2001) and Yoshida et al. (2003)
found that the Press-Schechter model agrees well with
N-body simulations in the mass and redshift range most rel-
evant to our calculation. It is possible that the accuracy of
the Press-Schechter model depends on the shape of the
power spectrum, and this should be tested withN-body sim-
ulations. We find that the modified analytic mass functions
proposed by Jenkins et al. (2001) and Sheth & Tormen
(1999), which are a better approximation to N-body results
at lower redshift, produce inferior agreement with the simu-
lation results at very high redshift. In any case, if we adopt
either of the modified mass function models, we find at most
about a factor of 3 increase in the mass in collapsed halos at
z � 20 in the RSI model—not enough to significantly alter
our conclusions.

5. DISCUSSION AND CONCLUSIONS

We have investigated early structure formation in the
Standard �CDM model and in three models with reduced
small-scale power, each of which alleviates conflicts with
observations on subgalactic scales at low redshift. All the
models we considered are consistent with the WMAP data
on large scales, and two of them (TILT and RSI) are
favored by the combined analysis of WMAP and other
CMB data with Ly� forest and 2dFGRS data (Spergel et al.
2003). We model star formation using a simple recipe that
has been calibrated against more detailed semianalytic and
numerical hydrodynamic simulations of Population II and
massive Population III star formation (Somerville & Livio
2003; Springel & Hernquist 2003; Yoshida et al. 2003).

Using these fiducial parameter values, and assuming that a
gross production of between 2 and 10 ionizing photons per
hydrogen atom is needed to attain overlap, we estimate that
the universe would become reionized between z � 14 and
9 with the standard �CDM power spectrum, in agree-
ment with several other semianalytic and numerical studies
of reionization (Gnedin 2000; Razoumov et al. 2002;
Haiman & Holder 2003; Ciardi et al. 2003a; Sokasian et al.
2003). Using the same approach, we find that none of the
models with reduced small-scale power can produce at least
two ionizing photons per atom before z � 9:7, which is
about 1.5 � lower than the epoch of reionization favored by
Kogut et al. (2003) based on the WMAP TE measurement.
More plausible values of n� � 10 are not attained until zd6
in the models with reduced power on small scales. The
WDM and RSI models may have difficulty reionizing the
universe even by ze6, as required by observations of high-
redshift quasars (Fan et al. 2001). Of the three models we
considered, the model with a fixed tilt ns ¼ 0:95 (TILT) is
the best candidate for obtaining a compromise between the
requirements of early structure formation and observed gal-
axy central densities and substructure at low redshift. The
RSI model favored by Spergel et al. (2003) is only margin-
ally better than WDM in terms of the reionization
constraints. It is also worth noting that any attempts to push
reionization to higher redshift by increasing the small-scale
power (e.g., by adopting a ‘‘ red tilt ’’ n > 1 as suggested by
Cen 2003b) would further exacerbate the problems on
subgalactic scales.

We find that varying the efficiency of star formation or
the stellar IMF within a reasonable range of values cannot
significantly change these conclusions. Only if the efficiency
of star formation is pushed to an extreme upper limit (100%
of baryons in halos with M > 1� 106 h�1 M� turn
instantly into stars) can the RSI model plausibly reionize
the universe by z � 16–14. This result is in agreement with a
similar analysis performed by Haiman & Holder (2003). If
such extreme star formation were allowed to continue to
lower redshift (even to z � 4), such a model would be in
clear conflict with observations of galaxies and the IGM.
Even stronger constraints will soon be obtained from direct
observations of z > 6 galaxies with the Hubble Space
Telescope and the planned JamesWebb Space Telescope.

We conclude that if we require that the universe was
reionized at least by z � 12, within �1 � of the WMAP
result, then in the context of the current framework, this
paradox can be resolved only by adopting one or more of
the following: (1) the efficiency of Population III star forma-
tion is much higher than current theory suggests, (2) there is
an additional population of ionizing sources (such as mini-
quasars or hypernovae) at high redshift, (3) the power
spectrum has some higher order feature that produces an
upturn in power at masses just below the scale of dwarf gal-
axies, or (4) we must retain the scale-invariant n ¼ 1
standard �CDM power spectrum and somehow solve the
small-scale problems in another way. While none of these
solutions is particularly attractive, we tend to favor scenario
4 from the context of reionization, although this has its own
difficulties. If reionization indeed occurred early, and the
small-scale problems are as robust as they appear, then
there are significant gaps in our theoretical understanding
of first light and the structure of galaxies on kiloparsec
scales. The connection between the two certainly warrants
more examination.
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