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ABSTRACT

Using a large set of high-resolution numerical simulations incorporating nonequilibrium molecular hydrogen chem-
istry and a constant source of external radiation, we study gas collapse in previously photoionized minigalaxies with
virial temperatures less than 10* K in the early universe (redshifts z = 10—-20). We confirm that the mechanism of
positive feedback of ionizing radiation on star formation in minigalaxies proposed by Ricotti and coworkers can be
efficient despite a significant flux of metagalactic photodissociating radiation. We derive critical fluxes for the Lyman-
Werner background radiation sufficient to prevent the collapse of gas in minigalaxies as a function of the virial mass
of the halo and redshift. In our model, the formation of minigalaxies in defunct H i regions is most efficient at large
redshifts (z 2 15) and/or for large local gas overdensity 6 = 10. We show that nonequilibrium chemistry plays an im-
portant dynamical role not only during the initial evolutionary phase, leading to the gas becoming gravitationally unsta-
ble inside the minihalo, but also at the advanced stages of the core collapse, resulting in efficient gas accretion in the
core region. We speculate on a possible connection between our objects and metal-poor globular clusters and dwarf

spheroidal galaxies.

Subject headings: astrochemistry — early universe — galaxies: dwarf — galaxies: formation —

methods: n-body simulations

1. INTRODUCTION

The formation of the first (small) galaxies in hierarchical cold
dark matter (CDM) cosmologies has been a subject of intensive
research. Both noncosmological (e.g., Tegmark et al. 1997; Fuller
& Couchman 2000; Bromm et al. 2002) and cosmological (e.g.,
Abel etal. 1998,2002; Yoshida et al. 2003) approaches produced
a consistent picture of first stars in the universe forming inside
minihalos with virial masses <10° M, at redshifts 220. As the
virial temperature of such small halos is below 10* K, rendering
the atomic hydrogen line cooling inefficient, the primary coolant
responsible for the collapse of the zero-metallicity gas is molec-
ular hydrogen.

Haiman et al. (2000) argued that soon after the very first stars
in the universe are born in rare 3—4 ¢ peaks, the Lyman-Werner
photons produced by these stars dissociate molecular hydrogen,
making further small galaxy formation impossible. As a result,
the main bulk of stars in the early universe should have formed
later, when more massive galaxies with Ty; > 10*K, capable of
cooling through atomic hydrogen lines, are formed. Cosmologi-
cal simulations of Machacek etal. (2001) and Yoshida et al. (2003)
corroborated the above picture by showing that even small flux
F ~ 1072 ergss~' em~2Hz ! sr! of the Lyman-Werner radia-
tion is sufficient to suppress the formation of minigalaxies in the
early universe.

Ricotti et al. (2002) demonstrated that to gain better under-
standing of early star formation in the universe, one has to use
cosmological simulations with full radiative transfer. They uncov-
ered an important mechanism of positive feedback of ionizing
radiation from first stars on subsequent star formation in mini-
galaxies. In their simulations, cosmological H 1 regions formed
around the first minigalaxies in dense filaments become sites of
intense H, production after the source of the ionizing radiation is
turned off. In the defunct cosmological H 1 regions gas cools and
recombines at the same time, resulting in enhanced nonequilib-
rium ionization fraction and, as a consequence, increased produc-
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tion of molecular hydrogen. In the model of Ricotti et al. (2002)
the flux of the background Lyman-Werner radiation is calculated
self-consistently by performing full radiative transfer from the
sources of radiation (star-forming regions) inside the computa-
tional volume. The authors showed that the significant flux of H,
photodissociating radiation does not prevent minigalaxies from
being formed in and around cosmological H 1 regions.

From Figure 7 of Ricotti et al. (2002) and the corresponding
mpeg animation in the electronic edition of the publication one
can see some details of the above process. In this figure, a mini-
galaxy is seen to form first stars at z < 17 and then to undergo a
few consecutive starbursts due to positive feedback of the ion-
izing radiation. As one can see from this figure, the minigalaxy is
located inside a relatively dense cosmological filament. The tem-
perazure inside the H 11 regions is close to the canonical value of
~10* K.

More recently, O’Shea et al. (2005) presented their simula-
tions of the formation of a primordial star within a region ionized
by an earlier nearby star. These semicosmological simulations con-
firmed the results of Ricotti et al. (2002) by showing that there is
a positive feedback due to photoionization on subsequent star
formation in minigalaxies.

Cosmological simulations with full radiative transfer, such as
those of Ricotti et al. (2002), are very computationally expensive,
as one has to achieve both high resolution (to resolve collapsed
gas in minigalaxies) and large spatial coverage (to have the rare
sources of ionizing and Lyman-Werner radiation included in the
computational box and to beat the cosmic variance). Instead, in
this paper we use noncosmological high-resolution simulations
to investigate the mechanism of positive feedback of ionizing
radiation on star formation in minigalaxies in greater detail. We
model both nonequilibrium chemistry and the impact of the ex-
ternal photodissociating radiation on collapse of gas in mini-
galaxies inside defunct cosmological H 11 regions at redshifts
20—10. We confirm the result of Ricotti et al. (2002) that the
positive feedback is efficient even for relatively large fluxes of
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external Lyman-Werner radiation with F 2 10-2! ergs s~' cm ™2

Hz !srl.

2. MODEL

Our goal is to simulate the evolution of a small, fully photo-
ionized portion of a dense cosmological filament containing one
minihalo in the early universe (z > 10) after the source of the ion-
izing radiation is turned off. The gas remains exposed to the ex-
ternal source of radiation with the photon energies below 13.6 eV
(which includes Lyman-Werner photons capable of dissociating
the molecular hydrogen). We assume the gas to be optically thin.
To run the simulations, we use an adaptive-mesh P’M-SPH code
Hydra' (Couchman et al. 1995). We use the scalar version 4.0 of
the code, with the molecular hydrogen chemistry module devel-
oped by Fuller & Couchman (2000).

2.1. Chemistry

Molecular hydrogen is the primary coolant in the gas of pri-
mordial composition inside small dark matter (DM ) halos with
virial temperature less than 10* K. In the primordial dust-free gas
molecular hydrogen can be produced through two main channels:
H; channel and H™ channel. In our analysis, we consider only
the latter channel, as it is known to be the dominant one at red-
shifts z < 200. In the H™ channel, the electron acts as a catalyst:

H+e — H 41,
H+H—H,+e .

At the temperatures considered here (7 < 10* K) helium is
neutral. As a result, we only have to follow the evolution of five
different species: H, e~, H, H™, and H,. We use all 13 major chem-
ical reactions involving these species from the compilation of
Abel et al. (1997). The reactions are listed in Table 1. We keep the
reaction numeration of Abel et al. (1997). Most of the reaction
rates are from Abel et al. (1997), with two exceptions: (1) for re-
action 7, we use a simpler expression from Hutchins (1976),
which is the way this reaction is implemented in the publicly avail-
able FORTRAN routine on Tom Abel’s primordial gas chem-

istry page:?
ky = 1.83 x 1071870877 ¢~ 1 (1)

where T'is the gas temperature in K; and (2) for the photodetach-
ment cross section of H™ (reaction 23) we used our own (higher
quality) fitting formula to the original data of Wishart (1979) tab-
ulated for photon energies 0.76—-9.9 eV. More specifically, in-
stead of the fitting formula 023 = 7.928 x 10° (v — 149) =3 cm?
of Abel et al. (1997), we used the following one:

023 = 2241 x107 (v — 1) 3 em?. (2)

Here frequencies are in Hz. Both expressions are valid for iv >
hvy = 0.755 eV. The standard and maximum deviations of our fit
from the data of Wishart (1979) are 0.007 and 0.04 dex, respec-
tively, which is much better than for the original fit (0.03 and
0.07 dex, respectively).

' See http:/coho.mcmaster.ca/hydra/hydra_consort.html.
2 See http://cosmos.ucsd.edu /~tabel / PGas.
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TABLE 1
REacTIONS
NN Reaction Rate Reference

H+e — H +2e”
Ht+e —H+7y
H+e —H +7v
H+H —Hy+e
H, +H" - Hj +H
Hy+e —2H+ e
H, +H — 3H

H +e¢ - H+2e
H +H—2H+ e~
H +H" - 2H

H +H' - Hj +e”
H +y—H+e
H2+7—>H§—>2H

—_ ) = e e e e e e = RN =

Note.—Reaction numeration is from Abel et al. (1997).
REerereNcEs.— (1) Abel et al. 1997; (2) Hutchins 1976; (3) this work.

The external source of nonionizing radiation is considered to
have a power-law spectrum:

F :F17<%>010217 3)

where Fj; is the radiation flux in ergs s~' em™2 sr ~! Hz~! at the
average Lyman-Werner frequency with Av = 12.87 V. The rate
for reaction 23 can be obtained from

L

Fai(v)10~2
k23 = 47T/ 21(V) h UB(V) dl/ S_l. (4)
14

Yo

Here hv;, = 13.6 eV is the hydrogen photoionization energy. We
consider a steep external radiation spectrum with « = —1. The
rate equation is derived by numerically solving the integral in
equation (4) with o,3(v) given by equation (2):

k23 = 7.465 x 10_10F21 S_l. (5)
The rate for reaction 27 is
ky; = 1.382x 107 12F5; 57! (6)

(Abel et al. 1997).

For a species 4, we express the fractional abundance f; in terms
of the proton number density » of all hydrogen species: f; =
n(A4)/n. Here

n=p(1 —y)/my = n(H) + n(H') + 2n(H).  (7)

(The abundance of H™ is much lower than the abundance of other
hydrogen species and was neglected in the above equation.) Here
pis the gas density, m,, is the mass of'a proton, and y is the helium
mass fraction. As the destruction of the ion H™ proceeds much
more quickly than its production, the equilibrium fractional abun-
dance of H™ can be estimated as

k7 fi for
(ks + kis) fiu + (kie + ka7) fr + kwafe- + kas/n’

fir =

Furthermore, fi;+ = f.- due to neutrality of helium and very low
abundance of H™. In addition, the neutral hydrogen fractional
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abundance can be estimated from equation (7) as fy = 1 — fip+ —
2fn,. This leaves us with only two species whose fractional
abundance has to be derived by solving differential equations: H*
and H,. The corresponding equations are

%d{;};* = ki fo-fu — ko fufe s ®)
%dg;z = ks fu-fu —fu, (kllfH' thfe + ks fu +%>
(10)
2.2. Cooling

Molecular hydrogen molecules cool through radiative de-
excitation of rovibrational levels. We adopted the H, cooling
function from Galli & Palla (1998):

A, = (Afgg + A;LO)_lnHZnH ergsem > s ' (11)

where

1{95x107%271376 3
Aprp =— 3 e—(oA13/T3) +3x 10—246—0.51/T3
n 1+ 0.12T32']

+6.7x10 0 586/Ts | 1 6 10‘”@‘””“) (12)

is the local thermodynamic equilibrium cooling function given
by Hollenbach & McKee (1979, a sum of their egs. [6.37] and
[6.38]) and

log Ayo = — 103.0 +97.59 log T — 48.05(log T)?
+10.80(log T)*—0.9032(log T)* (13)
is the density-independent low-density limit of the H, cooling
function (Galli & Palla 1998). Here T3 = T/10° K.

We also included five other cooling processes (the rates are
taken from Anninos et al. 1997): atomic hydrogen line cooling,

Agty = 7.50 x 10—1"(1 + Tsl/z)_le_118348/TnenH, (14)
hydrogen collisional ionization cooling,
Aion = 2.18 x 10~ kynony, (15)
hydrogen recombination cooling,
Aree = 8.70 x 107721592 (1 4 T07) ' ponyye, - (16)
bremsstrahlung cooling,
Ao = 1.43 x 1072771/ (1.1 4 0.34¢ 65 log T)2/3)nenﬁ+,
(17)
and Compton cooling,
Ac = 1.017 x 1077 T8 5 (T — Tems) e (18)
Here T5s = T/10° K, Ts = T/10° K, k; is the rate for reaction 1

(see Table 1), and Tcyp = 2.73(1 + z) K is the temperature of
the cosmic microwave background radiation, where z is the
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redshift. The units for the cooling functions in equations (14)—
(18) are ergs cm 3 s~!. The total cooling function is the sum of
the cooling functions in equations (11) and (14)—(18).

2.3. Generating Initial Gas and DM Distributions

In our model we use periodic boundary conditions with the
box size 5.7 times larger than the virial diameter of the DM halo.
As the halo is located inside a relatively dense filament, we ig-
nore the expansion of the universe. Both DM and baryons have
zero global angular momentum.

The DM halo is assumed to have a Navarro-Frenk-White
(NFW; Navarro et al. 1997) universal density profile,

DM,
poulr) = (r/”s)/()l +0r/rs)2 7 1)
where
Myir c -
PDM,O = m |:1I1(1 + C) — 1_—|—C:| . (20)

Here r is the scaling radius of the halo. In the ACDM cosmol-
ogy, the typical concentration ¢ = ry;/ry of a DM halo with the
virial mass my;; < 10'! M, at the redshift z is

2 o —0.08
e 2 (_m (21)
1+2z\10° M,

(Bullock et al. 2001). Here 7, is the virial radius of the halo.
Zhao et al. (2003a, 2003b) showed that in cosmological N-body
simulations c is always larger than ~3.5.

Initially, the gas is isothermal with temperature Ty = 10* K,
with fully ionized hydrogen and neutral helium, and is in hydro-
static equilibrium inside the periodic computational box contain-
ing one DM halo. Our choice for the initial temperature of the
photoionized gas was guided by the results of the cosmological
simulations of Ricotti et al. (2002) incorporating full radiative
transfer and primordial chemistry. (In particular, from their Fig. 7
one can see that the temperature of the fully photoionized H 1
region surrounding a minigalaxy is very close to 10* K, despite
the fact that the sources of ionizing radiation in this particular
model are Population I1I stars that have a relatively hard spectrum.)
The gas in our model has a primordial composition, with the he-
lium mass fraction y = 0.24 and no metals. We produce this ini-
tial configuration in a two-step procedure as described next.

First, the computational box is filled homogeneously with N,
SPH gas particles with the temperature 7,,. We place a DM halo,
represented by Npy = N, particles, at the center of the box. The
halo is truncated at a radius equal to the half-size of the box
(5.7 times larger than the virial radius). The procedure outlined
in Mashchenko & Sills (2005a) is used to generate the initial co-
ordinates and velocity vectors of the DM particles (isotropy is as-
sumed). Then we evolve the cube using Hydra for a very long time
T with the DM particles rigidly fixed in their original positions
(static DM halo), the gas temperature fixed at 7} (isothermal equa-
tion of state), and no chemical reactions. We fix the evolution
time at 7 = 10 Gyr for all our models, which is ~20-50 times
longer than the sound crossing time in the box. At the end of the
evolution, the gas density profile is well converged to its final hy-
drostatic shape down to the smallest resolved radius (containing
32 gas particles).

Second, we run the simulation for an additional 0.5—-1 Gyr
with the live DM halo (gas is still isothermal and fully ionized) to
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TABLE 2
HALo PARAMETERS

log my;; rg Fyir Toir Box Size €
z (M) c (kpe)  (kpe)  (K) (kpe) (po)
20.......... 7 3.50  0.0964 0.337 4890 3.81 6.6
150 6 3.50  0.0587 0.206 800 2.32 4.0
6.5 3.50  0.0862 0.302 1730 3.41 5.9
7 3.50  0.127 0.443 3720 5.00 8.7

7.5 3.50 0.186 0.650 8020 7.34 13

10.......... 7 3.55  0.182 0.644 2560 7.17 12

Notes.—Here Tyi; = uV2 /(2k) is the virial temperature of the halo, where

vir

V2 = Gmyi/ryir, k is the Boltzmann constant, and the mean particle mass is p =

vir
0.633m,, for primordial gas with fully ionized H and neutral He; ¢ is the gravi-
tational softening length. All units are proper (not comoving).

allow the halo to (slightly) adjust itself to the presence of gas in
the box. We stop the simulation before the central DM density
profile starts getting flatter due to two-body interactions between
DM particles.

One of the free parameters in our model is the average bary-
onic overdensity in the box, § = po/pp, Where p; is the average

gas density in the box and
=——(1 22
=gt (142) (22)

is the average baryonic density in the universe. (Here G is the
gravitational constant.) For the rest of this paper we assume a flat
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universe with 2, = 0.27, €, = 0.044, H = 71 km s~ Mpc™!,
and og = 0.84 (Spergel et al. 2003). The parameter 6 is meant to
represent both the gas overdensity and the DM overdensity in-
side the box. Due to the small size of the box (~5 proper kpc), the
DM that is not a part of the virialized DM halo is assumed to be
distributed almost homogeneously and hence to have a negligi-
ble impact on the gas evolution inside the box. We do not include
this DM in our simulations. In our models, when we vary the
overdensity 6, we change only the average gas density, keeping
the DM distribution unchanged.

Overall, we have four free parameters in our model: redshift z,
DM halo virial mass m;;, overdensity 6, and external radiation
flux F,,. By running ~150 models, we explore a wide range in
the initial parameters, with z = 10-20, my;; = 10°-3 x 107 M,
6 = 1-30, and F»; = 0—o0.

2.4. Numerical Simulations

We simulated six different DM halos (listed in Table 2). The
main emphasis was on halos formed at z = 15 (four models), but
we also considered one high-redshift (z = 20) and one low-
redshift (z = 10) case for the fiducial virial mass of 107 M. Each
halo was simulated with four different values of overdensity 6: 1
(notinside a filament), 3 (low-density filament), 10 (filament), and
30 (partially collapsed halo). Each of the above 24 models was
simulated with four to eight different values of the external Lyman-
Werner flux F,; (including the case of zero flux), which resulted
in ~120 models ran with full chemistry and cooling. The partic-
ular values of F»; (listed in Table 3) were chosen to bracket the

TABLE 3
RESULTS OF THE SIMULATIONS

log my;r log F5; ne Leoll Tyir,1 Myi,1 Tyir2 Myir 2
z (M) 6§ (10 ergss™ em 2 sr! Hz ) (cm™?) ne/nout 108 Fai et (Myr) (pe) M) (po) (M)

20, 7 1 —o0,—=2,-1,0,05,1,2, o0 0.041 28 0.75 31 7 71x%x10° 8 38x10°
7 3 —o00,—1,0,1, 0 0.13 30 0 19 8 9.0x10° 8  95x10°
7 10 —o0, 1,0, 1, c0 0.52 37 00 12 10 1.5x 10* 8 1.9 x 10°
7 30 —00,0,1,2, 00 42 110 00 4 263 1.8 x 10° 8 54 x10°

15, 6 1 —o0, =3, -2, -1 1.2 x 1073 1.6 —0 a
6 3 —o0, =5, —4,-35,-3, -2, -1 35x1073 1.6 -3.75 225 4 28x10 5 1.6 x 10*
6 10 —oo, —4, =3, =2.5, =2, -1, 0 0.012 1.6 —2.75 102 5 37x10° 5 26x10°
6 30 —o0, =2, —1.5, 1,0 0.035 1.6 —1.75 60 5 45x%x10° 5 6.0x10°
6.5 1 —o0, =3, =25, -2, —1 2.0 x 1073 2.7 —2.75 188 6 45x10° 7 46 x10*
6.5 3 —o0, =3, =25, -2, -1 6.0 x 1073 2.8 —2.25 105 7 55x%x10° 7 3.0x10°
6.5 10 —o0, =2, —1.5,—-1,0 0.020 2.8 —1.25 56 7 7.0x10° 7 79x10°
6.5 30 —o0, =2, —1, —0.5, 0 0.063 2.9 —0.75 37 8 9.1 x 10 7 1.9 x 10°
7 1 —o0, =3, -2, —1.5, —1 74 x 1073 11 —1.25 92 10 9.6 x10° 10 39x10°
7 3 —o0, =2, —1,-05,0 0.023 11 —0.25 47 10 1.1 x10* 10 99 x 10°
7 10 —o0, —1,0,1, 00 0.082 12 0 28 13 1.6x10* 10 25x10°
7 30 —o0,—1,0,1, 0.33 17 00 18 18 3.1 x10* 10 63 x10°
7.5 1 —o0,—-1,0,1, 00 0.22 370 00 18 17 24 x 10* 15 1.2 x 10°
7.5 3 —o0,—1,0,1, 00 0.82 490 00 11 27 5.8 x 10 15 3.0x10°

75 10 b

7.5 30 ©
10uiiennn. 7 1 —o0, =3, -2, -1 1.1 x 1073 4.8 -0 447 12 1.1x10* 14 32x10*
7 3 —o0, =3, =25, -2, -1 33 x 1073 48 —225 201 13 1.3 x 10 15 7.6 x 10°
7 10 —o0, =2, —1.5,—1,0 0.011 5.0 —1.25 86 15 18x10* 15 25x10°
7 30 —o0, =2, —1,0,0.5, 1,2, 0o 0.038 5.6 0.5 52 19 28x10* 15 58x 10°
Notes.—Here log F,; = —oo corresponds to no external radiation, log F»; = oo stands for no H, cooling, n. and ny, are the initial gas density at the center of the halo

and at the edge of the computational box, respectively, and F; ¢ is the critical value for F,; (such that models with F; 2 F>; ¢t Will not collapse in one local Hubble time).
Parameters .o, Fyir, 1, Mvir,1, Pvir,2, a0d myir > correspond to models with 51 = 0. Here #.y; is the time when the Jeans criterion is met inside the halo, 7i;; and myi; 1 are the
radius and the enclosed gas mass of the region with the smallest virial ratio at ¢ = #.,), and ryi;» and my;;» are the same quantities at the end of simulations.

# The model does not collapse even when F,; = 0.

® The model collapsed during the evolution of isothermal gas in a live DM halo (the second step in generating the hydrostatic initial conditions).
¢ The model collapsed during the evolution of isothermal gas in the static DM halo potential (the first step in generating the hydrostatic initial conditions).
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Fic. 1.—Initial hydrostatic radial gas density profiles for all our models. Models with larger ¢ are located higher. (@) Halos at fixed redshiftz = 15. Dotted, dashed, solid,
and dot-dashed lines correspond to the models with log m.;, = 6, 6.5, 7, and 7.5, respectively. For the case of log my;; = 7.5, only the models with 6 = 1 and 3 are shown.
(b) Halos with fixed virial mass m;; = 107 M_,. Dotted, solid, and dashed lines correspond to the models with z = 10, 15, and 20, respectively.

minimum value of the flux /¢ when the external radiation
prevents the halo from collapsing.

The virial temperature of our halos is below the initial gas
temperature of 10* K for the case of fully ionized hydrogen and
would be above 10* K, if the gas were neutral, only for our most
massive halo with m.;; ~ 3 x 107 M, (see Table 2). The gravita-
tional softening length € was set to be commensurable with the
average interparticle distance within the virial extent of the DM
halo: ¢ = 1.8r4/N}y,. (Here 7y, is the half-mass radius of the halo.)
All of the above models had a total number of particles of 2 x
643 ~ 520,000.

As one can see from Table 2, the concentration of our halos is
close to 3.5 due to the constraint of Zhao et al. (2003a, 2003b).
The virial radius of these objects is very small: between 200 and
650 pc. The size of the periodic computational box is between
2.3 and 7.3 proper kpc.

The central hydrogen number density 7, in the initial hydro-
static state spans a wide range: 0.001—4 cm™> (Table 3). This ex-
cludes the two most massive models (log m; = 7.5) with the
largest overdensities, 6 = 10 and 30, which collapsed during the
generation of the initial gas and DM distributions (see § 2.3). As
one can see from Table 3, the gas density contrast n./nq, between
the center of the halo and the edge of the box initially ranges from
1.6 (i.e., the gas is barely perturbed by the shallow gravitational
potential of the DM halo) for our lowest mass halo with m; =
10° M, to ~500 for the model with my;; ~ 3 x 107 M, and
6 = 3. For models with larger m.;;, 6, and/or z the ratio n./ng, in-
creases noticeably with 8, indicating that the gas self-gravity be-
comes important for such models (Table 3). Figure 1 plots the
initial density profiles for all our models.

We consider a halo to have collapsed if within time #;, com-
parable to the local Hubble time, the gas becomes Jeans unstable
within the virial extent of the DM halo. For our models with z =
20, 15, and 10 we set ty = 200, 300, and 500 Myr, respectively.
We define gas to be Jeans unstable if for some radius » < ry;, the
virial ratio

v==2K@r)/W({) (23)

becomes less than unity. Here K(r) and W(r) are the thermal and
potential energy, respectively, for the enclosed gas. We derive
W(r) from the kernel-smoothed SPH gas density o:

W(r) = —4nG /r oM (r)rdr (24)
0

(Binney & Tremaine 1987, p. 68). For consistency, the enclosed
gas mass M(r) in the above equation is also derived from the
smoothed gas density o: M (r) = 4 [ or? dr.In equation (24) we
ignore the potential energy of the DM halo as it becomes signifi-
cantly smaller than the potential energy of the gas at advanced
stages of the gas collapse. Using the smoothed gas density o re-
sults in W(r) being still smaller. As a consequence, our Jeans
collapse criterion is a conservative one, as in a real system the
potential energy for the enclosed gas would be larger, resulting in
smaller virial ratio v.

3. RESULTS OF SIMULATIONS

When the flux of the external Lyman-Werner radiation is
equal to zero, virtually all of our models collapse within one local
Hubble time. The only exception is the least massive model with
myi; = 10° Mg, (Tir = 800 K) and § = 1. For the rest of the
models, the collapse time ., ranges from 0.02#4 to ~0.9¢ (see
Table 3). The radius of the region becoming Jeans unstable, r;,,
is always slightly larger than the softening length ¢, indicating
that the collapse is severely underresolved in our simulations.
We address the issue of numerical convergence at the end of this
section. The mass of the unstable gas is between 3 x 103 and 6 x
10* M, initially but becomes much larger (more than 10° M in
many cases) by the end of the simulations due to ongoing accre-
tion of the gas on the central core. In many collapsed models we
could not continue simulations until the very end as these runs
were virtually brought to a stop due to the extremely large gas den-
sities developed at the center of the halo. As a result, the myi »
values we list in Table 3 should be considered as a lower limit.
The precise value is probably not very important, as in real systems
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a starburst should occur some time after the core becomes Jeans
unstable, which would dramatically change the following evo-
lution of the minigalaxy.

The main results of our work are summarized in Figure 2 and
Table 3. In Figure 2 we plot the critical value of the Lyman-Werner
flux F ¢rit for all our models as a function of m,;;, 6, and z. Mod-
els with F; < F; ¢ collapse within a local Hubble time and do
not collapse for larger fluxes. From Figure 2 one can see that the
impact of external photodissociating radiation is most significant
for halos with my;; < 3 x 10° M, and 6 < 10, where even a small
flux F; ~ 0.01 can prevent the halo from collapsing at a redshift
of 15. As Figure 2b shows, F» ¢t is a very strong function of z.
At z = 20, the halo with my; = 107 M, will collapse even out-
side a cosmological filament (6 = 1), whereas at z = 10 the halo
with myi; = 107 M, can collapse only for 6 = 20 (if F»; ~ 1).
Halos with a given virial mass are more immune to the external
Lyman-Werner radiation at larger z due to a combination of sev-
eral factors: (1) halos with the same m,;. have larger virial tem-
perature at larger z (see Table 2), (2) the average gas density in
the universe grows as ~z> (eq. [22]), and (3) the temperature of
the cosmic microwave background grows as z + 1, resulting in
much stronger Compton cooling at larger redshifts (see eq. [18]).

On a more detailed level, the impact of varying the Lyman-
Werner flux on gas dynamics can be seen in Figure 3. Here we
plot the central gas density and temperature as a function of time
for our fiducial halo with my;, = 107 M,z =15,and § = 3 for
different values of F»;. From this plot one can see that a larger pho-
todissociation flux results in the central gas density growing more
slowly and the central gas temperature decreasing more slowly.
Also, the final temperature of the collapsed core increases with
increasing flux, reaching ~800 K for log F»; = —0.5. Ittakes lon-
ger for the core to become Jeans unstable (Fig. 3, circles) for
larger F»1. When the flux reaches log F; = 0, no collapse occurs
within the evolution time of 300 Myr, although the central tem-
perature decreases to ~2000 K and the central density grows to
~30 cm~>.

Figure 4 can be used to estimate the importance of different
physical processes on the dynamics of the collapsing halo. Here

we show the evolution of the lowest value of the virial ratio v
within the virial extent of the halo for our fiducial case with m.;; =
10" M., z =15, 6 = 3, and F3; = 0.1. We show the results for
a full run (solid line) and for a few additional simulations with
some of the physical processes turned off. The first most obvious
effect is that turning the H, cooling off changes the dynamics dra-
matically: when the H, cooling is included, the core collapses
after ~140 Myr, whereas when Ay, = 0, the halo is very far from
a collapse even at the end of the simulations (after 300 Myr).
Another interesting result is that the impact of the photodetach-
ment of H™ (reaction 23 in Table 1; eq. [4]) on the overall col-
lapse dynamics is negligible, despite the fact that we use the

log T, K
log n, cm™3

0 0.1 0.2 0.3
t, Gyr

Fic. 3.—Evolution of the gas properties at the center of the halo with m,;, =
107 My, z = 15,6 = 3, and log Fy; = —o0, —2, —1, —0.5, and 0. We show the
gas temperature 7 (solid lines) and density n (dashed lines). Numbers next to the
lines mark the values of log F;. Filled circles (for solid lines) and open circles
(for dashed lines) mark the time when the halo core becomes Jeans unstable.
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Fic. 4.—Evolution of the lowest value of the virial ratio v for a halo with
myir = 107 M,z =15,6 =3, and F,; = 0.1. Solid line: Full chemistry. Dotted
line: Model with no photodetachment of H™ (k23 = 0). Short-dashed line: Model
with Ac = 0 (the case with A = 0 is virtually identical). Long-dashed line: Model
with A, = 0. Dot-dashed line: Model with negligible H, cooling (F»; = 1).

most conservative power-law exponent . = —1 to describe the
spectrum of the external radiation (corresponding to radiation pro-
duced by quasars). In a more realistic case, at least a fraction of
the external radiation flux should come from stellar sources, fur-
ther reducing the importance of the H™ photodetachment reaction
on dynamics of minigalaxies in defunct cosmological H i regions.
It follows that the only important photoreaction for our objects is
the direct photodissociation of H, molecules by Lyman-Werner
photons.

From the analysis of Figure 4 it appears that the next most
significant process (after H, cooling) is the atomic hydrogen line
cooling (long-dashed lines), followed by Compton cooling and
hydrogen recombination cooling. The rest of the cooling processes
have negligible impact on the evolution of the halo. We draw the
reader’s attention to the fact that the importance of the H line
cooling is a strong function of the assumed initial temperature of
the fully photoionized gas. For example, lowering T, from 10*to
8 x 103 K reduces the initial values of Ay, by a factor of ~20 (see
eq. [14]). It also lowers the ratio T,/7;;, so the overall dynam-
ics of the collapse should not be affected much. We conclude that
at the redshift of ~15 atomic hydrogen line cooling, Compton
cooling, and hydrogen recombination cooling are of roughly com-
parable importance for the dynamics of our minigalaxies.

In Figure 5 we plot the radial profiles for our fiducial halo for
three different times ¢ ~ 6,144 (when the core becomes Jeans un-
stable), and 300 Myr. As one can see in Figure 5a, initially the
core becomes unstable at the very center of the halo, later involv-
ing the whole virial extent of the halo. Figure 55 demonstrates
that at the late stages of the collapse a dominant fraction of the
total gas mass inside the virial radius of the halo has been accreted
by the core and that the accretion proceeds with increasingly larger
gas radial infall speeds. A very interesting effect can be seen in
Figures 5c and 5d: after the core becomes Jeans unstable, the in-
falling gas becomes increasingly hotter near the core due to adi-
abatic compression, leading to an increasingly larger hydrogen
ionization fraction near the core and, as a result, to increased H,
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production in this area. This, in turn, increases cooling of the gas
in the central parts of the halo, accelerating the overall collapse
process. It thus appears that gas in minigalaxies forming in the
defunct cosmological H 1t regions can be effectively cooled by
H, molecules formed due to high nonequilibrium abundance of
free electrons not only initially, before the onset of the collapse,
but also at the advanced stages of the collapse. This leads to a
much more significant positive feedback of ionizing radiation on
star formation in small galaxies in the early universe.

From the analysis of Figure 5 it is obvious that the collapse
is severely underresolved in our models. For example, one can
see the gas infall velocity discontinuity around a radius of ~1.3¢
(Fig. 5b) and dramatic changes in temperature and density slopes
at the same radius (Fig. 5¢). The important question is then, how
robust are our above conclusions given that the collapse is not
fully resolved?

Unfortunately, it is not feasible to run higher resolution simu-
lations with our scalar version of the code Hydra. Instead, we ad-
dress the above issue by rerunning our models with my;, = 107 M,
and z = 15 with two different numbers of particles, 2 x 323 ~
66,000 and 2 x 64° ~ 520,000, with the size of the periodic com-
putational box being twice smaller than in the original simulations:
2.5 instead of 5 kpc. In half-box simulations the initial hydrostatic
gas distribution and overall collapse dynamics are somewhat dif-
ferent from the full-box simulations, so these new runs are not
meant to be directly compared with the original simulations. In-
stead, one has to compare the half-box low-resolution simulations
(which have the same spatial resolution as our original runs: € =
8.7 pc) with the half-box high-resolution simulations (spatial res-
olution is twice better: € = 4.3 pc).

The details of the half-box simulations are provided in Table 4
(analog of Table 3). One can see from this table that in the higher
resolution simulations the collapse takes place ~25% earlier at
a twice smaller radius and involves initially 2—3 times less gas.
The dynamics of the collapse for both cases can be followed in
Figure 6, where we show the evolution of the central gas density
and temperature for our fiducial halo. As one can see in Figure 6,
the central gas density grows faster and reaches larger values in
the higher resolution simulations. Importantly, in the higher N
case the growth rate of the gas density is not affected by spatial
resolution even for some time after the onset of the Jeans insta-
bility (Fig. 6, open circles), whereas in the lower resolution case
the sharp change in the density growth rate takes place at the
onset of the instability. This indicates that at least the initial stage
of the core collapse is resolved in our higher resolution simula-
tions. Interestingly, the final central temperature of the gas is the
same in both cases (see Fig. 6).

It is easy to see why in the higher resolution case the collapse
takes place earlier. Indeed, from Figure 1 one can see that all our
initial hydrostatic gas density profiles have a cusp with a small
slope at the center of the halo. As a result, the higher the spatial
resolution of the simulations, the larger is the initial density of the
resolved gas in the core, leading to stronger cooling and faster evo-
lution. As the slope of the density cusp is small, we expect this
process to converge at some large N. Indeed, as we progress to
larger N, a very moderate increase in the resolved gas density
(and hence of the cooling rate) would correspond to much smaller
mass of the gas affected by the cooling, resulting in negligible
impact on the dynamics of the system for large enough N. More
quantitatively, if the initial gas density near the halo center is o7~
and the spatial resolution is €, then the mass of the unresolved core
is M. o< £37%/(3 — ) and the average core density is p, oc £~/
(3 — a). As the cooling per atom is proportional to p,, the global
core cooling is proportional to M, p, o £2%/(3 — av)*, which
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Fic. 5.—Radial profiles for a halo with my;; = 107 M, z = 15, § = 3, and log F; = —1 at three different times: at the early epoch (¢ = 6 Myr; dot-dashed lines),

around the time when the gas became Jeans unstable (1 = 144 Myr; solid lines), and at the end of the simulations ( = 300 Myr; dashed lines). Vertical dot-dashed lines
correspond to the spatial resolution 1.3¢. (@) Virial ratio v. Parts of the lines below the horizontal line log v = 0 are Jeans unstable. (b) Mass M of the gas enclosed within
radius 7 (thick lines) and radial gas velocity V, (thin lines). The horizontal solid line corresponds to ¥, = 0. (¢) Gas density n (thick lines) and temperature T (thin lines).
(d) Fractional abundances fy+ (thick lines) and fy, (thin lines).

TABLE 4
HaLr-Box SiMuLATIONS FOR A HALO wiTH log myiy = 7 AND z = 15

IOg F21 ne teoll Tvir,1 Myir,1 Tvir,2 Myir 2
N 6 (107 ergs st em ™2 sr ! Hz ™) (em™) nngy  logForee  (Myr)  (pe) M) (po) M)
2% 32 1 —o0, =3, =2, —1.5, —1 58 x 1073 6.9 —1.25 103 10 9.0E+03 10 2.4E+05
3 —00, =2, —1, —0.5, 0 0.018 6.9 —0.75 51 11 1.0E+04 10 7.5E+05
10 —o0, —1,0,05,1, 0 0.062 7.2 0.25 31 11 1.2E+04 10 2.4E+06
30 —0, =1, 0, 1, 0o 0.22 8.0 00 21 26 5.0E+04 10 6.1E+06
2 X 64 1 -0, =3, =2, —1.5, -1 7.8 x 1073 9.2 —1.25 85 5 4 4E+03 5 5.7E+04
3 —00, =2, —1, —0.5, 0 0.024 9.2 —0.75 40 5 4.9E+03 5 1.4E+05
10 —o0,—1,0,05,1, 0 0.083 9.6 0.25 22 6 6.3E+03 5 3.4E+05
30 —00, —1,0, 1, 00 0.30 11 S 15 9 1.4E+04 5 9.0E+05

Notes.—Here N is the total number of particles (DM+gas). The rest of the notations are the same as in Table 3.
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Fic. 6.—Evolution of the gas temperature (solid lines) and density (dashed
lines) at the center of the halo with n,;; = 107 My,z=15,6 =3,andlog Fy; =
—1 in half-box simulations. Thick and thin lines correspond to high- (N = 2 x
64%) and low-resolution (N = 2 x 323) simulations. Filled (for solid lines) and
open (for dashed lines) circles mark the time when the halo core becomes Jeans
unstable.

approaches zero as e — 0 (N — o0) for shallow cusps with o <
1.5. All of our models initially had o = 0.11-0.55.

Figure 7 allows a detailed comparison of the final gas profiles
in our half-box simulations for the cases of low and high resolu-
tion. From Figure 7b one can see that the final mass of the col-
lapsed gas is comparable in the both cases and that the gas infall
velocity discontinuity is even sharper and takes place at a twice
smaller radius in the higher N case. Most importantly, the higher
resolution simulations confirm and reinforce our above conclu-
sion that the nonequilibrium formation of H, molecules in our
objects is not restricted to the initial stage of the collapse and is
instead an ongoing process, becoming potentially even more im-
portant at the advanced stages of the collapse. This is evident in
Figures 7¢ and 7d, which show that in the higher resolution sim-
ulations the gas temperature near the core is even higher, with the
hot gas zone extending to even smaller radius, than in the lower
N case, resulting in higher nonequilibrium electron abundance
and hence higher H, abundance in the core region.

It is not clear from the above results if our higher resolution
half-box simulations are close to numerical convergence. Never-
theless, by comparing our low- and high-N simulations, we can
make a robust conclusion that the models presented in this paper
capture the essence of the gas collapse process in primordial mini-
galaxies forming in defunct cosmological H i regions. Our results
are conservative in the sense that higher resolution, and presum-
ably more realistic, simulations would lead to minigalaxies form-
ing even faster and potentially even under larger fluxes of external
Lyman-Werner radiation.

4. DISCUSSION AND CONCLUSIONS

The traditional point of view is that soon after the formation
of the first stars in the universe inside small halos at z > 20 the
formation of the next generation of minigalaxies with Ty < 10* K
was suppressed due to buildup of the metagalactic H, photodis-
sociating background (Haiman et al. 2000). Recent cosmologi-
cal (Ricotti etal. 2002) and semicosmological (O’Shea et al. 2005)
simulations with radiative transfer questioned the above argument

by showing that in defunct cosmological H 1 regions in over-
dense regions of the early universe (z > 10) the formation of the
minigalaxies can be boosted due to nonequilibrium chemistry. In
our paper we study the above mechanism of positive feedback of
ionizing radiation on small galaxy formation by running a large
set of simulations of galaxy formation inside defunct H u regions.
By employing a noncosmological approach, we produced a se-
quence of models with precisely controlled and reproducible (al-
though idealized) initial and boundary conditions. This helped
us to focus on the most relevant physical processes at work in our
objects.

Most importantly, we derived the critical fluxes of the back-
ground Lyman-Werner radiation sufficient to prevent the col-
lapse of gas in minigalaxies with T.;; < 10* K atz = 10-20. We
showed that the positive feedback mechanism becomes much
more efficient at larger z for galaxies with given virial mass and
confirmed the result of Ricotti et al. (2002) that it is efficient in-
side filaments with the overdensity of 210. We studied the de-
tails of the process of the gas collapse in a preionized minigalaxy
exposed to external Lyman-Werner radiation. We conclude that,
similarly to the canonical case of small galaxy formation in non-
ionized regions of the universe (Machacek et al. 2001), the re-
action of photodetachment of H™ has a negligible impact on the
dynamics of the collapse. This leaves the direct photodissocia-
tion of H, molecules by metagalactic Lyman-Werner radiation as
the only important photoreaction. We identified the H,, hydrogen
line, Compton, and hydrogen recombination coolings as the only
important cooling processes. Hydrogen collisional ionization
cooling and bremsstrahlung cooling are shown to be not impor-
tant for our objects.

We found that for the minigalaxies forming in defunct H 1
regions the nonequilibrium H, formation has an important dy-
namical effect not only during the initial phase, leading to the core
of'the galaxy becoming Jeans unstable, but also later on during the
advanced stages of the core collapse. This mechanism allows the
core of the minigalaxy to accrete significant mass by the time
the central starburst disrupts the accretion.

Our results give further support to the Ricotti et al. (2002)
picture of formation and evolution of minigalaxies in the early
universe. In this picture, first minigalaxies form at high redshift
(z > 20), when the metagalactic Lyman-Werner background is
close to zero, due to cosmological nonzero residual fraction of free
electrons resulting in efficient H, cooling. The stars in the mini-
galaxy ionize gas inside the halo and in nearby halos, creating
conditions for efficient H, cooling due to nonequilibrium elec-
tron abundance after the Population III stars (believed to be very
massive and short lived) die. As we confirmed here, this process
is tolerant to relatively large fluxes of the external Lyman-Werner
radiation. The process can repeat itself with a timescale of a
few tens of millions of years (Ricotti et al. 2002; O’Shea et al.
2005; this paper), allowing the minigalaxy to survive through the
“difficult times” of the universe being filled with the H, photo-
dissociating radiation until the universe is reionized before z ~ 7.
These repetitive local starbursts will result in the metallicity of
the local intergalactic medium increasing with time. If the metal-
licity becomes larger than ~1073 Z, the star formation will
switch from Population III to Population II mode (e.g., Bromm
et al. 2001), producing a long-living stellar population, which
should survive until the present time. The size of the collapsed
cores in our simulations is very small (<5 pc) and is comparable
to the sizes of globular clusters. It is tempting then to associate
this final Population II starburst at the core of the minigalaxy
with the formation of a metal-poor globular cluster, at least for the
halos with the lowest values of the specific angular momentum.
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Fic. 7.—Final radial profiles for a halo with m;, = 10" M,z = 15,6 = 3, and log F,; = —1 for half-box simulations at two different resolutions: N = 2 x 643 (solid
lines)and N = 2 x 323 (dashed lines). Vertical lines mark the corresponding spatial resolutions, 1.3¢. (a) Virial ratio v. Parts of the lines below the horizontal line log v = 0
are Jeans unstable. (b) Enclosed gas mass M (thick lines) and radial gas velocity V, (thin lines). The horizontal solid line corresponds to ¥, = 0. (c¢) Gas density » (thick
lines) and temperature T (thin lines). (d) Fractional abundances fi;+ (thick lines) and fy, (thin lines).

We showed (Mashchenko & Sills 2005b) that the DM halos of center of the halo. Another confirmation of the chemistry being

such objects can be tidally stripped when they are accreted by well resolved in our models can be found in Table 4, where one
larger galaxies. This could be considered as a revised version of can see that the critical fluxes of the external photodissociating
the primordial picture of globular cluster formation of Peebles & radiation Fy ¢t are the same for both lower and higher resolu-
Dicke (1968) and Peebles (1984). Alternatively, these surviving tion (half-box) simulations.
minigalaxies could end up contributing to the population of Recently, Glover et al. (2005) used the results of their simula-
dwarf spheroidal galaxies (Ricotti & Gnedin 2005). tions of the collapse of gas in a photoionized small galaxy in the
In § 3 we discussed the impact of the limited resolution on the early universe to argue that the uncertainties in the rate coeffi-
results of our simulations. Our conclusion was that even though cients for reactions 8 and 16 (see Table 1) can lead to an order-of-
our highest spatial resolution simulations could not completely magnitude uncertainty in the value of the critical flux of the
resolve the dynamics of the collapsing core, we believe that we external photodissociating radiation. We cannot comment on this
captured the essence of the collapse process. We want to emphasize as we have not explored in our models the consequences of the
that in our simulations the physics driving the collapse (primor- uncertainties in the rates for the above reactions being large. If
dial chemistry and cooling) is resolved much better than hydro- the results of Glover et al. (2005) are confirmed, this would poten-
dynamics. As Figure 54 demonstrates, during the most critical tially lead to up to a factor of a few error in our values of 5 it
initial phase of the core collapse the enhanced nonequilibrium with all the values being either systematically larger or smaller.
production of H, molecules is not restricted to the core region We want to emphasize that it would not change our qualita-

and instead takes place over a wide range of distances from the tive result that the efficient formation of minigalaxies in fossil
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cosmological H 1 regions is possible even under relatively large
levels of the metagalactic Lyman-Werner radiation.

How are our results affected by the simplifying assumptions
we have made? One of our model assumptions is that the process
of photoevaporation of the minigalaxy is complete, with the gas
becoming 100% ionized and reaching the state of hydrostatic
equilibrium in the halo gravitational potential. This assumption
allowed us to significantly reduce the uncertainty in the initial con-
ditions. In reality, in many (perhaps most) cases, the gas in our
objects would only be partially photoionized. The reason for this
is that the typical sources of ionizing radiation at this early epoch
would be massive stars (individual or in small clusters), with
their lifetimes being too short to allow the gas in the galaxy, which
is being photoevaporated, to reach a state of hydrostatic equilib-
rium. Assuming that initially the gas was almost neutral and had
a temperature commensurate with the virial temperature of the
halo T.;; < 10* K, an incomplete photoevaporation would result
in a partially ionized gas with the core density larger than in the
fully photoionized state. It is reasonable to assume that such a
system should collapse at least as easily (or even easier) as a fully
photoionized one, as long as the electron abundance of the photo-
ionized gas is significantly larger than the residual cosmological
value of ~2 x10~*. In this sense, the above assumption is a
conservative one.

Our assumption of the gas being optically thin to radiation is
also a conservative one, as the self-shielding of the gas would re-
duce the Lyman-Werner radiation flux near the center of the halo,
where the production of H, molecules takes place during the
advanced stages of the core collapse. In our fiducial halo simu-
lated with the highest spatial resolution (half-box simulations
with N = 2 x 64°), the optical depth for Lyman-Werner photons
traveling from the outside of the halo to the smallest resolved ra-
dius of ~5 pc is around unity, indicating that self-shielding can
be important for our objects (especially at the late stages of the
core collapse).
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Nagakura & Omukai (2005) used one-dimensional hydrody-
namic simulations incorporating nonequilibrium primordial gas
chemistry to show that the gas cooling due to HD molecules can
be an important dynamical factor at the late stages of the gas col-
lapse in previously photoionized minigalaxies. Recently, Lipovka
et al. (2005) published a revised HD cooling function, with the
cooling efficiency being larger than previously reported (espe-
cially for hot and dense gas). This could potentially make the HD
molecule cooling even more important for the dynamics of the
collapsing gas in small primordial galaxies. We did not include
HD chemistry in our model as these reactions would only become
important when the collapsing core is no longer well resolved in
our simulations. If included, the additional cooling due to HD
molecules would only strengthen our conclusions.

If gas in photoevaporated minigalaxies has significant global
angular momentum, this could affect our results and conclusions.
The effect of angular momentum will be strongest during the ad-
vanced stages of the gas collapse. Instead of a spherical core, a
central disk will be formed, reducing the central gas density. We
argue that the nonzero angular momentum should not qualita-
tively change our main conclusions, as the nonequilibrium H,
formation, leading to the gas in the minigalaxy becoming Jeans
unstable, takes place over a wide range of radial distances (see the
thin solid line in Fig. 5d), not just in the central densest region.
Machacek et al. (2001) noted that the ability of a cloud to col-
lapse does not seem to strongly depend on the angular momen-
tum of its DM halo. In any event, our results should be directly
applicable to minigalaxies with low values of the global gas
angular momentum.

The simulations reported in this paper were carried out on the
McKenzie cluster at the Canadian Institute for Theoretical Astro-
physics. H. M. P. C. acknowledges support from the Canadian
Institute for Advanced Research and NSERC.
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