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ABSTRACT

Recent results by the WMAP satellite suggest that the intergalactic medium was
significantly reionized at redshifts as high as z ~ 17. At this early epoch, the first
ionizing sources likely appeared in the shallow potential wells of mini—halos with virial
temperatures Tyvir < 10°K. Once such an ionizing source turns off, its surrounding HII
region Compton cools and recombines. Nonetheless, we show that the “fossil” HII
regions left behind remain at high adiabats, prohibiting gas accretion and cooling
in subsequent generations of mini-halos. Thus, early star formation is self-limiting.
We quantify this effect to show that star formation in mini—halos cannot account for
the bulk of the electron scattering opacity measured by WMA P, which must be due
to more massive objects. We argue that gas entropy, rather than IGM metallicity,
regulates the evolution of the global ionizing emissivity, and impedes full reionization
until lower redshifts. We discuss several important consequences of this early entropy
floor for reionization. It reduces gas clumping, curtailing the required photon budget
for reionization. An entropy floor also prevents Hy formation and cooling, due to
reduced gas densities: it greatly enhances feedback from UV photodissociation of Ho.
An early X-ray background would also furnish an entropy floor to the entire IGM;
thus, X-rays impede rather than enhance Hy formation. Future 21cm observations
may probe the topology of fossil HII regions.

1 INTRODUCTION

The high optical depth 7 = 0.17 4= 0.04 detected by the
Wilkinson Microwave Anisotropy Probe (WMAP) satellite
has lent greater credence to the notion of an early period of
star formation and reionization, z, = 17 £ 8 (Kogut et al
2003; Spergel et al 2003). If indeed the first stars formed
at high redshift z ~ 20, they are expected to form in mini-
halos' with shallow potential wells, in which Hy cooling is
dominant (Abel, Bryan & Norman 2000; Bromm, Coppi
& Larson 2002). More massive halos with Tyir > 104K,
in which collisional ionization and line cooling can operate,
are expected to be very rare at these redshifts. Modulo the
effects of UV feedback on Hy formation and cooling, stars
forming in such halos could therefore play a dominant role in
an early reionization epoch. A great deal of effort has gone
into assessing the impact of UV feedback on Ha cooling, as
well as the counter-vailing effects of positive feedback effects
such as an early X-ray background (e.g., Haiman, Abel &
Rees (2000); Ciardi, Ferrara & Abel (2000); Ricotti, Gnedin
& Shull (2002); Machacek, Bryan & Abel (2001)).

1 For the purposes of this paper, a mini-halo is defined as any
halo with Ty < 10*K which cannot cool via atomic line cooling.
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The main point of this paper is that the population
of mini-halos is likely to be considerably sparser than pre-
viously assumed. This is because mini—halo formation is
strongly suppressed even inside the fossil HII regions of dead
ionizing sources. Although such HII regions recombine and
cool by Compton scattering with cosmic microwave back-
ground (CMB) photons, they cannot cool to back to the tem-
perature of the undisturbed intergalactic medium (IGM).
Strong Jeans mass filtering takes place (Gnedin 2000), and
subsequent mini-halos will no longer be able to accrete gas
due to the smoothing effects of finite gas pressure. Thus,
once any patch of the universe is ionized, it can no longer
host any more mini-halos, even if it subsequently cools and
recombines. In effect, the birth of the first stars leads to the
demise of the mini-halo population: only one generation of
stars can form within these shallow potential wells.

While many authors have noted and commented on
the Jeans mass filtering after full reionization (Bullock,
Kravtsov & Weinberg 2000; Benson et al 2002; Somerville
2002), the Jeans filtering in fossil HII regions after ionizing
sources have turned off has not been studied. We argue that
it will strongly suppress the mini-halo population, with the
following interesting consequences:
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e Impact of Mini—Halo Population on Reioniza-
tion. Since the recombination time is shorter than the Hub-
ble time at high redshift, ¢,.c < tm, and the ionizing
sources, expected to be massive stars, have short lifetimes,
tps ~ 3 X 106yr < tmg, many generations of star formation
are required to keep a given patch of the IGM ionized. How-
ever, once the first generation of stars born in mini—halos
dies out, subsequent generations will not be able to form
in mini-halos in a previously reionized patch of IGM, even
after the patch cools and recombines. This effect inevitably
produces a non—monotonic reionization history with an early
peak of partial reionization, followed by recombination and
eventual full reionization. This is qualitatively similar to
the reionization history derived by Cen (2003) and Wyithe
& Loeb (2003), although the physical reason for the non—
monotonic evolution in the present work is different (entropy
injection, rather than a pop III to pop II transition caused
by a universal metallicity increase). Regardless of the extent
of UV feedback effects on Hy production and cooling, the
majority of stars which reionized the universe were hosted
by more massive halos able to survive Jeans mass filtering,
Thir > few x 10*K.

e Photon Budget for Reionization. Dense gas that
collects in mini—halos can form a considerable sink of ioniz-
ing photons by boosting the overall effective gas clumping
factor Crr = (n2)/(ne)? (Haiman, Abel & Madau 2001;
Barkana & Loeb 2002; Shapiro et al 2003). The clump-
ing factor Crr increases rapidly at low redshift as structure
formation progresses; thus, despite the higher mean gas den-
sity n o< (14 2)? at high redshift, the recombination time
trec = 1/(aneCrr) does not evolve strongly from z = 10—20.
However, if the universe is filled up with fossil HII regions at
high redshift, the photon budgets required to subsequently
ionize it and to keep it ionized are much lower, since gas
clumping in mini-halos is strongly suppressed.

e Source Clustering. Since preheating boosts the
threshold mass required for efficient gas cooling and star
formation, it increases the mean bias of the early proto-
galaxy population by a factor of a few (e.g., see figure 2 of
Oh, Cooray & Kamionkowski (2003)). This is likely to in-
crease the clustering amplitude of background fluctuations
due to these faint unresolved early proto-galaxies, such as:
the free-free background due to ionized halos (Oh 1999; Oh
& Mack 2003), Sunyaev-Zeldovich fluctuations due to high
redshift HII regions and supernovae winds (Knox et al 1999;
Oh, Cooray & Kamionkowski 2003; Santos 2003), and the
IR background due to stellar emission (Santos, Bromm &
Kamionkowski 2002; Magliocchetti, Salvaterra & Ferrara
2003; Haiman, Spergel & Turner 2003). The increase in
clustering bias boosts the amplitude of rms fluctuations by
a factor of several. This may be necessary, for instance, if
thermal SZ fluctuations from high-redshift supernovae are
to account for the small-scale CMB anisotropies observed
by BIMA and CBI (Oh, Cooray & Kamionkowski 2003).

e Star Formation History/Metallicity/IMF. Ini-
tially, each mini-halo is expected to harbor a single mas-
sive, metal—free star (no fragmentation is seen in numerical
simulations by Abel et al. 2000 and Bromm et al. 2002). Be-
cause of the preheating, no further mini—halos can form in

the entire comoving volume reionized by this mini-halo. As
a result, the first generation of stars is expected to form as
a population of single, isolated stars. Star formation ensues
again only once more massive halos with deeper potential
wells aggregate. These rare, high density peaks are likely
to coincide with the highly biased regions where the first
isolated stars had already formed. At the time of the for-
mation of deeper potential wells, such sites are inevitably
already polluted with metals, unless the first stars collapsed
directly to black holes without associated metal production.
As a result, the transition from pop III to pop II (metal free
to normal) stellar populations is associated with halo mass
scale. This is in contrast to scenarios (Cen 2003; Wyithe &
Loeb 2003) where star formation can continually proceed in
lower density peaks, which are far from the initial sites of
star formation and still contain relatively pristine gas (al-
lowing metal-free star formation to continue to relatively
low redshifts). Given the factor of ~ 10 — 20 difference in
the ionizing photon production efficiency per unit mass be-
tween Pop III and Pop II stars (Tumlinson & Shull 2000;
Bromm, Kudritzki & Loeb 2001; Schaerer 2002), this will
have important consequences for the redshift evolution and
topology of reionization.

e 21cm Observations. It has been suggested that mini—
halos will be observable at the redshifted 2lcm line fre-
quency both in emission (Iliev et al 2002a; Iliev et al 2002b),
and absorption (Furlanetto & Loeb 2002). If mini-halo for-
mation is strongly suppressed, these two windows on small-
scale structure during the cosmological Dark Ages will dis-
appear. 2lcm observations of mini—halos therefore provide
an interesting probe of the topology of fossil HII regions: if
mini-halos are seen, that comoving patch of the IGM has
never been ionized. This is complementary to other observa-
tions such as Gunn-Peterson absorption, which only probe
the instantaneous ionization state.

The rest of this paper is organized as follows. In §2,
we compute the “entropy floor” due to early mini—halos. In
§3, we calculate the effects of this entropy floor on the gas
density profile in mini-halos. In §4, we discuss and quan-
tify several important effects of this entropy floor for reion-
ization, and in §5 we explicitly calculate the effect on the
reionization history. We summarize our findings and discuss
their implications in §6. Throughout this paper, we adopt
the background cosmological parameters as measured by the
WMAP experiment (Spergel et al. 2003, Tables 1 and 2),
Qm = 0.29, Qp = 0.71, Q, = 0.047, h = 0.72 and an ini-
tial matter power spectrum P(k) o< k™ with n = 0.99 and
normalization og = 0.9.

2 ENTROPY FLOOR DUE TO EARLY
REIONIZATION

2.1 Entropy floor in Fossil HII regions

Early reionization introduces an ’entropy floor’ in the inter-
galactic medium which impedes gas accretion and cooling in
halos with Tyir < 10*°K which cannot excite atomic cooling.
Early reionization even introduces Jeans smoothing effects
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as the ’entropy’ of the gas, even though it is not strictly
the thermodynamic entropy S o log(K). This is a useful
convention because K is conserved when the gas evolves
adiabatically. Thus, it is conserved during Hubble expan-
sion, as well as during accretion onto halos (provided the
accretion shock is weak, gas will be accreted isentropically).
In Figure 2, we show the dependence of the final entropy
K on redshift (the dependence on T;,t follow simply from
Figure 1). The gas has significantly lower entropy at higher
redshift, since Compton cooling is more efficient. However,
the final entropy at a given redshift depends only weakly on
the overdensity §. Denser gas remains at higher tempera-
ture, since it recombines faster than it cools, and the com-
bination of higher temperature and higher density roughly
cancel K oc T8~ 2/3. We can therefore ignore the weak & de-
pendence of K, and assume that it depends only on z. The
entropy floor is thus roughly independent of the details of
structure formation and gas density distribution.

It is useful to define a parameter which compares
the IGM entropy floor to the entropy generated by grav-
itational shock heating alone. Let us define the quan-
tity K = Kicm/Ko,, where K, = T\,ir/n(rvir)Q/g, and
n(rvir) = (Qo/Qm)pnrw (rvir) /(pmp) (and pnrw s the
NFW (Navarro, Frenk & White 1997) dark matter den-
sity profile). This is the entropy due to shock heating alone
at the virial radius; the justification will become clearer in
the ensuing section. As K increases, the Jeans smoothing
effects due to finite IGM entropy become increasingly more
significant. This parameter K’(KIGM,Tvir,z) will be used
extensively in the following sections, and it is useful here to
get a sense of what values of K are expected. In Figure 3,
we plot K for a Tvir = 9000K halo as a function of redshift,
using Kicm(z) shown in Figure 2. Since K oc T,;}, and a
Tvir = 9000K halo is about the most massive that would still
not experience atomic cooling, the solid line depicts a lower
limit on K for all mini-halos. Appropriate values for K for
smaller halos can be read off simply from the K Tvqu scal-
ing. We see that for most halos, K > 1; although Kraa(2)
falls at high redshift, this is somewhat offset by the fact that
typical potential wells are much shallower, and thus K, also
falls rapidly (as seen by the dashed lines, which depict K
for 20 and 3¢ fluctuations).

Typical values for K are illustrated further in Figure
4, where we show the mass weighted fraction of mini—halos
which have entropy parameters less than a given K, given
by:

i TGN M (dnjd)
f(<K,z) = —5- (4)
fMJ dM M (dn/dM)

where M (IA( ) is the mass corresponding to K for a given
Kigm(z), Ms(2) is the cosmological Jeans mass (e.g., see
Barkana & Loeb (2002)), M, (z) is the mass corresponding
to a Tyvir = 10*K halo, and dn/dM is the Press-Schechter
mass function. Virtually all halos have K > 1 in fossil HII
regions at all redshifts of interest (z < 20), and median
values of K are much higher. We shall soon see that such
halos are subject to very substantial Jeans smoothing effects.
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Figure 2. Dependence of the final entropy K = T/712/3 on red-

shift z and overdensity §. Points correspond to the analytic solu-
tion from equations 33 and 35. As in Figure 1, our fiducial patch
has T; = 1,0 = 1,z = 19,¢t = 0.5ty (z = 19). The dependence on
T; and t are the same as in Figure 1. The gas retains more entropy
at lower redshift, since Compton cooling is less efficient. However,
the final entropy shows only a weak dependence on overdensity §:
the gas cools out at higher temperatures at higher densities, and
the increased temperature and density roughly cancel.

2.2 Entropy Floor due to X-rays

Reionization by X-rays (Oh 2001; Venketesan et al 2001)
would produce a warm (few x100 — 1000K), weakly ionized
IGM with an entropy floor similar to that in fossil HII re-
gions. Such X-rays could arise from supernovae, AGN, or
X-ray binaries, or in more exotic models with decaying mas-
sive sterile neutrinos (Hansen & Haiman 2003). The universe
is optically thick to all photons with energies:

142
15

0.5
FE < Einhiek = 1.8 ( ) mlli/lskeV (5)
where zp is the mean neutral fraction, and we have as-
sumed o, < v 3. Thus, all energy radiated below Elnick
will be absorbed. The relative efficiency of UV photons and
X-rays in setting an entropy floor deserves detailed sepa-
rate study; here we discuss some salient points. UV photons
are an 'energetically extravagant’ means of producing an en-
tropy floor. Most of the energy injected by UV photons is
lost to recombinations and Compton cooling at high redshift;
we see in Figure 1 that the gas typically Compton cools to
Thoor ~ few x 100K at the redshifts of interest. Thus, only
~ 1072 of the heat injected by UV photons is eventually

utilized in setting the entropy floor; all energy expended inthgas
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Figure 3. The evolution of the dimensionless entropy parameter
K = Kigm/Ko as a function of redshift, assuming the gas cools
at the mean IGM density § = 1. Here K, is the gas entropy at the
virial radius due to shock heating alone, and K1gns is the entropy
of the fossil HII regions as computed in Figure 2. The solid line
describes a Ty = 9000K halo, the most massive in which atomic
cooling is still not important. It therefore defines a lower limit on
K. The entropy parameter can be simply scaled (K 'S T\;rl) for
halos with lower virial temperatures. The dashed lines show K for
20 and 3o halos at that redshift; the vast majority of mini-halos
have K > 1.

combination time and the Compton cooling time are longer
than the Hubble time. In particular,

Te -1 1 + z —2.5
tc_l'(m) ( 15 ) tu ©)
and almost none of the entropy injected is lost to cooling.
Furthermore, a larger fraction of the X-ray energy goes to-
ward heating rather than ionization (in general, fewx0.1 of
the energy of the hot photo-electron created by an X-ray
goes toward heating; this fraction quickly rises toward unity
as the medium becomes progressively more ionized (Shull
& van Steenberg 1985)). Thus, if epo1(X — ray)/ero(UV) >
1072 (where epo is the comoving emissivity), X-rays could
be comparable or even more effective than UV photons in
setting an entropy floor. The relative emissivities of UV and

X-rays is unknown, but for supernovae could be as high as
(Oh 2001):

o) ~oa () (£) ®

where fesc is the escape fraction of ionizing UV photons
from the host halo, and fx is the fraction of supernova ex-
plosion energy which goes into soft X-rays, either through
inverse Compton scattering of CMB photons by relativistic
electrons (Oh 2001), or free-free emission from the hot SN
remnant.
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Figure 4. The mass weighted fraction of mini—halos which have
entropy parameters < K, for z = 10, 15, 20, assuming Kigm(z)
shown in Figure 2. Virtually all halos have K > 1, and the median
value of K is substantially higher. Thus, the vast majority of halos
accrete gas isentropically.

To make a quick estimate, let us (fairly conservatively)
assume that fx ~ 3% of the explosion energy of a super-
nova goes into soft X-rays. Of this, fleat ~ 50% of the energy
goes into heating; the rest goes into secondary ionizations
and atomic excitations. A supernova releases Ez ~ 0.5MeV
in explosion energy per metal baryon, relatively independent
of metallicity (a Pop III ’hypernova’ produces ~ 100 times
more energy, but also ~ 100 times more metals than a stan-
dard type II SN). X-ray heating thus results in an entropy
floor Kiagm ~ (fXEtheatZ)/nQ/g’, or:

Z 142\ 2
o = oot (£3) (52) (12 ) (452)
raum = 20eVem™ (502 ) 05 ) \ 10792 15 (8)

where Z is the mean metallicity of the universe. This is
comparable to the entropy of fossil HII regions, but has a
much larger filling factor, of order unity. A metallicity of
Z ~ 107%Z¢ corresponds to roughly ~ 1 ionizing photon
per baryon in the universe, both for Pop II and Pop III
stars. Due to recombinations, the filling factor of ionized re-
gions will be of course considerably less than unity. However,
the filling factor of fossil HII regions, which is the relevant
quantity, will also be less than unity by a factor foverlap,
which represents the overlap of HII regions with fossil HII
regions which have recombined. Energy spent in reionizing
fossil HII regions is wasted’ in terms of establishing an en-
tropy floor. This factor is likely to be large because early
galaxy formation is highly biased, and higher mass halos
(which can resist feedback effects) will be born in regions
already pre-reionized by earlier generations of mini—halos.
A fossil HII filling factor of order unity with little overlap
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can only be achieved if the formation of mini—halos is highly
synchronized (see discussion in section 5).

The mean free path of X-ray photons generally exceeds
the mean separation between sources, becoming comparable
to the Hubble length for ~ 2keV photons. The entire uni-
verse is thus exposed to a fairly uniform X-ray background,
and the entire IGM acquires a uniform entropy floor, with an
amplitude which scales with the amount of star formation,
as in equation (8). Even regions far from sites of star forma-
tions, which have never been engulfed in an HII region, will
be affected. By contrast, in pure UV reionization scenarios,
there are large spatial fluctuations in entropy, which depend
on the topology of reionization, and the redshift at which a
comoving patch was last ionized.

Because of the relative uncertainty of the amplitude of
the X-ray background, we use the entropy floor associated
with fossil HII regions in the rest of this paper. The mass
fraction of affected mini-halos scales with the filling factor of
fossil HII regions. This is therefore a minimal estimate; the
filling factor could approach unity if X-rays are important.

We now consider the effects of a finite entropy floor on
mini—halo gas density profiles.

3 GAS DENSITY PROFILES

Once Compton cooling and radiative cooling become ineffi-
cient, the gas evolves adiabatically. We can therefore com-
pute static equilibrium density profiles, and see how they
change as a function of the entropy floor. The models we
construct are in the spirit of Voit et al (2002); Tozzi &
Norman (2001); Oh & Benson (2003); Babul et al (2002),
which match observations of low-redshift cluster X-ray pro-
files well.

Naively, one might assume that only gas which remains
at temperatures comparable to the virial temperatures of
mini—halos would suffer appreciable Jeans smoothing. Since
in many cases the IGM can cool down to few x 100K, one
might assume that this level of preheating would have negli-
gible effects on the density profile of gas in mini—halos. This
is false: the important quantity is not the temperature but
the entropy of the gas. Since gas in the IGM is heated at
low density, it has comparatively high entropy. Gas at mean
density which is heated to temperatures:

T 90 ( —Lir 0 _Q/SK 9
1GM > (30001{) (%) ©)

(where § is the overdensity of the gas in the mini-halo in the
absence of preheating) will have entropy in excess of that ac-
quired by gravitational shock heating alone. Its temperature
will therefore exceed the virial temperature after infall and
adiabatic compression. As the level of preheating increases,
gas at progressively larger radii in the halo undergoes Jeans
smoothing effects. We now calculate this in detail.

We first construct the default entropy profile of the gas
without preheating. We assume that in the absence of heat-
ing or cooling processes, the gas distribution traces that of
the dark matter, an ansatz which is indeed observed in nu-
merical simulations (e.g., (Frenk et al 1999)) (the dark mat-
ter is assumed to follow the NFW (Navarro, Frenk & White

1997) profile). This assumption becomes inaccurate at the
very center of the halo, where finite gas pressure causes the
gas distribution to be more flattened and less cuspy than
the dark matter density distribution. In particular, even in
the absence of preheating the IGM has a finite temperature
after decoupling from the CMB and cooling adiabatically:
Tmin(2) & 2.73(1 + 24)[(1 + 2) /(1 + 24)]?, where the matter-
radiation decoupling redshift z4 ~ 150. This gives rise to a
finite entropy floor:

Kmin = 4.6 x 10" %eVem?, (10)

independent of redshift. Thus, there will be a finite core in
the gas density profile even in the absence of preheating.
In regions where gas traces the dark matter, hydrostatic
equilibrium gives the entropy profile due to shock heating
as:

1
Ksnoe = 11
roek(7) = o -
|:/ 7GM(72P(](7’) dr + pg(rvir) kBTvir-(rvir)
Tvir r umB

The final entropy profile is therefore K(r) =
max|[Kmin, Kshoek (r)]. Note that the mean molecular
weight is p = 0.59 for fully ionized gas and p = 1.22
for fully neutral primordial gas; in the paper we are
dealing with the case where the ionization fraction is small
and therefore use the latter figure. This results in virial
temperatures which are higher by a factor ~ 2.

What is the effect of preheating on the entropy pro-
file? If the infall velocity does not exceed the local sound
speed, then the gas is accreted adiabatically and no shock
occurs; the gas entropy Kigwm is therefore conserved. If gas
infall is supersonic, then the gas is shocked to the entropy
Kahock computed in equation (11). Tozzi & Norman (2001)
found that the transition between the adiabatic accretion
and shock heating regime is very sharp. To a very good
approximation K (M) = max(Ksnoek (M), Kiam); with this
new entropy profile we can compute density and tempera-
ture profiles. In fact, for most high redshift mini-halos the
'preheating’ entropy exceeds the shock entropy even at the
virial radius, so the gas mass is accreted isentropically. This
occurs when the entropy floor exceeds:

_ Tei S\ 23 /14 2\ 2
K 2.3 eV 3( v )(—) ( ) , (12
1om > 2.0 evem =60k ) (50 20 (12)

where the gas overdensity 6 ~ 50 at the virial radius in
the absence of preheating is a weak function of the NFW
concentration parameter c. Although ¢ depends weakly on
the collapse redshift, for simplicity we shall assume in this
paper that ¢ = 5 for all mini-halos.

We have compared our entropy profiles calculated with
equation (11) with the prescription in Tozzi & Norman
(2001) (and also adopted by Oh & Benson (2003)). In this
method an accretion history for a halo is prescribed via ex-
tended Press-Schechter theory; this allows one to compute
the strength of the accretion shock and thus the gas en-
tropy (using standard Rankine-Hugoniot jump conditions)
for each Lagrangian mass shell. The two methods agree ex-

(© 0000 RAS, MNRAS 000, 000-000
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tremely well; we therefore use equation (11) for both speed
and simplicity.

Given an entropy profile, from hydrostatic equilibrium
the density profile of the gas is then given by:

p(r)=K(r)~"" x

— r / ~
P(re)' ™7 + 7—7 1/ _de‘ﬁg’“ ) gy

(13)
1/(y=1)

vir

where K = P/p®? = kp(umpu) *°K. The temperature
profile can then be determined from T = ”;”—BHR' Plas-

The solution of this equation requires a boundary
condition which sets the overall normalization, here ex-
pressed as P(rvir). There is some ambiguity in this choice.
The often used boundary condition My, = feMhpaio at
r = ryi is unphysical as it does not take into account
the suppression of accretion due to finite gas entropy. We
make the following choice. Let us define Panock(rvir) =
(/) p(rvic)/ (wmer )k Tvir, the pressure at the virial
radius due to shock heating alone. For Kghook(Tvir) >
Kicwm, the final conditions at the virial radius are not
strongly affected by the entropy floor, since the shock boosts
the gas onto a new adiabat. We therefore set P(rvir) =
Pihock (rvir). The boundary condition must change when
Kicm > Kshook(Tvir), when accretion takes place isentrop-
ically, and the entropy floor is fundamental in determining
the gas pressure. In this case, P(7vir) (which is essentially
a constant of integration) is chosen so that p(r) — p as
r — oo. The latter boundary condition implicitly assumes
that hydrostatic equilibrium prevails beyond the virial ra-
dius. This is questionable, but is arguably reasonable: the
gas sound speed c; = (7[('1(;1\/[;?’71)1/2 in preheated gas is
much higher than in cold gas, which is essentially in free-
fall. The sound-crossing lengthscale over which hydrostatic
equilibrium can be established, Ls. =~ cstq, is:

1/2 0.5 1/3
b () () (8) o
which is ~ 5 times larger than the virial radius for a ~ 6000K
halo at the same redshift. Indeed, by definition Lsc > rvir
for Jeans smoothing effects to be important.

Having established the appropriate boundary condi-
tions, we can now compute detailed gas profiles. The en-
tropy, density, pressure and temperature profiles as a func-
tion of 7 = r/rvi; are shown in Fig 5. These profiles are of
course universal and independent of halo mass once K is set,
if the weak dependence of the NFW concentration param-
eter ¢ with mass is ignored. As the entropy floor increases,
the central pressure and density decline, while the central
temperature increases. We see that reasonable values of the
entropy floor K > 1 produce dramatic effects on the gas
density profile of the halo, smoothing it out considerably.

We now use these density profiles to compute how the
accreted gas fraction fq = (My/Mhaio)/ (/) scales with
the entropy parameter K. This is shown as the dark solid line
in Fig 6. Again, because of the self-similarity of the problem,
this plot is valid for mini-halos of all virial temperatures
at all redshifts, provided K is appropriately re-scaled. It is
reassuring to see that f; is continuous at K = 1, when we
switch from one boundary condition to another. This need
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Figure 5. The dimensionless entropy K = K/K,, pressure
P = P/P,, temperature T = T/To, and density p = p/po, as
a function of radius ¥ = r/ryiy. Ko, Po,T, are the values of
these quantities at 7yi, without preheating, while p, = pyp, the
mean baryonic density. The entropy profile K (7) uniquely speci-
fies P(F),T(f), p(7), independent of halo mass or redshift.

not have been the case, and gives us confidence that we
handle the transition to isentropic accretion correctly. We
see that realistic levels of the entropy floor (as computed in
§2) causes a substantial depression in gas fractions in mini—
halos.

It is interesting to compare our derived gas frac-
tions with other estimates. For the case where Kigm >
Kshook (Tvir), accretion takes place isentropically. The halo
will therefore accrete gas at roughly the adiabatic Bondi
accretion rate (e.g., Balogh, Babul & Patton (1999)):
My ~ 1.86mAG> M7y K507 (15)
The total accreted gas mass is then roughly Mgq.s =~
min(f]\'Jth7 (% /2m) Mhaio), where f is some unknown nor-
malization factor which takes into account the fact that the
total halo mass is not constant but was lower in the past
(and hence, that the gas accretion rate was lower in the
past). Another estimate which is a good fit to the results of
hydrodynamic simulations is (Gnedin 2000):

1, ~ (% /) Mhaio .
[1+ (2Y3 = 1) My /2 /Mhato]®

(16)

There is only one free parameter: M, ;, the mass of the
halo in which the gas mass fraction fg = 0.5. Gnedin (1999)
shows that M, /, is well approximated by the “filtering mass”
Mpr. However, M depends on the unknown thermal history
of the IGM. To make a self-consistent comparison, we com-
pute M/, with the density profiles computed with our fidu-
cial boundary conditions. Interestingly, we find that M o
roughly corresponds to the halo mass when accretion begins
to take place isentropically K ~ 1.
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Figure 6. The gas fraction within the virial radius fgas =
(Mg /Mualo)/(Q/Qm) as a function of the entropy parameter K.
The solid line indicates our fiducial boundary conditions; the dot-
ted line corresponds to the Gnedin (2000) fit to numerical simu-
lations; while the dashed line corresponds to the Bondi accretion
prediction (valid only for isentropic accretion, K > 1). All three
show good agreement. The self-similarity of this problem implies
that the computed gas fractions applies to mini—halos of all virial
temperatures, provided K is appropriately scaled. For illustrative
purposes, appropriate values of K for a mini-halo of Ty;, = 5000K
at z = 20, 13 are shown (see Figure 3).

The results are shown in Figure 6. All three estimates
agree well (note that the normalization f of the Bondi ac-
cretion prediction is a free parameter; the plot shown is for
f = 0.3). The widely used Gnedin (2000) fitting formula
predicts even lower gas fractions (and as we will see, clump-
ing factors) at high entropy levels K > 1. On the other
hand, the slope of the f,(K) relation for our boundary condi-
tions agrees very well with the Bondi accretion prediction in
this regime. Our boundary conditions therefore yield fairly
cons