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Gravitational Collapse and Fragmentation of
Sub-galactic Primordial Clouds
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ABSTRACT
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Abstract. Fragmentation processes of primordial clouds are analyzed
in detail. Cosmological hydrodynamical calculations demonstrate that
quasi-spherical dense cores collapse first to form a dense object. A series
of calculations of the rotating collapse of an initially spherical core shows
that the equation of state is well approximated by a simple polytropic re-
lation with ¢ ~ 1.1 over a wide range of central density. The criterion for
fragmentation of rotating polytropic cloud cores with oy = 1.1 is derived
numerically and semianalytically. Fragmentation during core collapse is
not expected to take place if the cloud thermal energy is greater than 0.3
times its gravitational energy at the initial stage of runaway collapse. The
collapse of the central small core will not be halted by centrifugal force
since a nonaxisymmetric waves will appear and the flow will converge to
the self-similar flow until oy exceeds 4/3. The possibility of fragmentation
in the primordial circum-protostellar disk is also discussed.

1. Introduction

In the scenario of hierarchical structure formation (e.g., the Cold Dark Matter
model), small scale dark matter structures are supposed to develop first due to
their large initial amplitude of fluctuation. On the other hand, th gas component
is controlled by the Jeans condition for gravitational instability against pressure
gradient forces, predicting the minimum mass that can collapse. Considering
these things, it can be suggested that the first astronomical structures develop
as a result of gravitational collapse of high-o fluctuations with Mj; ~ 108 M
(Peebles & Dicke 1968). Since the virial temperature on this mass scale is
several 1000K, and there is no metal nor dust, the main coolant is molecular
hydrogen. Nonequilibrium formation of H, in a collapsing cloud keeps the tem-
perature almost isothermal over a wide range of density at several hundred K
(Matsuda, Sato, & Takeda 1969; Palla et al. 1984; Uehara et al. 1996). Recent
direct multi-dimensional numerical calculations demonstrate the fragmentation
of these structures (Abel et al, 2000; Bromm et al, 1999; Nakamura & Umemura
1999). However, the final outcome after the collapse is still not well understood,
especially regarding the further possibility of fragmentation of the collapsing
clumps formed in the dark matter potential wells. In this contribution, I in-
vestigate the condition for fragmentation during the collapse to help predict
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Figure 1.  Result of cosmological formation of collapsing knots with
Godunov SPH code with two million particles.

whether a large massive object or a cluster of small clumps forms as a result of
the collapse.

2. Cosmological Formation of First Collapsing Objects

Firstly, before discussing the criteria for fragmentation of the runaway collaps-
ing core, an example of the results of numerical calculations done with Godunov
SPH code with two million particles for CDM and a gas component is presented.
The calculation is started from a high redshift epoch 1 + z = 200 when fluctu-
ations on all scales are still in the linear stage. The three-dimensional Nbody
+ hydrodynamical evolution with nonequilibrium chemistry including hydrogen
molecules is calculated for objects with My = 108 M. Figure 1 illustrates the
resulting gas particle distribution and shows the formation of a lot of filamen-
tary structures and spherical knots at the intersections of the filaments at a
redshift around 35. They are dominated by dark matter gravity at first. Then
inside quasi-spherical knots with 10° M, a larger fraction of hydrogen molecules
(fu, ~ 1073) is produced than elsewhere. These knots start to collapse leav-
ing behind the outer filaments. This collapse starts at typically T' ~ 200 and
n ~ 1000 with small rotation, as was found in previous works.

Secondly, in order to resolve the detailed physics inside the collapsing core,
rotating core collapse models starting from a spherical configuration with the
above density and temperature are calculated for a variety of initial ratios of
pressure gradient force and centrifugal force to gravitational force. All the mod-
els with Fp/Fg > 0.2 did not fragment during collapse. At the final stage of the
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calculation, the central core with a small fraction of the mass is still continuing
to collapse with a decreasing mass. Therefore, the mass scale at the end of
calculation at a specific density does not have significant relation with the mass
of the first star. In a case with Fp/Fg < 0.2, fragmentation took place during
the collapse. It is found that the difference between the fragmentation and non-
fragmentation can be clearly classified by the evolution of the axis ratio of the
isodensity contour in the central region. It is also worth noting that the thermal
behavior is well approximated by a simple polytropic relation with v ~ 1.1 over
a wide range of density in the three-dimensional rotating core collapse. For the
spherically symmetric collapse case, Omukai & Nishi (1998) had already pointed
out this fact.

3. Criteria for Fragmentation

In order to systematically study the condition for fragmentation, we calculated
the rotating collapse of a v = 1.1 polytropic sphere from a variety of initial con-
ditions that include rotation, initial thermal energy, and shape and amplitude
of perturbations with N = 10° particles. As a result, a criterion for fragmenta-
tion during core collapse is found (c.f., Tsuribe & Inutsuka 1999a for isothermal
clouds). Tsuribe & Inutsuka (1999b) derived the criteria for fragmentation of
rotating collapsing isothermal clouds from a simple spheroid model with prop-
agation of sound waves from outer boundary. Here, their analysis is extended
to include a slow temperature increase as T ox p%!. In Figure 2, the derived
criteria for fragmentation for a v = 1.1 polytrope and numerical results with
initial 15are shown. The solid line shows the condition that the aspect ratio is
47 at the centrifugal bounce, above which fragmentation is not expected to take
place. The dotted line shows the limit of arrival of the sound wave from the
outer boundary at the centrifugal bounce for reference. The results of numerical
calculations are well divided by lines predicted from the simple spheroid model.
The derived criterion shows that fragmentation is not expected if the parameter
oy = 5RoPy/2GMpy(~ ratio of initial thermal energy to the initial gravita-
tional energy) is greater than 0.3. The dependence on the rotation parameter
(= fo = R3N2/3GM, ratio of the initial rotation energy to the gravitational
energy) is small at least in the case of initial rigid rotation. The critical value
ap = 0.3 corresponds to M = 1.8 x 10*Mg for n = 1000/cm® and T = 200K.
This criterion is also consistent with the results of previous core collapse calcu-
lations that included detailed thermal evolution.

4. Spiral Wave Formation

During core collapse with rotation, one might think that the centrifugal force
halts the core collapse. Narita, Hayashi, & Miyama (1984) analyzed axisymmet-
ric rotating collapse for isothermal cloud cores in detail. They showed that the
collapse can not be halted due to the centrifugal force in the isothermal stage as
a result of the property of the rotating self-similar collapse. This is because the
divergence of the central density is earlier than the centrifugal bounce, forming
an envelope with power-law density profile. Saigo & Hanawa (2000) showed
that the this self-similar property does not hold in the case of axisymmetric
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Figure 2.  Criterion for fragmentation of rotating polytrope with y =
1.1. Parameter ag corresponds to initial ratio of the thermal energy to
the gravitational energy and fp is initial ratio of the rotational energy
to the gravitational energy. Solid and dotted lines are criteria derived
by simple spheroid model.

nonisothermal collapse. In the case of v+ > 1, they showed that the collapse
is halted due to the centrifugal bounce. The difference of the results can be
explained by the evolution of the aspect ratio of the core during the collapse.
If the collapse proceeds with isothermal equation of state, the aspect ratio in
the central core can be constant. On the other hand, if the temperature in-
crease exists, the flattening effect is not enough to enable gravity to overcome
the pressure gradient plus centrifugal force at all the radii. We reinvestigated
this behavior with the three-dimensional collapse calculations. As a result, it
is found that the collapse in the center can not be halted by the centrifugal
barrier even vy = 1.1. When the centrifugal barrier arises, the nonaxisymmetric
instability appears to redistribute the angular momentum to enable the central
region to collapse. As a result, collapse can continue as a self-similar manner.
Analytic investigation shows the redistributed angular momentum distribution
that can collapse infinitely as J(w) o« M(w)", n = (57 — 7)/(3y — 4), where w-
is a cylindrical radius, J and M are cumulative angular momentum and mass.
The stability against the elongation of the core to the filament formation
is also analyzed by direct numerical calculations for cases with ag > 0.3. The
result shows that it is marginally stable for v+ = 1.1 and unstable for v = 1.0.
These results are consistent with the result of linear stability analysis (Hanawa
& Matsumoto 2000). This result also shows that binary fragmentation does not
take place due to the small temperature increase during the runaway collapse

stage.
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Figure 3. Example of disk and dynamic spiral arm formation around
the primordial protostellar core.

5. Protoplanetary Disk Around the First Proto-star

Although fragmentation is not expected to take place during the runaway col-
lapse stage for ap > 0.3, the possibility of the fragmentation of massive circum
stellar disk after the formation of the central protostellar core is not still ex-
cluded by this investigation. These possibilities should be investigated including
the feedback effect from the radiation from the central core.

According to the runaway collapsing self-similar flow, the mass included
in the collapsing core decreases with increasing central density until effective
v exceeds 3/4. According to the spherically symmetric calculation by Omukai
& Nishi (1998), the mass included in the core when the collapse is halted is
about 0.0056M. After the formation of this adiabatic stable core, the massive
envelope accretes onto the core or around the core depending on the angular
momentum. If the core is formed by the above infinitely collapsing self-similar
flow, central core can not be a massive star at the beginning of the accretion
stage. Therefore, the early evolution of this disk may be significantly important
to determine the mass of the first stars. We calculated the accretion flow with
v = 1.1 simultaneously with the stable core with v = 5/3 until the disk radius
becomes large enough. As a result, the disk becomes unstable to the spiral
mode. If the viscosity or nonaxisymmetric waves transfer angular momentum
faster than the disk accumulation, the core may grow to be massive (Tsuribe
1999). On the other hand, if accretion from the massive envelope is fast enough
to make the disk very unstable, disk fragmentation may take place to form a
multiple system (Miyama 1992). So far, calculation that can predict the result
of this accretion stage correctly does not exist. This may be a crucial problem
in determining the mass of the first stars.
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6. Summary

In this contribution, the criterion for fragmentation of a collapsing rotating pri-
mordial protostellar core is investigated. According to the cosmological forma-
tion of dense core, quasi-spherical knots collapse first leaving the outer filaments
behind. The thermal evolution of the central core can be approximated well by
a simple polytropic relation p « p!! over a wide range of the density in the
three-dimensional rotating core collapse started from quasi-spherical initial con-
ditions. Both systematic numerical hydrodynamical calculations and a simple
spheroid model yield a fragmentation criterion for above collapsing cloud core,
predicting that fragmentation does not occur if the core has moderately warm
initial condition, i.e., ag > 0.3. Although centrifugal force halts temporarily the
collapse of the central core, nonaxisymmetric waves enable the central region to
continue to collapse until the equation of state become stiffer than y = 4/3. The
collapsing core with v = 1.1 is stable against elongation and binary fragmenta-
tion. This implies single stable protostellar core formation at the final stage of
the runaway collapse. The massive envelope will fall onto the small stable core
after the stable central core formation. The possibility of fragmentation during
this accretion stage is still an open question and will be resolved in future work.
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