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ABSTRACT

Molecular clouds are observed to have substructure within them, and to consist of
dense condensations or clumps which are surrounded by a less-dense interclump
medium. The interclump gas could retard the motion of the clumps in the cloud
through a drag force caused by dynamical friction. The effect of such a drag force on
the dynamics of protostellar clumps in a molecular cloud is numerically analysed in
this paper. As the dynamical drag acting on a clump is dependent on its mass, clumps
of different masses have, in general, different retardations. It is found that the most
massive objects suffer the maximum decelerating effects and settle to the centre in a
shorter time than do the lower mass clumps. Thus there is a clustering of the clumps
towards the centre of the cloud, and a radial segregation of mass is established in the
cloud. The time-scale of the process is governed by the cloud parameters, and is
shorter for denser clouds. The most massive protostellar clumps in the cloud are thus
expected to lie at the centre of the cloud. The mass segregation observed in many
young clusters of pre-main-sequence stars could be a result of dynamical drag.

Key words: methods: numerical - stars: formation - ISM: clouds — ISM: kinematics

and dynamics.

1 INTRODUCTION

Molecular clouds form an important component of the
interstellar medium in our Galaxy, and contain a significant
amount of the total mass of interstellar gas. They cover a
range of masses and sizes, varying from the large giant
molecular cloud (GMC) complexes with masses of the order
of 10° M, and sizes of 60 pc (e.g. W3 and M17) to the
smallest dark clouds of masses ~10 M, and sizes of a few
tenths of a parsec (e.g. TMC1 and the main core of B1).
Observational studies of molecular clouds in the Galaxy, and
especially in the solar neighbourhood, reveal a host of
characteristic features, the most significant of which is that all
star formation appears to take place in molecular clouds.
Molecular clouds are gravitationally bound, and their masses
typically exceed the Jeans mass by up to an order of magni-
tude. Not all molecular clouds are star formation sites,
however, and even those that do form stars do not do so effi-
ciently, converting only a small fraction of their mass into a
stellar form. Any meaningful investigation of the star
formation process must begin with an understanding of the
molecular clouds - their structure, dynamics and evolution.
It has long been known that molecular clouds have substruc-
ture within them, as large-scale maps and interferometric
observations in the radio and millimetre-wave regions reveal

clumpy structures within the clouds on all observable scale-
sizes, from a few hundredths of a parsec to tens of parsecs
(see e.g. Wilson & Walmsley 1989). The gas distribution is
highly non-uniform, with spatially separated dense conden-
sations in a ubiquitous less dense medium (e.g. Bally et al.
1987). However, the exact physical nature of these ‘clumps’
is as yet uncertain. They have been interpreted as temporary
fluctuations in density caused by supersonic turbulence
within the cloud (Falgarone & Phillips 1990; Scalo 1990).
This view is supported by the apparent fractal nature of
molecular clouds, which seem to show the same structure on
smaller scales, traced by high-density tracers and high-
resolution observations (Falgarone, Phillips & Walker 1991).
The other interpretation is that the clumps represent stable
physical entities, as they are well separated in position and
velocity space as observed by molecular line spatial maps
and velocity channel maps or position-velocity diagrams (see
Blitz & Stark 1986; Stutzki & Giisten 1990). The large
density contrast between the clumps and the medium in
between them, and the observations of the association of
young stellar objects with dense clump cores (Beichman et al.
1986; Tatematsu et al. 1993), favours the notion of clumps
being distinct physical objects. Here, we adopt the latter view
that these clumpy structures are actual mass concentrations.
The densest of these structures (the protostellar clumps),
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upon gravitational collapse, would in fact give rise to the
formation of stars. The existence of an ‘interclump medium’,
or ICM, is inferred from the broad linewings on CO maps.
The interclump medium is believed to consist of both
molecular and atomic hydrogen, as evidenced by the
presence of H1envelopes around GMCs, in varying fractions
in different clouds (e.g. Blitz 1991). The nature of the ICM is
not clear, however, and it may consist of a relatively
homogeneous substrate or may also be clumpy with small
density enhancements (Falgarone et al. 1991). Here we
assume that the ICM is homogeneous on length-scales
smaller than the clump size. Observations of both the warm
GMCs (e.g. Orion A, B) and the cold dark clouds (e.g.
Taurus) indicate that star-forming regions are often found to
be in the close vicinity of the dense cloud cores, suggesting
that stars form in the most dense areas of molecular clouds
(Myers 1987; Lada 1990). The density contrast between the
clumps and the ambient interclump medium is found to vary
from cloud to cloud. Clouds that form massive O- and
B-type stars, i.e. the warm and dense clouds, have a large
clump-to-interclump density contrast, while the contrast is
smaller for the low-mass star-forming dark clouds (Blitz &
Stark 1986; Falgarone & Puget 1988). Observations seem to
imply a ratio of about 10 to 100 for most clouds, and it
appears that molecular clouds consist of self-gravitating
clumps with a relatively large density compared to the
surrounding medium. As clumps or possibly substructures
within them seem to be the immediate precursors of stars, or,
at the least, active star formation sites within the molecular
clouds, a complete understanding of star formation and
associated features (such as the initial mass function, and the
rates and efficiency of star formation in galaxies) can be
achieved only through a study of molecular clouds on all
levels of the hierarchy, from the huge complexes to the
smallest cores, and the physical processes that determine
their evolution. The dynamical evolution of the clumpy
structures in molecular clouds is of special relevance to the
spatial aspects of the star formation process, as stars
presumably form here and are affected directly by the
dynamical history of the clumps/cores from which they form.

The CO linewidths in molecular clouds are invariably
larger than the thermal linewidths, implying supersonic
velocities which are typically of the order of a few km s™!
(e.g. Blitz 1991). Observations indicate that clouds on large
scales are in virial equilibrium, and the larger clumps within
them satisfy various scaling laws, such as mass-size (M < R?),
density-size (o< R~!}) and size-velocity dispersion
(Avc R%S) laws (e.g. Larson 1982; Elmegreen 1985).
However, the more dense protostellar clumps that are gravi-
tationally bound would be more compact than these scaling
laws indicate.

The motion of the clumps through the interclump medium
has potentially interesting consequences, brought about by
the interaction of the dense condensations with the ambient
gas. The clumps may accrete matter from the gas while
moving through it, and also experience drag forces which
decelerate them. The effect of drag due to dynamical friction
on newly formed stars, while still embedded in their parent
clump(s), has been discussed qualitatively by Bally & Lada
(1991). They suggest that, in very dense massive cores of
clouds, stars moving through the gas could cause ‘cluster

compactification’ on a cloud crossing time-scale, leading to
locally greater concentration of mass in stars.
In the present work, we have carried out a detailed

" numerical investigation of the effects of dynamical friction on

the motion of dense protostellar clumps in molecular clouds.
In addition to the frictional forces, the gravitational potential
due to the gas and the clump-clump interactions have been
included. Physical parameters of molecular clouds, such as
size, mass, density, temperature, etc., have been chosen to
agree with their observed values. Dynamical friction acting
on a clump causes a deceleration which depends on the mass
of the clump, as a result of the gravitational origin of the
force, and hence the dynamics of the clumps are likely to
depend on their masses. Consequently, mass segregation is
established in the cloud, with a tendency for the more
massive clumps to be located more centrally with respect to
the cloud. The time evolution of such a cloud system will
reflect its physical properties, and may also affect physical
processes occurring in the cloud. The mass spectrum of
clouds and clumps is observed to follow a power law (dN/
dM o« M~ where dN is the number of objects with mass
between M and M +dM) over a range of masses spanning
more than five orders of magnitude, with the index x varying
from about 1.1 to 1.7 in various cases (Genzel 1992).
Clumps undergoing collapse and on their way to forming
stars may have steeper mass spectra, with a final stellar mass
spectrum index of 2.35 (the Salpeter value). We have varied
the power-law exponent within this range, and investigated
any possible dependence of the dynamics of the system on
the mass spectrum. Apart from dynamical effects, changes
caused in the density distribution of the initial system are
examined. Possible repercussions of the end state of the
system for the star formation process are also discussed.

2 METHOD OF ANALYSIS

In our study of the dynamics of clumps within molecular
clouds, we adopt the following simplifying assumptions. A
molecular cloud is presumed to consist of two distinct
components, one being the high-density clumps and the
other the tenuous interclump medium (hereafter abbreviated
as ICM). The volume filling fraction for clumps in a
molecular cloud, derived from the average densities of the
clumps and the entire cloud, is generally of the order of a few
per cent (e.g. Blitz & Thaddeus 1980; Pérault, Falgarone &
Puget 1985) or much less (Falgarone & Phillips 1991). In
view of these observational facts, we believe that our
assumption is not too unrealistic. The clumps have therefore
been modelled as spherical particles moving through a fluid.
This implies that the density fall-off between the clumps and
the ICM in our treatment is much sharper than what is
observed. The ratio of mass contained in the clumps and
ICM is varied (from 10 to 50 per cent) in the different cases,
although in general it is assumed that a significant amount of
the cloud mass is contained in the interclump gas.

The cloud is assigned spherical symmetry for simplicity,
and two states for the gas distribution are considered, one of
uniform density and the other a Plummer density profile (cf.
Lada, Margulis & Dearborn 1984). For a Plummer distribu-

© Royal Astronomical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1995MNRAS.272...61G

DVNRAS. 2727 - 61T

rt

tion, the gravitational potential and the density are given by

@,

P T

Pl £ (1)

1 +(’/’0)2]5/2 ’

where ris the distance from the centre of the cloud and 7, the
width of the distribution (here chosen equal to the cloud
radius)., For the clumps within molecular clouds, the mass
spectrum is generally a power law with the power-law
exponent x, which is observationally found to vary from 1.1
to 1.7, but is typically about 1.5 (Sanders, Scoville &
Solomon 1985; Loren 1989; Stutzki & Giisten 1990). For
clumps in the collapse phase and forming stars, the spectrum
may be closer to the Salpeter mass function with an index of
2.35. We have adopted the above mass spectrum for the
clumps with an index of 2.35 for all our cloud systems, with
the exception of one system for which we have varied x to
study any dependences on the form of the mass function
assumed. The upper and lower cut-offs of the mass spectrum
have been appropriately chosen for clouds of different total
masses.

First, the system is allowed to evolve under only the gravi-
tational forces arising from the gas and the clumps. About
100 (typically) clumps with masses according to the mass
spectrum are integrated over time. The potential arising from
the gas is derived from the assumed density distribution
described earlier, and the corresponding force obtained. The
force acting on a clump, due to all other clumps, is obtained
by a simple clump-clump approach, ie. summing over
individual force terms. The potential is softened using a
softening parameter equal to the characteristic size of a
clump. We have not included clump-clump collisions, for
simplicity. The clumps are initially (at £=0) given random
positions, so that the total configuration corresponds to that
of a uniform number density distribution of clumps. The
initial velocities for the clumps have their virial values, and
are given random orientations. The equations are solved
consistently in three dimensions using a fourth-order
Runge-Kutta method with adaptive step-size control.
Integration times are typically of the order of the cloud
lifetime, which is about 50 Myr for molecular clouds in the
Galaxy.

In order to study the effects of dynamical friction drag on
the clumps, the above analysis is repeated, including the
frictional force. The equations of motion are again set up and
the forces considered to be acting on an individual clump are
the gravitational force due to the cloud gas, clump-clump
gravitational interactions and a dynamical drag force due to
the ambient gas, along with an increase in mass of the clumps
because of accretion. Thus

Ftot = F;as + Fclump + Ejrag, (2)

where the gravitational term due to gas and clumps is
determined as above. The drag force is due to the dynamical
friction acting on the clump as a result of the gas (Chandra-
sekhar 1943), and is caused by a density asymmetry of the
gas in the wake of the moving clump which tends to retard its
motion by exerting a gravitational pull on the clump. The
drag is given by (Binney & Tremaine 1987)

—4xIn A G*p(r) M? 2X
Finr)= oM et (X) - 2Z expl - X7) | ,(3)

v In
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where v is the velocity of the clump, G is the gravitational
constant, M is the mass of the clump, p is the density of the
gas and In A is the Coulomb logarithm, A being equal to the
ratio of maximum and minimum impact parameters. (The
maximum impact parameter b, ~ R, the radius of the
cloud, and the minimum impact parameter b,,;, = GM/v?, so
that A ~ Rv?/GM.) The gas velocity distribution is assumed
to follow a Maxwellian distribution with a dispersion o, and
X is a dimensionless parameter equal to v/(ﬁ o). Although
equation (3) was derived for point particles, it is found to be
a reasonably good approximation for extended objects as
well, if r,sb,_,, /JX, where r, is the radius of the object
(Binney & Tremaine 1987, p. 426). The velocity dispersion
of the gas is taken as equal to the virial velocity for the cloud
(0%= GM,/R, where M, is the cloud mass and R its radius).
Further, the clump accretes mass from the surrounding
medium as it moves with a relative velocity v through the gas
atarate

dM .
E=nr§ﬁp(v2+az)'/2, (4)

where 7. is the effective radius of the clump. An increase in
mass due to accretion also causes a deceleration, which is
equivalent to a gas drag given as

dM
Igasdragz -v —d—t—z - Tl?rszp(vz"' (72)1/21). (5)

This drag has also been included in the equations of motion.
For a clump with a gravitational cross-section larger than its
physical cross-section, 7. is given by the gravitational radius
r,=2GM|/(v*+ o?). For larger clumps,

et (1 +ﬁ), B
t.

4

with r, being the physical radius of the clump for accretion.
Clumps that are in virial equilibrium, or those that are
pressure-confined in GMC complexes and GMCs, usually
have relatively large radii (r,>7,), and ry is given by
equation (6). The actual accretion process in this case is,
however, ill-understood, as the clumps move supersonically
through the ambient medium and the formation of bow
shocks may prevent any real accretion (Pumphrey & Scalo
1983). Further, any matter impinging on the surface of the
clump may cause ablation of the clump rather than be
accreted (Scalo & Struck-Marcell 1984). There is, however,
transfer of momentum, and the clumps suffer a hydro-
dynamical drag given by equation (5). From equations
(4)-(6), for typical velocities v~ ¢ the ratio between
dynamical friction F; and hydrodynamical drag Fia arag 18
~0.8 In A(ry/r /(1 +(r,/r.)]. Thus Fyy 4> Fy for clumps
with r./r, 2 0.9/InA =2 for InA ~ 5. The dynamics of such
clumps in molecular clouds is dominated by hydrodynamical
drag and clump-clump collisions (Scalo & Pumphrey 1982;
Elmegreen 1985). Protostellar clumps and protostars are
denser objects with r, <r,, and the accretion rate is given by
(cf. Hoyle & Lyttleton 1939)

dM_4nG’p(r)M*
:17‘ (v2+02)3/2 . (7)
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We restrict our analysis to protostellar clumps, whose
physical radii are smaller than their gravitational radii. The
initial masses, positions and velocities of the clumps are
assigned in a similar manner to the case for no drag. The
masses of the clumps are distributed according to the mass
spectrum as before, and the equations are solved. In our
model, for simplicity, we have not considered the effects of
magnetic fields or collisions between clumps.

3 RESULTS AND DISCUSSION

The formulation described above has been used to obtain the
temporal evolution of the protostellar clumps in molecular
clouds for a range of parameters. The densities, masses,
sizes, etc., have been taken to be similar to those observed
for the systems under consideration. The densities and
fraction of mass contained in the clumpy form have been
varied along with a change in mass spectrum of clumps. In
all, 13 cases have been run, and in each individual case the
spatial positions and velocities of the constituent clumpy
particles have been followed at different epochs of time as
the system evolves.
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Depending on the prevailing physical conditions, the
cloud evolutionary properties change, as is to be expected.
The effects of dynamical relaxation of the clumps in a cloud
in the presence of a constant gas potential have been looked
at first, and it is found that mass segregation due to N-body
relaxation takes a long time to be established. The inclusion
of the dynamical drag on the clumps significantly alters the
dynamics in all the interstellar cloud systems considered, and
mass segregation is established in a much shorter time. The
dynamical drag acting on a clump is dependent on its mass,
and thus clumps of different masses have in general different
retardations. The most massive clumps suffer the maximum
decelerating effects, and their orbits get closer to the cloud
centre. The ‘infall’ time-scale over which the clump falls to
the centre of the cloud is different for clumps of different
masses. The more massive clumps settle to the centre in a
shorter time than do the lower mass clumps. There is a
clustering of the clumps towards the centre of the cloud, and
a radial segregation of mass is established in the cloud. This
can be seen from the plots in Figs 1 and 2. The clump mass
spectrum is divided into logarithmic mass intervals and the
masses of the clumps in each such bin are averaged to obtain
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Figure 1. The average positions of clumps, which have been divided into logarithmic mass bins, have been plotted against the mean mass of
each bin. The open circles correspond to the initial distribution of the clumps and the filled circles to the distribution after a time 7, indicated in

the upper right-hand corner of each plot. Least-squares fits to the points have been drawn. Panels (a), (b), (c) and (d) correspond to clouds I, I,
II'and IV with increasing average densities of 10%, 1.2 x 10%,4 X 10 and 10° cm ™2 respectively.
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Figure 2. The same conventions as Fig. 1, with the plots corresponding to varying mass fractions of clumps in the cloud (at 2 Myr). Panels (a),
(b), (c) and (d) have clump mass fractions of 10, 20, 30 and 50 per cent respectively.

a mean mass for the bin. The positions of the clumps with
respect to the cloud centre for each mass bin are similarly
averaged to get an average position (r), which is plotted
against the mean logarithmic mass of the bin. The open and
filled circles in the figure correspond to the times =0 and a
later time at which the cloud shows evidence of mass
segregation. The lines are least-squares fits to the points.
Initially, the clumps are distributed over the cloud randomly,
and hence all have equal probability of lying anywhere in the
cloud, independent of their masses. At later times, the more
massive clumps suffer greater drag due to dynamical friction
and move towards the centre of the cloud. The least massive
clumps, which are not significantly impeded by the drag
force, move in orbits that could be located anywhere in the
cloud, and thus have an average radial position further from
the cloud centre than do the high-mass clumps. This results
in a gradual steepening of the slope in the log M~(r) plots
with time. The time-scale of the process is governed by the
cloud parameters, and is shorter for denser clouds. We define
a mass segregation time 7, in the following manner. The
ratio 7 of the average radial distance (r,) of the most massive
clumps (in number, 10 per cent of the total population) and
that of the least massive clumps () has been computed at
various times (where 7 ={r,)/{r,)). At t=0, 5 is roughly equal
to one, and 7, has been considered as the time at which

n=0.5. It is found that the segregation time-scale 7,
is typical of the order of a few times the cloud crossing
time-scale T, (7o 0 ~ 2R/0, where R is the radius of the
cloud and o the velocity dispersion). Figs 1 and 2 show the
mass-radius plots for the various systems. As the system
further evolves, i.e. at times ¢> 7, there is an expansion of
the system, as N-body interactions take some of the low-
mass clumps into orbits with radial distances larger than their
original radii, and mass segregation is enhanced. Changes in
the dynamical evolution of the protostellar clumps with
changes in cloud density, mass fraction in the form of
clumps, clump mass spectra, and density profile of the inter-
clump medium are studied by varying these parameters
individually, keeping all others fixed. These cases are discus-
sed below in detail.

3.1 Effect of change in density

Molecular clouds are observed to have a range of densities,
from the less-dense warm GMCs to the cool, dense dark
clouds, with the star-forming o Oph cloud core being a
prototypical example of the latter. The effects of a change in
the average density of a cloud on the dynamics of its
constituent clumps are studied. Four different cases
identified as clouds I, I, IIT and IV are considered, with aver-
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age densities ranging from 10* to 10° cm~3. Cloud I has a
mass of 10> M, and a size of 1.6 pc (velocity dispersion
0,=2.3 km s~!). The average density of the cloud is 10*
cm ™3, and it has 42 per cent of its mass distributed in 150
clumps whose masses range from 1 to 30 M. The ordinary
N-body dynamical relaxation time for all four cases is greater
than 107 yr. The spatial mass segregation time-scale is found
to be 2.4 Myr, which is far shorter than the ordinary N-body
relaxation time. Cloud II has a mass of 3 X 103 M, size 1.0
pc, 0,=5.1 km s~ ! and an average density of 1.2 X 10° cm 3.
185 clumps form 40 per cent of its mass and have masses
from 3 to 30 M. Mass segregation takes place on a slightly
shorter time-scale of 1.2 Myr. Cloud Il (M=10* M, R=1
pc, 0,=9.3 km s~ ') has an average density of 4 X 105 cm™3
and has a segregation time nearly the same as that of cloud II,
0.9 Myr. Cloud IV has the highest average density of 106
cm ™3, All cloud IV parameters are the same as that of cloud
I, except for its size which is 0.25 pc and velocity dispersion
(0,=4.9 km s~ !). The mass segregation time-scale is only 0.4
Myr. The mass-radius plots for all four cases are shown in
Fig. 1. It should be noted that a density increase by a factor
of 100 from cloud I to cloud IV causes a decrease in segrega-
tion time-scale by a factor of 6. There is also some expansion
of the initial system, as can be seen from Fig. 1. Thus 7, is
shorter for denser clouds, and segregation effects are
expected to be enhanced in the densest star-forming molecu-
lar clouds. It seems probable that the mass segregation
observed in young star clusters in star-forming regions (e.g.
NGC 2071 and 2024: Lada 1991) is a result of the dynamics
of the protostellar clumps from which they form.

In all of the above systems, the physical radius of the
protostellar clump, r,, is assumed to be small compared to its
gravitational radius, r,. The N-body gravitational force is
softened using a parameter ¢ equal to 1073R (3 X 10% cm
for R=1 pc) for all the clumps. For computational con-
venience, ¢ is chosen such that it is larger than the clump
radius, but should be small enough to allow close
clump-clump encounters. For stars, protostars and proto-
stellar clumps that have developed high-density cores that
contain most of their mass, our choice of ¢ is satisfactory.
Protostellar clumps that have just begun to collapse,
however, may have r, as large as r,. We have therefore run
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the simulation for a case where ¢ is set equal to r,. Although
the segregation time 7, does not change, and is 2.4 Myr for
both cases, there is still a qualitative difference in the
subsequent evolution of the system: there is no expansion of
the system, with smaller clumps moving out to radii larger
than their initial positions, as all clump-clump encounters
are highly softened. It can be seen from Fig. 3 that the
protostellar clumps form a more compact system after
dynamical evolution. When the clumps collapse to form
stars, the resulting cluster in such a case has a higher
‘apparent’ star-forming efficiency, and may eventually form a
bound system (cf. Bally & Lada 1991).

3.2 Effect of change in mass fraction in clumps

The total fraction of mass contained in the clumps is varied
for cloud I from 10 per cent to 50 per cent. The number of
clumps is modified accordingly, with the same power-law
spectrum and upper and lower cut-offs. There is no signifi-
cant difference in mass segregation time-scales. Fig. 2 shows
the mass-radius plots for the clouds at the same epoch. The
segregation times for the different cases (of cloud I) are as
follows: f.,=0.1, 7,,=2.0 Myr; f.=0.2, 7,,=1.8 Myr;
f.=0.3, 1,,=2.4 Myr and f,=0.5, 7,,=2.0 Myr. Clouds
with lower clump mass fractions have more gas in the ICM;
the gas is also denser, as the total mass and radius of the
cloud are kept constant. Clouds with small f, are thus
expected to segregate faster. The density change from f, = 0.1
to f,=0.5, however, is not large enough noticeably to affect
the segregation time-scales. (As was seen above, an increase
by a factor of 100 in the density causes a change in the mass
segregation time-scale by only a factor of 6.) The lack of any
systematic trend in 7, with varying f, in our simulations is
probably a result of poor statistics along with different initial
clump conditions (clump positions and velocities at ¢=0),
especially for low f.-values.

3.3 Effect of change in mass spectrum index

A change in the exponent of the power-law mass spectrum
has only a minor effect on the dynamics of the protostellar
clumps. In order to investigate the effect of variation in the
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Figure 3. The radial position against mass for cloud I (see text), with different softenings, at 4 Myr. Panel (a) shows the result when a small
physical cross-section is assumed for the clumps, and (b) shows the result when their sizes are set equal to their gravitational radii.
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mass spectrum index, one of the above cases (cloud I) has
been run for x=1.1, 1.5 and 2.0, and the stellar mass
spectrum index of 2.35. A variation in the power-law
exponent for the clumps does not seem to have a very pro-
nounced effect on the final state of the system (x=1.1,
Tme=2.4 Myr; x=1.5, 7,,=2 Myr; x=2.0, 7,,=2 Myr;
x=2.35, 7,,=2.4 Myr). In each case, the fraction of the
mass contained in the clumps (40 per cent) has been kept
constant by suitably adjusting the number of clumps, so that
the gravitational potential does not change appreciably. Fig.
4 shows that the extent of segregation (at the same epoch of 2
Myr) is little affected by a change in the mass spectrum. As
the clumps accrete gas from the ambient medium at a rate
dependent on their masses, the mass spectrum of the clumps
could also potentially be altered. Such changes are found to
be almost negligible, however, as the accretion rates are not
high enough to change the power-law index significantly, in
any of the cases considered. The power-law exponent after
segregation, X;, has been computed for the two extreme
cases. For x=1.1, x;=1.15; for x=2.35, x; is found to be
2.31.
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3.4 Effect of a change in the density distribution of the
ICM

The density distribution of the gas, ie. the interclump
medium, for all of the above clouds is given by the Plummer
distribution (equation 1). The analysis for cloud I has been
repeated for a constant density or a uniform gas distribution,
to study any alterations brought about by variations in the
gas density profile. The same initial conditions have been
imposed, and it is found that the mass segregation time-scale
increases (Figs Sa and b) marginally. A steepening in the
density profile of the cloud due to mass segregation is also
found, as is to be expected, especially when the clumps form
a significant fraction of the total mass.

As aresult of the drag forces acting on the clumps, there is
a spatial mass segregation established in the molecular cloud
clumps. The velocity distribution is also affected. The
protostars are acted upon by dynamical friction as they move
through the cloud. They are decelerated and their orbits get
closer to the cloud centre. They tend to approach local virial
velocities at their new positions. Decay of the orbits of the
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Figure 4. These plots show average position against mass for clouds with the same parameters, but with different mass spectra for the clumps.
They are all at the same epoch (2 Myr) and the mass spectrum power-law exponent is denoted by x, shown in the upper right-hand corner for

each case.
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Figure 5. Variations in the extent of mass segregation with respect to the density profile of the interclump gas. A constant density cloud and a
Plummer model are considered. Panels (a) and (b) show the extent of spatial mass segregation, and (c) and (d) show the velocity dispersion
against the mean logarithmic mass of each bin. The open circles and fitted lines correspond to the initial times, and the filled circles to a time of

2 Myr.

most massive protostars also modifies the density structure
in the inner regions of the cloud, which in turn causes a
change in the virial velocities in this region. For a power-law
density profile of the form p(r)ecr~9, the virial velocity is
given by w(rjecr(72*2V2, Thus the velocity dispersion
increases with increasing radius for a cloud with a density
profile less steep than a=2. Such clouds are expected to
show a velocity segregation with mass along with the spatial
mass segregation, whereas clouds with steeper density
profiles are likely to show an increase in velocity dispersion
towards the centre of the cloud. This increase could, to some
extent, compensate the loss due to drag, thus decreasing the
extent of segregation of mass with respect to velocity. Figs
5(c) and (d) show the velocity dispersion against log M for
the constant density and Plummer density models, respec-
tively. Velocity segregation with respect to mass is more
apparent for the constant density model than for the
Plummer model.

Thus mass segregation appears to be an inevitable conse-
quence of clump dynamics in most interstellar clouds. For a
thorough analysis of the cloud-clump systems, all the forces
acting on the clumps have to be included, in particular

clump-clump collisions and magnetic field effects. Collisions
are expected to be important, especially after a central
clustering of clumps has occurred, if not at an earlier stage.
The outcome of a collision depends on the parameters of the
encounter, and in general could lead to either a coalescence
of the clumps to form a larger clump, or a fragmentation into
smaller clumps. If it is assumed that collisions cause clumps
to coalesce, we can conclude that the massive clumps thereby
formed will lose momentum and sink to the centre of the
cloud. This will also lead to spatial segregation of mass in the
cloud. We make simple estimates of the time-scales involved
in collisional and drag processes for comparison, as follows.
The time-scale over which dynamical friction causes de-
celeration can be obtained from equation (3) for the drag
force, and can be written as

3
v

AmIn A G*Mplert (X)— 2 X exp(— X2)/{n]

rdrag =

The time-scale for deceleration of a clump due to
clump-clump collisions will be of the order of the time-scale
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for the growth of the clump mass due to accretion of clump
masses, following collisions that result in coalescence. The
rate of change of mass of a clump due to collisions and
subsequent coalescence can be approximated as an effective
cross-sectional area times a mass flux:

dM

d_t = J":’:esz<loc> Urels (9)

where 7.4 is given by equation (6) and o, is the mass density
in the form of clumps, arranged over the volume of the cloud.
The relative velocity of the encounter is denoted by v,
which is of order y2v. The collisional time-scale T o 1S given
by M/(dM/d¢), and the ratio of the two time-scales can be
written as

2
Tdra POc FYest
=13 - . 10
Teoll plnA(rg) ( )

Thus collisional drag dominates dynamical friction only
when

Te209 |-2mA. (11)
re (oe)

Typically, o ~ p, and In A ~ 5. Thus, for the situations under
consideration here with r <r, (rg =r,), the drag time is
much shorter than the collision time and mass segregation
due to drag dominates that due to collisions, by a factor of ~
0.9 In A . Collisions may considerably affect the dynamics at
the centre of the cloud, however, where the number density is
enhanced by drag effects. If the outcome of a collision is frag-
mentation rather than a coalescence, the evolution may be
quite different. For a more realistic picture, a detailed model
of the collision process has to be made and included with the
gas drag to study the motions of the clumps within the cloud.
The magnetic field in clouds is an important contributor
to the overall energy density of the cloud, and doubtless has
an important role to play in governing the dynamics of the
clumps, more so if the principal mode of support in the cloud
against gravitational collapse is magnetic pressure. The
subject of the inclusion of magnetic fields is, however,
beyond the scope of the present work. Although the conse-
quences of the drag force acting on the clumpy constituent of
the molecular cloud seem to hold an interesting variety of
possibilities, it should be noted that the present treatment is
very simplistic and that, for a more realistic analysis,
collisions and magnetic fields have to be taken into account.

4 CONCLUSIONS

Protostellar clumps moving in molecular clouds through an
ambient interclump medium are acted upon by the decelerat-
ing forces of dynamical drag due to the gas, lose momentum
and fall towards the centre of the cloud. Since the forces are
mass-dependent, the more massive clumps suffer greater
drag and settle towards the centre on shorter time-scales.
This causes a radial segregation with respect to mass of the
clumps in the cloud. This segregation induced by dynamical
friction is found to be significant for protostellar clumps in
interstellar clouds, as the time-scale involved is much shorter
than the typical cloud lifetime or the N-body relaxation time.
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The segregation is more pronounced and quicker in denser
clouds. Variations in clump mass spectra and the density
profile of interclump gas have little effect on the dynamics,
and do not greatly affect the time-scale of segregation in the
cloud system. The fractions of mass contained in the clumpy
and tenuous forms to some extent influence the dynamics of
the system, but the segregation time-scales are not signifi-
cantly altered. There is also some velocity segregation with
respect to mass, with the more massive clumps tending to
have lower velocities. This is not, however, as pronounced as
the radial segregation. The most massive star-forming
clumps are thus expected to be closer to the centre of the

" parent cloud. Subsequent star formation in these clumps

could then explain the mass segregation observed in many
young clusters of pre-main-sequence stars and young stellar
objects.
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