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Abstract—The chemical and thermal evolution of the baryon component in the gravitational field of low-
mass primordial dark-matter halos during their virialization is studied. We consider low-mass halos to
be those for which the characteristic baryon cooling time can appreciably exceed the co-moving Hubble
time, so that the cooling process can continue to the current epoch (z ∼ 0). The virialization process is
described in two scenarios: “quiet ” virialization, in which the establishment of the virial state is assumed to
be homogeneous over the entire volume considered, and “violent” virialization, in which the establishment
of the virial state is assumed to be realized via the action of shock waves. In this second case, the efficiency of
the formation of molecular hydrogen grows substantially, and can reach H2/H∼ 0.01 in some cases, which
exceeds current estimates by at least an order of magnitude. This eases the condition for the birth of the
first gravitationally bound objects with comparatively low masses (M � 2 × 105M�), possibly leading to
an appreciable increase in the fraction of the mass going into Population III objects, and also to a shift in the
onset of the formation of the first stars toward higher redshifts. c© 2003 MAIK “Nauka/Interperiodica”.

1. INTRODUCTION

One of the key questions in modern cosmology is
the nature of the first stellar objects: their masses, the
epoch of their formation, and their evolutionary sta-
tus. The properties of these first objects determine the
entire subsequent evolution of the Universe, and their
influence on the ionization state of diffuse gas deter-
mines the level of angular fluctuations in the cosmic
background radiation. In cosmological models with
cold dark matter, the formation of the first stellar
objects corresponds to the compression of baryonic
matter in the gravitational field of non-baryonic dark
matter, which forms, in turn, so-called dark halos—
condensations of dark matter in a virial state [1]. The
minimummass of the first objects can be estimated as
the minimum baryonic mass that can not only sustain
itself in the gravitational field of the dark halo, but
also be compressed, with the subsequent formation
of gravitationally bound condensations of baryons—
future protostars or proto-stellar clusters.

This question has been studied by a number of
groups in recent years, and the following scenario
is currently generally accepted [2] (see also the re-
views [3, 4]). Let us consider a mass M consisting
nearly 90% of non-baryonic dark matter that sep-
arates out from the general Hubble expansion and
reaches a virial state at redshift zv. The temperature
of the baryons associated with the mass M in the
virial state reaches some value Tv(M) that depends

onM [5]:

Tv
∼= 0.3

(
π3

96

)1/3
Gµmp

k
M2/3(Ωmρ0)1/3(1 + z),

(1)

where ρ0 = 3H2
0/8πG is the critical density. If gas at

this temperature is able to cool via radiative losses in
molecular hydrogen lines at the given z, it can sub-
sequently contract and form a gravitationally bound
baryonic object. Since the efficiency of the formation
of H2 molecules and cooling via their line radiation
falls off with decreasing temperature, there exists at
each z a minimum mass Mm(z) for which the gas at
the temperature Tv ends up in a cooling state over the
co-moving Hubble time tH(z):Mm(z) is a decreasing
function of z [2]. The absolute minimum mass of
the first objects and the epoch of their formation in
the Universe z are determined by the intersection of
the mass Mm(z) and the mass of the halo M3σ(z)
corresponding to a fluctuation amplitude exceeding
the 3σ level. According to [2], this redshift is z = 30,
and the masses of the first objects wereM ∼ 106M�.
Only objects with higher masses can form at lower
redshifts. The cooling criterion adopted in [2] is that
there be a substantial decrease in the temperature
of the gas compared to the virial temperature over
some specified time for each z: all objects satisfying
the condition T (ηz) < ηT (z) with η = 0.75 are con-
sidered to be cooling, and capable of further forming
gravitationally bound baryonic systems.
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Fig. 1. Jeans mass MJ (solid curve) and the minimum
mass Mc (dashed curve) in units of M�.

Thus, this scenario is limited to rapidly evolving
gas condensations that preferably form the earliest
stellar systems at redshifts close to the epoch when
the halo separates out from the Hubble expansion.
In addition, objects with lower masses that evolve
appreciably more slowly remain outside this frame-
work, so that they become capable of forming stellar
systems only at epochs close to the current epoch
(z ∼ 0), or alternatively form metal-poor gravitation-
ally bound clumps that are captured by more mas-
sive galaxies in a bottom–up heirarchical scheme for
galaxy formation.

In the current paper, we follow the evolution of
such low-mass, cooling baryonic condensations over
fairly long time intervals, often appreciably exceed-
ing the co-moving Hubble time. This enables us to
distinguish a class of first-generation objects (i.e.,
those born from primordial material), whose forma-
tion extends to comparatively low redshifts, or, in
some cases, even to the current epoch, so that the
epochs of their formation can coincide with the forma-
tion of objects of subsequent generations, which were
born from material that has already been enriched in
metals. Being gravitationally bound, such objects will
be essentially isolated, and will not become enriched
in metals. Therefore, they could supply material for
dwarf galaxies with extremely low metal abundances
at the current epoch [6].

Another important circumstance of the scenario
described above is that we have excluded from con-
sideration the specific process by which the dark halos

are virialized, supposing only that this virialization
is accomplished via violent relaxation on time scales
appreciably shorter than the co-moving Hubble time.
(In models of violent relaxation, the characteristic
virialization time for a dark halo differs from the co-
moving Hubble time by the factor

√
〈ρ〉/ρh, where

〈ρ〉 is the mean total density in the Universe and ρh is
the mean density of the halo.) In addition, the process
of violent relaxation proceeds with the appearance
of appreciable fluctuations of the temperature and
density of the relaxing system [7, 8]. In the case of
a mixture of baryon and dark components, the situ-
ation is complicated by the fact that, being dissipa-
tive, the baryon component can form a structure dur-
ing the virialization process; i.e., generally speaking,
long before the dark-matter component reaches the
virial state. A full description of this process requires
three-dimensional numerical simulations of a two-
fluid, self-gravitating medium, and is accordingly ex-
tremely computationally intensive. In the current pa-
per, we propose a qualitative analysis of the chemical
and thermal evolution of the baryon component based
on a simple model for the virialization of dark halos.
A more detailed description of the fluctuations of the
potential and density, as well as the results of two-
dimensional numerical computations, will be given
in subsequent papers. We present here the results of
computations for a model with cold, dark matter and
a Λ term (a ΛCDM model) with Ω = 1, Ωm = 0.29,
Ωb = 0.047, ΩΛ = 0.71, Hubble constant h = 0.72,
and σ = 0.9 [9], although we also carried out com-
putations for a standard CDMmodel with Ω = Ωm =
1, Ωb = 0.06, Hubble constant h = 0.5, and σ = 0.7.
The resulting minimum masses in the CDM model
exceed those in the ΛCDM model by no more than a
factor of two.

Section 2 describes the model underlying our
analysis of the role of shock waves in the chemical
and thermal history of the baryons in the virialization
process. In Section 3, we formulate the equations
used to study the dynamics of colliding baryonic
condensations. In Section 4, we present a simple
system of equations to describe the dynamics of the
halos after they reach the virial state in a “quiet”
virialization model. Section 5 describes the thermal
and chemical processes determining the thermal
evolution of the baryons. Finally, Sections 6 and 7
present our main results and conclusions.

2. DESCRIPTION OF THE VIRIALIZATION
MODEL

The simple description of the processes determin-
ing the masses of the first objects in the Universe
that we present here is based on certain assumptions
about the virialization of dark-matter halos, including

ASTRONOMY REPORTS Vol. 47 No. 12 2003



VIRIALIZATION OF THE DARK-MATTER HALO 981

the character of motions within them. In this section,
we present arguments supporting these assumptions,
and specify the initial state of baryons in the early
stages of formation of gravitationally bound objects.

2.1. Model for the Virialization of Dark Halos
The formation and virialization of massive halos

can be viewed as the unification of less massive into
more massive fragments (subhalos), with subsequent
relaxation to a new equilibrium corresponding to the
higher mass. If an even more massive halo forms via
the separation of a uniform (homogeneous) mixture
of baryons and dark matter, the subsequent violent
relaxation is accompanied by the formation of inho-
mogeneities in the cold component of the dark mat-
ter due to gravitational instability, whose interactions
with each other accelerate the relaxation process.
Following the terminology adopted in [7], we will call
this model “violent” virialization, in constrast to the
“quiet” virialization considered below (see Sections 4
and 6.1). In our simple description, we will assume
that, at the time of its separation from the Hubble
flow and the onset of virialization, a dark-matter halo
of mass M consists of an ensemble of subhalos with
lower masses mi, such that M =

∑
i mi. Even if

the relative velocities of the lower-mass halos were
initially small, they can grow during the subsequent
compression of the system as a whole, reaching val-
ues close to vr ∼

√
GM/r, where r is the current ra-

dius of the halo, and thus can exceed the virial velocity
vR =

√
GM/R before equilibrium is attained, where

R is the radius of the system in the virial state.

2.2. Critical Mass
We restrict our consideration to those stages of

evolution of the Universe when the thermal contact
between matter and radiation via Compton interac-
tions between electrons and photons had ceased to
be important. This corresponds to redshifts z < zi,
where

1 + zi = 137
(

Ωbh
2

0.022

)2/5

, (2)

where h = H0/100 km s−1 Mps−1 is the Hubble
constant and Ωb is the baryonic density parameter.
At z > zi, the temperature of baryons and electrons
T coincides with the temperature of the background
relict radiation Tr = 2.7(1 + z) K, while at z < zi,

Tb = Tr

(
1 + z

1 + zi

)2

. (3)

In spite of the fact that the masses of dark halos
are not restricted from below by gravitational insta-
bility (this restriction can be associated only with the

possible cutoff of the perturbation spectrum δd(k)),
there is a critical mass below which baryons with the
temperature Tb(z) cannot be sustained by dark halos.
We determine this critical mass by requiring that the
virial temperature Tv(M), which must be provided
by the gravitational potential of the dark matter with
massM , be higher than the background temperature
of the baryons (3): Tv(M) > Tb(z). We thus obtain for
the critical mass

Mc(z) (4)

=

{
8.45 × 103M�, z > zi,

8.45 × 103M�(1 + z/1 + zi)3/2, z ≤ zi.

Note that this value differs from the critical Jeans
mass for the baryonsMJ(z), determined for the back-
ground baryon density and temperature. Figure 1
shows the dependences Mc(z) andMJ(z).

2.3. Criteria for Violent Relaxation and Virialization
of the Halos

In the virial state, the outer radius of the halo is

R =
(

M

24π3Ωmρ0

)1/3

(1 + z)−1, (5)

so that the characteristic velocity of the subhalos is

vR =
√
GM2/3(24π3Ωmρ0)1/3(1 + z). (6)

In our model for violent relaxation, the virial state is
achieved via Coulomb scatterings of the halos on each
other, with the interval between scatterings being

tC =
(

3π
29

Nsr
3

Gmi

)1/2

[ln(Ns/
√
π)]−1. (7)

We will consider the system to be relaxing if tC is less
than the co-moving Hubble time for a specified z and
tC < tH(z). This corresponds to the condition

Ns

ln(Ns/
√
π)

=
27π

3H0
(Gρ0)1/2. (8)

It is easy to see that condition (8) yields Ns < 3
in the ΛCDMmodel with Ωm = 0.29. It is reasonable
to suppose that, in the simplest case, halos of cold,
dark matter virialize via the development of a dipolar
mode corresponding to the oncoming motion of two
flows, as occurs in the theory of the evolution of adia-
batic perturbations of Zeldovich [10]. Thus, as a basic
violent-relaxation model, we will consider a head-on
collision of two flows (two subhalos) with masses
M1 = M2 = M/2 and with velocities in the center-
of-mass system equal to the virial velocities (6).

An important circumstance here is that, being col-
lisionless, the dark matter leaves the region of shock
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compression of the baryons. The oncoming flows of
dark matter that arise are subject to bunching in-
stability, which can bring about a rapid relaxation of
the system to the virial state, and also facilitate the
fragmentation of the compressed baryonic layer.

We also investigated shocks associated with the
head-on collisions of lower-mass subhalos (mi <
M/2). However, since these subhalos will have the
same characteristic velocity (6), while the durations of
the collisions between them will be shorter, ∝ mi

1/3,
the number of H2 molecules in the final state is
smaller, and consequently the efficiency of the cooling
of the gas is lower.

3. BARYONS BEHIND THE SHOCK FRONTS

When considering models for violent virialization,
we restricted our analysis to a one-dimensional de-
scription of the thermal evolution of the baryons dur-
ing a collision of subhalos. The legitimacy of this
approach is based on the fact that, since the gas
flows are subsonic behind the front, expansion in the
transverse direction (parallel to the plane of the shock
front) requires more time than expansion in the direc-
tion of the collision. However, we should keep in mind
that the development of a strong outflow of matter
in the equatorial direction (along the shock front)
immediately after the collision can lower the pres-
sure behind the front, and consequently decrease the
degree of compression and the efficiency of forming
molecular hydrogen. However, as a rule, this decrease
in pressure does not exceed a factor of two, so that our
results will provide a qualitatively correct description
of the dynamics of the cooling gas in colliding subha-
los. In the absence of significant thermal conductivity,
the evolution of the baryons behind the shock front
can be described by a system of ordinary differential
equations written for an individual Lagrange element
of the fluid. We will assume that the temperatures of
the electrons and heavy particles (atomic hydrogen
and helium and their ions) coincide behind the front.
In this case, the system of dynamical equations de-
scribing the thermal properties and chemical trans-
formations of the baryon component behind the shock
front during a collision of subhalos takes the form

Ṫ = −
∑

i

Λi(T, x2, x, n), (9)

ẋ = I(T, x, n) −R(T, x, n), (10)

ẋ2 = F (T, x, n) −D(T, x, n), (11)

where Λi is the cooling rate of the gas associated with
process i, I and R are the ionization and recombina-
tion rates for hydrogen (we neglect here the contribu-
tion of helium to thermal and ionizational processes),

F and D are the total rates of the formation and
dissociation of molecular hydrogen, x is the degree of
ionization, x2 is the relative number density of H2, and
T is the temperature of the gas. We assume that each
gas element behind the front evolves isobarically, and
describe the density using the expression

n =
p

µkT
, (12)

µ = ρ/nmp = 1.4. Here, we have neglected the con-
tribution of electrons, protons, and other particles
taking part in the chemical and ionization equilibrium
behind the front, since their relative number densities
always remain substantially lower than unity. The
pressure p is determined from the condition of con-
servation of momentum at the discontinuity:

p =
15
9
ρiv

2 (13)

for an adiabatic shock, where v is the velocity of the
cloud relative to the center of mass, ρi is the density
of baryons in the subhalos before their collision, and

p = ρiv
2 (14)

for a radiative shock [11]. We adopt for the initial
temperature the temperature of the gas behind the
shock front:

T0 =
15
36

mp

k
v2, (15)

for an adiabatic shock and

T0 =
mp

4k
v2, (16)

for a radiative shock. The initial degree of ionization
and number density of H2 were taken to be equal to
their cosmological values.

4. BARYONS IN THE QUIET VIRIALIZATION
MODEL

The system of dynamical equations that we will
use to describe the dynamics of the baryons in the field
of the dark-matter halo in the case of quiet (spheri-
cally symmetrical) virialization can be written

Ṙ = u, (17)

u̇ =
5
11

[
4kT
µmpR

− 4
3
πG(ρd + ρ)R

]
, (18)

Ṫ = −2mp

3k

[
3kT
µmpR

+
4
5
πG(ρd + ρ)R

]
u− 2L

3kµn
,

(19)

where n = ρ/µmp,G is the gravitational constant, R
the radius of the cloud, and u the velocity of the cloud
particles at its boundary. The system (17)–(19) is
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obtained from the integral form of the gas-dynamical
equations [12]∫

V

ρvdV +

t∫
t0

dt

∫
S

ρv2dS (20)

= −
t∫

t0

dt

∫
S

pdS +

t∫
t0

dt

∫
V

FdV

∫
V

ρ(ε+ v2/2)dV −
∫
V0

ρ(ε+ v2/2)dV (21)

= −
t∫

t0

dt

∫
S

pvdS −
t∫

t0

dt

∫
V

LdV +

t∫
t0

dt

∫
V

FvdV.

For a spherical cloud, substituting the thermodynam-
ical quantities in the integrals with their mean values
and assuming that the local velocity of the compres-
sion is proportional to the local radius (which, strictly
speaking, is valid for a free-fall regime), v(r) = −αr.
In these equations, L [erg cm−3 s−1] is the radiative-
cooling rate per unit volume, F (r) = −GMρ/r2, p =
knT , and ε = 3kT/2µmp. In the system made up
of (17)–(19) and (20)–(21), it is assumed that the
kinetic energy of the compressed gas is transformed
into thermal energy on short timescales. It can readily
be seen from (18)–(19) that, in the absence of ra-
diative cooling, L ≡ 0, the gas temperature increases
to the virial temperature as it is compressed, Tv (1),
after which the rate goes to zero, and the compression
ceases.

We solved the system (17)–(19) for a model with
quiet evolution of the halo, without including the ef-
fects of fluctuations and the appearance of shocks.
We considered the evolution of the baryon component
from the time the dark halo separated out; i.e., from
the turning point when the Hubble expansion within
some perturbed region of dark matter is replaced by
compression. We described the evolution of the dark
matter using the approximate expression given in [2],
which reproduces well the exact solution. We used
the temperature and density corresponding to the
turning point as their initial values, also taking the
initial densities of electrons and H2 molecules to be
equal to their cosmological values at that time. The
system of dynamical equations for the baryons (17)–
(19) was solved further for the case of a specified
(approximated) dark-matter background.

5. THERMAL AND CHEMICAL PROCESSES
The main cooling agents for the baryons in the

redshift range of interest to us (z < 200) are molec-
ular hydrogen, H2, and HD. In the computations, we

Rates of chemical reactions

Reaction Reaction coefficient
k, cm3 s−1 Reference

H+ + e− → H + hν k1 ≈ 1.88 × 10−10T−0.64 [16]

H + e− → H− + hν k2 ≈ 1.83 × 10−18T 0.88 [16]

H− + H → H2 + e− k3 ≈ 1.3 × 10−9 [17]

H+ + H → H+
2 + hν k5 ≈ 1.85 × 10−23T 1.8 [18]

H+
2 + H → H2 + H+ k6 ≈ 6.4 × 10−10 [19]

D+ + H2 → HD + H+α1 ≈ 2.1 × 10−9 [15]

H+ + HD → H2 + D+α2 ≈ α1e
−465K/T /4 [15]

adopted for the cooling function of theH2 molecules [13]
the expression

LH2
 Lr

E

1 + ncr/n
, (22)

where the critical density is

ncr ≡
Lr

E

Lr
(n→0)

n, (23)

which depends only on the temperature, not on n. The
cooling rate in LTE is

Lr
E  1

n

{
9.5 × 10−22T3

3.76e−(0.13/T3)3

1 + 0.12T3
2.1 (24)

+ 3 × 10−24e−0.51/T3

}
эрг см3/с,

while the cooling rate in the limit of low densities is

Lr
(n→0)  5

4
γ2(E2 − E0)e−(E2−E0)/kT (25)

+
7
4
γ3(E3 − E1)e−(E3−E1)/kT .

Here, T3 = T/1000 K andEJ = J(J + 1)E1/2, where
E1/k  171 K, and γ2 and γ3 are the collisional de-
excitation rates for transitions from the J = 2 and
J = 3 rotational levels [13]:

γJ =

(
10−11T3

1/2

1 + 60T3
−4 + 10−12T3

)
(26)

×
{

0.33 + 0.9 exp

[
−
(
J − 3.5

0.9

)2
]}

cm3/s.

Equation (25) assumes that the ratio of the ortho
and para configurations of H2 is 3 : 1. The first and
second terms give the contributions to the cooling
from para- and ortho-H2. It is shown in [14] that, in
the volume reactions

H2(orto) + H+ → H2(para) + H+, (27)
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Fig. 2. tη(M) relation, where tη is the time that has
passed from the separation of the halo from the cosmolog-
ical expansion to the collapse (η = 10) in units of the co-
movingHubble time tH(z), for zv = 40...10 in steps of ten
(left to right). For low masses, this time is comparable to
the current age of the Universe. The masses are indicated
in units of M�.

all the ortho-H2 is transformed into para-H2. Thus,
the corresponding cooling rate is obtained by multi-
plying the first term of (25) by four; i.e., Eq. (25) is
replaced by the simpler expression

Lr
(n→0)  5γ2(E2 − E0)e−(E2−E0)/kT . (28)

For the rate of cooling by the HD molecules, we
adopted the expression [13]

LHD = 6.6 × 10−23T−1/2 (29)

× exp
(
−128.4K

T

)
erg cm3/s.

The critical density for the HD molecules is substan-
tially higher than the values attained in our computa-
tions. The computations included the chain of reac-
tions presented in the table, which are the dominant
processes under the conditions considered. A very
complete analysis of the reactions in a primary gas is
presented in [15]. We neglected the contribution of the
photodissociation of H− and H+

2 ions by photons of
the background radiation, since their energies are two
to three orders of magnitude lower than the binding
energies of these ions in the redshift range considered,
z ≤ 40.

Taking into account the fact that the reactions
D+ +H2 −→ HD+H+ andH+ +HD −→ H2 +D+

are rapid, i.e., their characteristic time scales are sub-
stantially shorter than other time scales in the prob-
lem, the system of equations describing the relative
densities of electrons x = ne/n and H2 molecules,
f = 2n(H2)/n, can be written

ẋ = −k1nx
2, (30)

ḟ = 2kmn(1 − x− f)x, (31)

where, in accordance with [2] and allowing for the
fact that photodissociation of the H− and H+

2 ions by
cosmic background photons is negligible,

km = k2 + k5, (32)

(the first and second terms describe the formation
of H2 in reaction chains involving the H− ion and
H+ ion, respectively). The collisional ionization of
H atoms and dissociation of H2 are negligibly small
under the low-temperature conditions we are consid-
ering.

At temperatures below  400 K, the effect of the
chemical fractionation of deuterated molecular hy-
drogen becomes important [20]. In late stages of the
compression of the condensations as the gas is cooled
to a temperature of ∼ 30 K, all the deuterium may be
transformed into molecular form [21]. However, under
the conditions for the initial evolution of the halos
considered here, when the temperature of the baryons
is not able to fall below 30− 100 K, the contribution of
HD molecules to the thermal balance is only 5–10%.

6. RESULTS

6.1. Model for Quiet Virialization

At each fixed redshift, we carried out computa-
tions for grids of halo masses exceeding the criti-
cal mass Mc(z), and determined the minimum mass
Mm(z) for which the baryons are able to be cooled
and compressed. The computations were conducted
for a standard CDMmodel and for a CDMmodel with
a Λ term. The standard CDM model gives minimum
masses that exceed their values for the ΛCDM model
by no more than a factor of two. We fixed the baryon
mass, taking it to be equal to (Ωb/Ωm)M , where M
is the total mass of the cloud, including the baryon
and dark matter components. Following the standard
approach (see, for example, [2, 22]), we suppose that,
at some z, a perturbed region separates out from the
general Hubble expansion, begins to be compressed,
and, at z  zv , the halo of dark matter relaxes to the
virial state with characteristic density

ρv ≈ 18π2ρ0Ωd(1 + z)3, (33)
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where Ωd = Ωm − Ωb. We used the following approx-
imation to describe the transition to the virial state in
the computations [2]:

ρ(z) ≈ ρ0Ωd(1 + z)3 exp
(

1.9A
1 − 0.75A2

)
, (34)

where

A(z) ≡ 1 + zv

1 + z
. (35)

We assumed that the density of baryons in the
halo varies proportional to the density of dark mat-
ter before the separation from the Hubble expansion,
after which we found the solution to the system of
equations (17)–(19). Thus, in contrast to [2], we
separate the evolution of the baryon component from
the non-baryon component at stages following the
separation from the cosmological expansion. As a
criterion for the formation of a gravitationally bound
baryonic object, we adopted the condition that, in
the process of the cooling and compression of the
baryon component in the total gravitational field of the
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Fig. 4.Minimummass required for collapse.Onlymasses
lying above the shaded region can be compressed and
form objects by the current age of the Universe (slowly
evolving objects).Masses lying above the thin, solid curve
can be compressed and form objects over the local (at the
time of virialization)Hubble time (rapidly evolvingobjects
corresponding to the compression criterion [2]). The thin,
dot–dash curve corresponds to rapidly evolving objects
satisfying our compression criterion. The thin, dotted
curve corresponds to objects forming by the epoch z = 6.
The bold, solid curve shows the minimum masses for
rapidly evolving objects in a violent-virialization scenario.
The dashed curve corresponds to 3σ fluctuations in the
ΛCDM model (σ8 = 0.9). The masses are indicated in
units of M�.

baryons and dark matter, the density of baryons with-
in the radius occupied by the baryon component must
exceed the density of the non-baryonic dark matter
by a specified factor η > 1. This is a stricter condition
than the condition that the temperature of the baryons
decrease by a factor of 1.5, as was adopted in [2].
Figure 2 shows the tη(M) dependence, where tη is
the time that has passed from the separation from
the cosmological expansion to the final compression
(when η > 1) in units of the co-moving Hubble time
tH(z) for various zv.

Figure 3 depicts the evolution of the radius, tem-
perature, and density for two values of zv for two types
of halos: those with masses close to and much greater
than the critical mass Mc(z). There are obvious dif-
ferences in the evolution of these halos. In the former
case, molecular hydrogen forms slowly in the com-
pressed baryon component, so that only after several
oscillations does enough H2 accumulate to provide
the subsequent cooling and monotonic compression
of the baryons. In the latter case, a sufficient quantity
of H2 forms even in the initial stages of the compres-
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Fig. 5.Dependences of the number densities of electrons,
molecular hydrogen, and HD and of the baryon tempera-
ture (solid, dashed, dotted, and dot–dash curves, respec-
tively) on the halo collision velocity for head-on collisions.
The masses of the halos are Ms = 104M� (left plot) and
Ms = 105M� (right plot). The marks below indicate the
virial velocities corresponding to the indicated series of
masses (in units of M�).

sion, giving rise to the rapid cooling and compression
of the baryon component. For each zv, we computed
the dynamics of the compression of an ensemble of
halos with various masses, in order to find the critical
(minimum) mass Mm(z) of a halo that is able to be
compressed over the local (i.e., modern) Hubble time.
These masses lie above the shaded region in Fig. 4,
which also shows the minimummass for rapidly (over
the co-moving Hubble time) evolving halos for the
criterion applied in [2] (solid, thin curve; the compu-
tations in [2] were carried out for the standard CDM
model, while we have recomputed the results of [2] for
a ΛCDM model), and for our stricter criterion (thin,
dot–dash curve; corresponding to the rapid com-
pression of the baryons to Mb/Md > 1 over the co-
moving Hubble time). We can see that the differences
in the masses for rapidly and slowly evolving halos
can reach two orders of magnitude. The thin dashed
curve corresponds tomasses that are compressed and
form gravitationally bound baryonic condensations by
the epoch z = 6 in our model. The upper limit for the
mass of the baryonic objects being born is determined
by the curve M3σ , which corresponds to exceeding
the density fluctuations at the 3σ level [4] (dashed
curve in Fig. 4). Thus, gravitationally bound objects
with a wide range of masses Mm(z) < M < M3σ(z)
are simultaneously born and evolve in the Universe.
The more massive objects evolve more rapidly, while
lower-mass objects can give rise to new stellar sys-
tems only at later epochs.

6.2. Model for Violent Virialization

In accordance with the above, we also carried
out computations for each fixed redshift for a grid
of halo masses M in this model. The halos relaxed
via the collision of two subhalos with half the total
mass, Ms = M/2, and with the virial velocities in the
center-of-mass system:

vR
∼= 1.16 × 105

(
M

106 M�

)1/3

(1 + z)1/2 см/с.

(36)

The computations were conducted for collisional ve-
locities from 2 to 16 km/s, which corresponds to the
virial velocities for halo masses M = (2 × 104–8 ×
106)M� at redshift z = 30.

A halo was considered to be capable of subse-
quently forming a stellar system if the Jeans mass
in the cooled gas after the collision was smaller than
the total mass of the baryons. The corresponding halo
mass is shown by the bold solid curve in Fig. 4. The
computations were carried out over times equal to
one dynamical time for the colliding subhalos: td =
R/v. This corresponds to the fact that the compressed
object will begin to expand and the formation of H2

molecules will cease at t > td. Figure 5 presents the
dependence of the number densities of the electrons,
H2, and HD and of the temperature on the velocity
of the subhalo collisions at redshift z = 30, for Ms =
104M� (left) and Ms = 105M� (right). The mass of
a halo (in M�) for which the virial velocity is equal
to the corresponding velocity on the x axis is shown
below.

We expect that, in a more complex scenario when
the relaxation of the halos occurs due to interactions
between multiple (more than two), less massive sub-
halos, the formation of H2 molecules and the cooling
due to them will be less efficient than in the case
considered above, since the times for their interac-

tions will be shorter, td ∝ m
1/3
i . Note, however, that

the final count at time t = td corresponds to a lower
limit to the effects discussed, since, after a collision,
the expanding gas fragments take part in subsequent
collisions with fragments from other collisions, with
the characteristic relative velocities being

√
2vR. As a

result, a random, supersonic velocity and density field
that is close to a logarithmic normal distribution will
be established in the system, as follows from numer-
ical simulations [23]. One consequence of this will be
the ongoing, more efficient formation of H2 molecules
behind the shock front, enhancing the overall cooling
of the baryon component of the halo.
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6.3. Survival of Low-mass Objects

A fundamental question is the survival of slowly
evolving objects in the field of the ionizing radiation
created by the stellar population born from rapidly
evolving systems with high masses (above the limit
of [2], shown by the thin solid curve in Fig. 4). One
of the most important consequences of the formation
of the first objects is the secondary ionization and
heating of the Universe [4, 9, 24–27]. The subse-
quent evolution of protogalaxies and the efficiency of
star formation in them can be substantially affected
by the ionizing radiation emitted by the first objects
formed. We note in this connection that the most
recent observations of distant quasars with redshifts
z � 4.5 as part of the Sloan Digital Sky Survey ap-
pear to indicate that the secondary ionization and
heating occurred near redshifts z ∼ 6, so that the flux
of ionizing radiation drops sharply at high redshifts
(z > 6), as is testified to by the latest observations of
the Gunn–Peterson effect [28–30] and the WMAP
data [9]. This may indicate that the very first objects
in the Universe formed low-mass stars that were not
able to make an appreciable contribution to ionizing
radiation, that the bulk of the ionizing photons are
trapped in denise zones of HII, or alternatively that
the number of these earliest objects was small. In
any case, this means that low-mass (slowly evolving)
objects with masses in the interval indicated above
can evolve without being appreciably affected by ion-
izing radiation, at least to redshifts z ∼ 6. Indeed,
at the densities that are reached in these objects at
stages when the central baryon density exceeds the
density of the non-baryonic dark component by an
order of magnitude, the number density of hydrogen is
n ∼ 10 cm−3. At ionization rates ξH < 4× 10−14 s−1,
corresponding to redshifts z > 6 [30], the degree of
ionization brought about by external radiation is only
x < 4× 10−2, and the ionization induced heating rate
is Γ � 6 × 10−26 erg s−1, while the rate of cooling by
molecular hydrogen at these stages lies in the range∼
(4–6)× 10−26 for masses of (0.3–3)× 106M�, which
virialize at z = 30–20. The rate of dissociation of H−

ions by ionizing radiation of the Lyman continuum
for the flux estimated in [30] is ∼ 4 × 10−18 s−1,
substantially lower than the rate at which they are
transformed into H2 (∼ 10−8 s−1). Note that, under
these conditions, the ionizing radiation can stimulate
the formation of H2 if it leads to an enhancement of
the electron density to x ∼ 10−2. In the more realistic
case of violent relaxation of the halos with the forma-
tion of multiple shocks, the efficiency of the secondary
ionization and photodissociation of H2 decreases, be-
cause the density of gas in regions through which
the shocks have passed is higher than the average

density. Thus, we expect that some low-mass ha-
los can be preserved in the external field of ionizing
radiation, and, moreover, some fraction of these can
subsequently also contribute to this field. It will be
possible to draw firm conclusions only on the basis
of self-consistent computations of the formation of
the first stellar objects and the production of ionizing
radiation by them.

7. CONCLUSIONS

(1) We have considered the evolution of low-mass,
slowly evolving first objects—so-called dark-matter
halos, which give rise to the first stellar population
of the Universe. We showed in our simple (quiet)
virialization model that baryonic objects with masses
exceeding (0.3–10) × 105ΩbM� can be compressed
and give rise to stellar systems at the current epoch.
Baryonic objects with masses (0.1–12) × 106ΩbM�,
which virialize at z = 40–10, form gravitationally
bound systems by z = 6. Since the mass function of
the first objects decreases with the mass (probably
more rapidly than M−1), this may mean that the
production of ionizing photons at z < 6 will be higher
than is usually predicted.

(2) We have shown that the estimated minimum
mass of the forming objects depends substantially on
the adopted baryon-cooling criterion. In particular,
if we take such objects to be those in which the
baryons are compressed during the cooling process
to densities exceeding the density of dark matter in
the central regions of the halo, then this state can
be reached over the co-moving Hubble time only by
objects whose masses exceed the known limit [2] by
half an order of magnitude.

(3) We have examined the influence of the shock
waves that necessarily arise during the virialization of
the halos on the thermal regime of the baryons in a
simplified approach. The minimum baryon tempera-
ture is achieved during collisions of fragments with
masses that are half the mass of the halo. Although
the fraction of such halos is probably small, precisely
they give rise to the formation of the least massive
first objects, with masses (0.6–12) × 105M�, which
is lower than the limit of [2] by a factor of 2–12.

8. ACKNOWLEDGEMENTS

The authors thank the referee for comments. This
work was supported by the Russian Foundation for
Basic Research (project code 00-02-17689) and the
State Science and Technology Program “Astronomy”
(project 1.3.1.1).

ASTRONOMY REPORTS Vol. 47 No. 12 2003



988 VASIL’EV, SHCHEKINOV

REFERENCES
1. M. J. Rees and J. P. Ostriker, Mon. Not. R. Astron.

Soc. 179, 541 (1977).
2. M. Tegmark, J. Silk, M. J. Rees, et al., Astrophys. J.

474, 1 (1997).
3. D. Galli, F. Palla, H2 in Space, Ed. by F. Combes
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