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1. Introduction

There have been many numerical simulations of hydrodynamical

problems in astrophysics. For example, processes of star

formation (a recent calculation has been performed by Miyama et

al. (1984)), supernova explosion and formation of neutron stars

(for example, Bowers and Wilson (1982)) and general relativistic

collapse of star to form black hole (Nakamura (1981)) have been

simulated by various numerical codes. These codes are made to

be suitable for computating such problems which have their own

characteristic. Generally speaking, in astrophysical hydro-

dynamical problems, there are the following characteristics.

(1) There are problems in which self-gravity or external

gravity is acting. Therefore fluid shrinks strongly and so its

density becomes greater from its initial state. In processes

of star formations, for example, density of initial dense

s :
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interstellar clouds is 10 -10 gem , but mean density of

stars is about lgcm

(2) There are objects which scales are very large (e.g. size

of stars) and also objects which scales are very short (width

of shock layer).

(3) There are objects which change by short period (e.g.

radiative transfer, nuclear reaction) and also objects which

change by long time scale (e.g., free-fall time).

(4) There are problems in which magnetic force and/or centrifugal

force are acting. Therefore, fluid does not always evolve
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spherically or axisymmetrically and 2 or 3-dimensional hydro-

dynamical code is needed.

In this paper, we present one of methods of numerical

simulations which may satisfy almost above requirements, so-

called smoothed particle methods. In ^ 2, we introduce this

methods briefly. And then we show one of the applicaiton of

this methods to astrophysical problem (fragmentation and

collapse of rotating isothermal cloud).

2. Numerical Method (Smoothed Particle Method)

The numerical method used here is a developemnt of the

Monte-Carlo scheme of Lucy (1977), so called the smoothed

particle method (SPM). In this method, fluid is divided into

a number of fluid elements which are called particles. Each

particle has the same mass m and its own internal density

distribution. This distribution is represented by a broadening

funciton W.(r) (r is the distance from the particle center and

h is the smoothing length) written, for example, in the form,

W, (r) = (l/8TCh3)exp(-r/h) (exponential-type),

or

Wh(r) = (l/TC
3/2h3)exp(-r2/h2) (Gaussian-type).

Local densities of fluid are given by the superposition of

density distributions of all the particles and written as

Pit) =

where 1c. is the central position of the j-th particle. The

equation of motion of each particle is

d vi 1 _A _. -i. _A
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where p, F, Q are pressure, gravitational force and force by

artificial viscosity, respectively. Pressure gradient is given.

by the derivatives of wu(r) and written as

V IT \ X ) — ^. WJ ~" *iix— *^ y »<-î  \

where c is the sound velocity (here, we assume that matter is

isothermal, P = c p ). Gravitational potential is given by the

sum of potentials of the particles. Furthermore, appropriate

artifical viscosity is added, as described below, to represent

dissipation around shock front. The hydrodynamics of a cloud

is descirbed by equations of motion of all the particles.

In the previous computations using the SPM, Gingold and

Monaghan (1977) used the broadening function of Gaussian-type

and adopted a smoothing length which is a function of time only,

i.e., spatially equal for all particles. On the other hand,

Wood (1981) determined h locally and used the exponential-type

broadening function.

In our case, we constructed a code in the following way:

(1) The broadening funciton of Gaussian-type is adopted. This

function decreases more rapidly at large distances than that of

exponential type and will give better resoltuion of fluid

density.

(2) The smoothing length h is determined locally for each

particle in the same way as done by Wood (1981), in order to

describe large spatial variations of density in a collapsing

cloud. That is, h of each particle is calculated form the

positions of neighboring particles in such a way that the fluid

density at the particle center is always 4.1 times greater than

the particle density at this point, where the factor 4.1 is

chosen so that local density gradients are evaluated as accurately

as possible.

(3) VJe tested several formulae for artificial viscosity by
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applying our 3-D code to a simple case of plane shock, and

adopted a formula which reproduces very well the well-known

density discontinuity at the shock front.

We need a large number of particles to obtain enough

resolution of the fluid density. In our computations the total

particle number is 1000 in most cases and in some cases 2000

and 4000, as compared with 500 and 1000, respectively, in the

computations by Wood (1982). In recent simulations, we can
4

calculate with more than 10 particles, using pararell computer
(e.g. FACOM VP-100)

3. Fragmentation and Collapse of rotating isothermal cloud

(from Miyama et al. (1984))

Observationally, giant molecular clouds contain several

dense regions where star formation is supposed to be taking

place. In these regions the clouds may be collapsing with some

rotation and also breaking into several more dense clouds at

some stage of their collapsing. Theoretically, however, the

process of fragmentation of gas clouds is not well understood.

Namely, there are many questions as to what initial condition

and what mechanism give rise to the fragmentation. And also at

what stage does a cloud fragment?

In connection with these problems, a large number of 3-

dimensional, numerical computations have so far been performed

by many people or the gravitational collapse of rotating, iso-

thermal gas clouds (see Bodenheimer 1981 for a review). The

initial conditions of a spherical, isothermal cloud with uniform

density and rigid rotation are characterized by two parameters,

0̂ 0 = 5c
2RQ/2GM and ft Q= &0

2RQ
3/3GH, where Jl Q, RQ and M are

the initial angular velocity, initial radius and mass of the

cloud, respectively (the subscript 0 always refers to the

initial stage). We adopt a boundary condition such that a

constant external pressure c f* nt where _P _ is the initial
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density of a cloud, is always acting at the boundary r = R«.

Thus we can make a survey of collapse and fragmentation of the

clouds in the Q[ Q-&Q plane. A cloud with B_> 1/3 or that with

of Q>l whould both expand from the beginning owing to centrifugal

force and thermal pressure, repectively. Therefore we have

examined the clouds with tf Q in the range 0.1a»1.0 and with

J3Q= 0.1, 0.2 and 0.3.

The initial state of a cloud was constructed in the

following way. First all particles were distributed randomly

with uniform weight inside the sphere r = R«, but relatively

large fluctuations were observed in the fluid density. Then

these fluctuations were damped until £f* / P became less than

0.05 by applying pressure force and additional strong viscosity.

Thus the initial cloud is very uniform and containes only small

random perturbations with AP/P& 0.05.

Figure 1 shows the initila values, o^0
 a n d sn' o f o u r

models computed. The results of computations indicate that all

the models can be classified into three groups according to the

characteristics of the final state of a cloud and that this

classification can be made by a single parameter o(.BQ. The

three groups and the corresponding ranges of Of̂ Sg are given by

(a) Oscillation about a stable, equilibrium configuration

for modes with 0(QBQZ' 0 «
20 (the crosses in Figure 1).

(b) Collapse and non-fragmentation for 0.20^X060^0.12

(the cricles in Figure 1).

(c) Collapse and fragmentation for 0.12>/3(QRQ
(the triangles in Figure 1).

First, we describe hydrodynamic features in early stages,

which are common to all of the above three groups. In very

early stages, the collapse proceeded relatively more rapidly in

the z-direction than in the (^direction (we use the cylindrical

coordinates {(/?,£> , z) here), because of the centrifugal effect.

Then, a cloud was flattened and the z-component of density
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gradient became very high in a thin layer around the equatorial
1 /2

plane. After about one free-fall time (tff» (37t/32G/>0) ' ),

gas flow in the z-direction in this layer was stopped by gas

pressure. A plane shock was then formed at the boundaries of

this layer, while the gas in the outer regions was still falling

supersonically in the z-direction. The infalling gas was bounced

by pressure gradient (z-bounce).

Subsequently the contraction proceeded mainly in the Co -

direction, since gravity was stronger than centrifugal force.

Because of conservation of specific angular momentum, the cloud

began to rotate more differentially. Finally, at the center

centrifugal force plus gas pressure overcame gravity and the

gas began to bounce. This bounce propagated outward in the

(Xr-clirection and, correspondingly, the central part of the

cloud expanded (fir-bounce). Until this fir-bounce, the cloud was

very nearly axisymmetric, the density is maximum at the center

and there was no sign of ring formation nor fragmentation.

In this paper, the flatness of a cloud or that of a central

disk is defined as the ratio of the Gr-axis to the z-axis of an

equidensity surface where the density is 1/10 of the central

density. We found that the flatness of a cloud immediately

after the (JF-bounce was very different accroding to the values

of Ô .B-. Therefore, in the following we describe the behaviors

separately for the three groups (a), (b) and (c).

a) Oscillation about a Stable Equilibrium Configuration

We choose a cloud with 0̂ .= 0.8 and Gg= 0.3 as a representative

of this group. It collapsed at first to a somewhat flattened

configuration where the central density is about 8.5/1.., as shown

in Figure 2. The first z-boundce mentioned above occurred at

t = 1.35 tf-, but the plane shock was not strong. The cloud

then expanded in the z-direction but the decrease of the central

density is relatively slow since the cloud at this time was

still contracting in the GF-direction. The first CC"-bounce began
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at t - 2.55 t,f and, correspondingly, the central density

dropped relatively rapidly. After t = 3.54 t^-, the cloud began

to collapse again in the z-direction and, subsequently, the (jj-

and z-bounces followed repeatedly. The cloud was almost axi-

symmetric in all the stages. The central density oscillated

with a period of about 3.0 t f f and, thus, the fluid velocity is

always subsonic. The flatness defiend above was relatively

small and oscillated between 1.9 and 2.9. Also the values of

<*( = Eth/lEgravl > and 6 (= Erot/ 'Vav 1 > of the wnole cloudg V
oscillated about the mean values, (X = 0.70 and B = 0.27.

Because the plane shock at each z-bounce was too weak to

dissipate kinetic energy, the oscillation of the cloud was

damped only very slowly. The cloud seemed to approach an

equilibrium configuration which is axisymmetric and differentially

rotating.

b) Collapse and Non-Fragmentation

As a representative, we choose a cloud with o/Q = O.6 and

0O= 0.3. The first z-bounce occurred at t 1.40 tf^ where the

central density was 22^,. and the flatness of the cloud was 6.0.

The plane shock then propagated outwards in the z-direction,

but this hardly affected the motion in the ar-direction. Contrary

to the above case (a), the central density continued to grow up

after the z-bounce. At to 2.20 t f f where the central density

became as large as 710PQ, the ftp-bounce occurred very weakly in

the central region. At this time the cloud had a flatness 2.8

and 6 took a vlaue, 0.34. About at this time a bar-like pattern

of density appeared in the central region, but it was very faint

and did not grow. After this weak C-bounce, the gas in the

central region began to collapse again and the above-mentioned

faint pattern disapperaed at t = 2.75 t,,. The computation was

stopped at t = 3.10 tff, where the central density increased to

about 5 x 103A. but the central part of the cloud was still

collapsing nearly axisymmetrically. At this time, the outer

-55-



part containing 88% of the total mass was nearly in equilibrium

and had equatorial distributions of density and angular velocity
-2 -1

which are proportional to cs~ and fir , respectively. These

distribution laws are quite the same as in the analytic solutions

for equilibrium configurations, which have been obtained by

Hayashi, Narita and Miyama (1982) and Toomre (1982). In view

of this similarity, this cloud may be considered as approaching

one of the above equilibrium solutions.

c) Collapse and Fragmentation

We describe a case of O(Q= 0.4 and SQ = 0.3. The z-bounce

occurred at t = 1.44 t f f where the central density was 48/
1- and

a highly flattened disk with a flatness as large as 6.2 was

formed in the central region. In this disk, the z-component of

pressure gradient nearly balanced with that of gravity and the

gas was flowing mainly inward in the ffr-direction. At t = 1.88 tff,

this flow was stopped and reversed by centrifugal force plus

gas pressure (fir-bounce). With the appearance of this outward

flow at the center, the central density began to drop. The

outflow then crashed into the surrounding gas with supersonic

velocities and, at the same time, a non-axisymmetric pattern with

off-central maximum densities grew up.

Figure 3 shows the time variation of the central density

(the dashed curve) and that of the maximum density (the solid

curve). Before the fir-bounce, specific angular momentum of

each fluid element was well conserved without violation of more

than /vi%, because the cloud collapsed almost axisymmetrically.

At teal.88 t,f, the above-mentioned density pattern appeared

and grew up as it moved outward in the (JT-direction. Figures 4

and 5 show the positions of all the particles at t = 1.88 and

1.99 tff, which are projected onto the equatorial plane and

also onto the x-z plane perpendicular to it. The flatness of

the disk at t = 1.96 t f f was 7.3, and B took a maximum value

0.4 2 at t = 1.88 tff. In Figure 5a we can see three faint
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fragments. These fragments moved ourward in the ©"-direction

and grew by accretion of the surrounding gas. Thus the fragments

became more and more distinct with time; at t = 2.11 t f f the

central density of each fragment became more than 100 times

greater than densities in the surroundings. The orbital motion

of these fragments was very complicated just like a three-body

stellar system; at first they appeared at nearly equilateral,

triangular positions, but at t = 2.99 t,, they were in alignment

as shown in Fugure 6a. Eguidensity contours in the equatorial

plane at the same time are also shown in Figure 6b.

From the results of 3-dimensional computations, we conclude

the following.

1. Isothermal collapse of a rotating cloud, which starts from

a sphere with uniform density and rotation, proceeds first in

the z-direction and then in the ^"-direction until centrifugal

force gives rise to the flT-bounce which begins at the center

and propagates ourward. Before this bounce, the collapse is

axisymmetric, specific angular momentum is well conserved and

density perturbations, axial or non-axial, do not grow at all.

At the time of the ftp-bounce, the inner part of the cloud forms

a dense disk where gravity balances nearly with pressure gradient

and centrifugal force. The disk is more flattened for the case

of smaller otQBQ, where ctn and 6Q are the initial values of

°* = Eth/|Egravl a n d S = Erot/| Egrav' o f t h e w h o l e c l o u d' r e s P e c "
tively, and the product 0fn6n is related to the total angular

2 2

momentum J as 0(Q&0= { 5/6 ) ( 5cJ/2GM ) .

2. The characteristics of the subsequent dynamics are entirely

different for the three cases: O/QSQ^ 0.20, 0.20 >o( QBQZ, 0.12

and 0.12>0<0J30. For </QBQ>,0.20, the Qr-bounce occurs at a

stage where the central density is relatively low and, afterwards,

the whole cloud repeats axisymmetric expansion and contraction

about a stable spheroidal configuration which is not very

flattened. For 0.20^o(0fi0^.0.12, the flT-bounce is very weak
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and after this bounce the cloud continues to contract nearly

axisymmetrically. It does not fragment and tends to approach a

stable equilibrium configuration described by equation (1)/

which has the distributions of density and angular velocity
-2 -1

proportional to (c~ and or respectively. For pf.6-^0.12,

however, the ic-bounce occurs strongly with supersonic velocities

and gives rise to a highly flattened disk. Then the inner part

of the cloud containing 30--V 40% of the cloud mass fragments into

a numaber of very dense clouds. The criterion for fragmentation,

</0B0<,0.12, is also expressed in the form that the flatness of

the disk just after the P~-bounce is greater than about 6.5.

This criterion agrees with that for ring formation found by

Hayashi, Narita and Miyama (1982) for the equilibrium config-

urations described by equation (1) and is also consistent with

the instability condition obtained by Goldreich and Lynden-Bell

(1965) for a rotating unifrom disk.

The numerical computations were performed by FACOM 382 at

the Data Processing Center of Kyoto University and by FACOM M-

200 at Nobeyama Radio Astronomy Observatory of Tokyo University,

the Institute fo Space Astronomical Science and the Institute

of Plasma Physics of Nagoya University.
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Figure Captions

Fig.l. Distribution of initial values of Q( Q and SQ for which

computaitons were performed. Symbols denote the character-

istics of collapse: cross, oscillation about a equilibrium

configulation; circle, collapse and non-fragmentation;

triangle, collapse and fragmentation. The dashed line is

a criterion for collapse, dr\®n= 0.20 and the solid line

denotes a criterion for fragmentation 0^06Q= 0,12.

Fig.2. Time variation of the central density (dashed line)

and that of the maximum density (solid line) in a cloud

with <̂ Q= 0.8 and SQ= 0.3 (1000 particles). The stages of

the z-bounce (z-b) and the (ZT-bounce (F-b) are also shown.

Fig.3. Time variation of the central density (dashed line)

and that of the maximum density (solid line) in a cloud

with 0tQ = 0.4 and 6Q= 0.3 (1000 particles). The stages of

the z-bounce (z-b) and the ftr-bounce (̂ "-b) are also shown.

Fig.4. Positions of the particles projected onto the equatorial

plane (a) and onto the meridonal plane (b) for a cloud

with </Q= 0.4 and BQ= 0.3 (1000 particles) at t = 1.88 tff.

Fig.5. Positions of the particles projected onto the equatorial

plane (a) and onto the meridional plane (b) for a cloud

with tfQ= 0.4 and BQ= 0.3 (1000 particles) at t = 1.99 tff.

Fig.6. Positions of the particles projected onto the equatorial

plane (a) and density contours in this plane (b) for a

cloud with dQ= 0.4 and BQ= 0.3 (1000 particles) at t = 2.29 tff.

The maximum density is 4.2 x 10 />0 and each contour interval

is factor of 2.

-59-



Fig. 1
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Fig. 2
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Fig. 3
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