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Formation of first generation stars
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Abstract

In this note, we examine the elementary processes in star formation and discuss a strategy of develop-

ing a theory of star formation in early universe.
Key words: star formation, early universe.

1 Introduction

Various projects, such as Hubble space telescope
key project and High Red-shift Supernova project,
have brought the image of early universe into focus.
The cosmological parameters such as Hubble con-
stant H and the value of A term are fixed. We can see
the image of galaxies even at the red-shift parameter
z ~ 5. The theory of early universe is, however, still
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obscure. We can not explain the genesis of galaxies.

The fact that we do not yet understand the physics of
star formation makes the theory unclear. This is the
most tough obstacle to develop the theory of early
universe. In this note, we discuss the various prob-
lems on the formation of first generatlon stars, which
is urged to understand.

2 Environment for formation of first generation stars

In the big bang universe, when the temperature of
the universe decreases to 3000K, proton and electron
recombine and the neutral hydrogen is formed. Be-
cause the binding energy of hydrogen atom is 13.6eV,
hydrogen atom in thermal equilibrium is neutral in
low temperature.

Photon and neutral hydrogen does not interact,
the interaction between matter and photon decouples,
and it becomes possible for the matter to bind and
form stars. As the detailed study in early 70th by
Peebles® and Sato-Matsuda-Takedal® showed, the
ionization rate in early universe, in fact, does not at-
tain the value in thermal equilibrium and locked to
the value around 10~5. This is because the mean free
path of the Lyman photon is very short (10~°¢/ H),
the photon emitted in recombination ionizes matter
immediately. The two photon emission, decay rate of
which is 8.23 571, or the escape of red shifted Lyman
photon ceases the ionization of neutral hydrogen.

The energy density of matter varies as a~3 against
the variation of the scale of universe a, and the energy

density of radiation varies as a ™. Let the temperature
of present universe To(= 3 K). The universe changes
from radiation dominated universe to matter domi-
nates universe when the temperature of the universe
is T/Typ = 10" aryon. From the theory of synthe-
sis of light elements, we know the ratio Qparyon Of the
baryon density to the critical density of the universe
is 0.01 < Qparyonh® < 0.015, where h is the Hubble
constant in units of 100 kms~*Mpc™!. The radiation
dominated universe, therefore, continues for a while
after the recombination epoch.

The first generation star forms from a very small
fluctuation of the density of matter in the radiation
dominated universe in a small ionization environ-
ment. The fluctuation of matter density forms far be-
fore the formation of star. As the distance to the hori-
zon is extremely short, the energy fluctuation of the
scale of star can not exist, The isocurvature purterba-
tion, which does not associate the entropy fluctuation,
can exist. In this fluctuation, total fluctuation of en-
ergy density is zero. This means that, in radiation



dominated era, there can be exist comparatively large
fluctuation of matter density in the environment in
which fluctuation of radiation can be neglected. The

first generation stars are formed from thesg fluctua-
tion. i

3 Growth of density fluctuation in expanding universe

The equations which describe the fluctuation are
derived from equations
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where p is the mass density, u; is the velocity of mat-
ter, A is the cosmological term. These are equations
for Newtonian dynamics, but the equations for the
fluctuation are the same derived from the general rel-
ativity because general relativity are related only to
boundary conditions. Let the non-perturbative evolu-
tion to be
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and the fluctuation to be
p=po(t)- (1 +o(zit)),
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When we make transformation to co-moving coordi-
nate
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we finally obtain the equations:
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where q is the deceleration parameter.

As the energy density of radiation is larger than
that of matter, we can not neglect the drag by radia-
tion in the equation of motion for matter. The drag
is caused by the Thomson scattering with the cross
section or. We can take into account of this effect by
adding the term
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to the right hand side of equation (15). For the en-
ergy equation for matter, the term which describe the
energy exchange between radiation

4UTaTridiationnek (Tradiation -T gas) / (mec) (18)
is added.

We can start calculation from the time when the
perturbation can be conceived to be linear, for ex-
ample from the red-shift parameter z = 103, i.e.,
T ~ 3 x 103K, by imposing a periodic boundary
condition for a box corresponding to a selected wave
length. From the COBE observation of the spatial
fluctuation for the background radiation, we can con-
sider the strength of initial fluctuation to be of the
order of §p/p ~ 107°. The initial velocity of pertur-
bation is of the order of sound velocity.

In the first stage, the density in the simulated re-
gion starts to expand associated with the expansion of
the background universe. In this expansion regime,
we must take into account of the formation of Hs
molecule and the cooling by it. The cooling law by
H; molecule has been studied in detail by Lepp and
Shullll, The temperature in background universe is
deceased proportional to n'/3, where n is the num-
ber density of baryon. The temperature of the simu-
lated region is decreased by adiabatic law, i.e., pro-
portional to n%3. The simulated region cools faster
than the background universe. The Hy cooling accel-
erates this cooling. The radiation drag by Thomson
scattering also play an important role.

In these density region, molecular hydrogen is
formed through the processes

H+e~ & H +y (3.0x107%cm3/s71),

H+H < Hsyte™ (1.5 x 107%cm?/s),



and
H+H* « Hi+y (6.0 x 107%cm3/s),
Hi+H < Hy+H* (6.4 x 107%cm?/s).

In this table, the reaction rates for the right direction
is shown[!. The reaction rate for inverse direction is
determined by the detailed balance.

When the temperature of the gas is decreased to
about 7" = 10 K, where the density of the gas cloud
is about n = 1072 /cm?, the gas cloud begins reversal
collapse. The gravitational energy of the gas cloud is
overwhelmingly large compared with the thermal en-
ergy. The ratio amounts to 10* ~ 10°. The collapse is
complete free fall. We do not know the result of such
an intense collapse, but the physics of this collapse
determines the fragmentation process, which makes
the first generation stars.

In these collapse, we must take into account var-
ious elementary processes such as ionization and
recombination of hydrogen atom, radiation drag
by Thomson scattering, free-free absorption and
bremsstrahlung radiation, and the generation of Ly-
man photon and its escape from the gas cloud.

This collapse continues adiabatically to the tem-
perature of T' = 10* K, then proceeds almost isother-
mally. The ionization rate is from 1072 at n ~
103/cm=3to 10~* at n ~ 10%m3,

4 The property of gravity

A gas body in gravitational collapse has an ten-
dency to form a filamentary configuration. This can
be understood from the property of gravity as fol-
lows: We consider the gravity at the vertices of an
uniform density tri-axial ellipsoid,
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In the filamentary limit, a/c — 0, b/c — 0, the
asymptotic expansions of gravities are given by
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The fact that F, = Fj, in this asymptotic expansion
independent of the ratio of axes a/b means that the
fragmentation process in a free gravitational collapse
is the fragmentation process of a cylinder. If the
gas body attains the cylindrical equilibrium config-
uration independent of the initial conditions which

We do not know how the collapse stops. The
fragmentation of gas cloud occurs when the collapse
stops. In order to make this process clear, we must
study the dissipation process in detail. The density
at bounce exceeds 10'° cm=3, but in this density Hp
formation through three body reaction can not be ne-
glected and the cooling law changes drastically.

The morphological form of the gas cloud is ex-
pected to be disk-like from the property of gravity.
The temperature in the shocked region formed in this
condition attains to the order of 105 ~ 107 K. This is
far higher than the binding energy of hydrogen atom.
In order to make clear the shocked dissipation, we
must calculates the radiative transfer exactly, taking
into account the atom and molecular reactions.

In order to simulate the collapse and the fragmen-
tation process, we must trace the density variation
of the order of 15 figures. That the form of the gas
cloud is disk-like means that we must trace the vari-
ation of 15 figures in length. This is impossible in
practice. Therefore, the strategy is divided into three
parts. First, we calculate the collapse using three di-
mensional code in order to make the physics of disk
formation clear. Then, we calculate the shock for-
mation in disk using one dimensional code in detail.
Then, we calculate the fragmentation process in lin-
ear approximation.

stems from the perturbation in early universe, and
if the fragmentation occurs in this equilibrium, the
problem reduces to an easy one.

Under this assumption, the line mass of the equi-
librium cylinder is given by GMjpe = qn;—jj, and
the optical depth of the cylinder is given by 7 =
wnk(P,/mG)*?, where the constant ¢, (~ 1.5) and
wy, (~ 1) are almost independent of the polytrope in-
dex n. The equation of state is given approximately
by P = 2nkT + (3(a/3)T*, where a is the radia-
tion density constant and the (3 is the dilution fac-
tor of the black body radiation. If we give the line
mass from the observed mass and diameter of the
galaxy (Mjine = 1.6 x 10?2g/cm) or the globular
cluster (Mjine = 1.6 x 10'°g/cm), we can estimate
the temperature, number density, etc., at 7 = 1 as a
function of the dilution factor 3. The fragment mass
is determined by the cylinder instability, M. =
(5m)/ 2032, For the line mass of the galaxy, if the
number density of the gas is n, = 1cm™3, the frag-
ment mass is Mgy ~ 2 x 10"”Mg. For the line
mass of the globular cluster, if the number density



of the gas is n, = 10%cm™3, the fragment mass is The correctness of this assumption is, however,
Mirag ~ 9 X 10°Mg. So, the problem is reduced to open to numerical simulations.
the determination of the dilution factor .
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