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The results of a numerical study of the effects of
gas-drag and pressure gradients on the growth and ac-
cumulation of micron-sized to millimeter-sized objects
in the vicinity of a local pressure maximum of a nebula
are presented. It has recently been shown that the com-
bined effect of gas-drag and pressure gradients could
cause solid objects to migrate toward the location of
pressure enhancements on the midplane of a gaseous
nebula [1,2]. This paper will focus its study on the
growth of an object due to the sweeping up of particles
of a background material which is considered to be cou-
pled to the gas. The effect of such a growth on the rate
of migration of the object and the implications of the
combined effect of growth and gas-drag induced migra-
tion for collisional coagulations of small solids are also
discussed.

Motivation

The widely accepted core accretion model of giant
planets formation begins with the accretion of dust par-
ticles into kilometer-sized planetesimals in a protoplan-
etary disk of gas and dust orbiting a young protostar. A
requirement of this model is that the nebular gas has to
be available for more than 10 million years. However,
during the past few years, observations of protoplane-
tary disks have indicated that such environments have
shorter life times, and last, on average, for less than 3
million years [3,4]. This has motivated the launching
of a systematic study on how the evolution of the neb-
ular gas at the early stage of the planet formation can
contribute to faster growth of dust particles to larger ob-
jects.

In a nebula at hydrostatic equilibrium, the pressure
of the gas varies with distance from the central star.
Such pressure gradients cause the velocities of the gas
molecules to be slightly different from their Keplerian
values. If during the evolution of the nebula the pressure
of the gas maximizes at a certain location, in the vicinity
of such pressure-enhanced regions, the velocity of a gas
molecule is larger than Keplerian at shorter distances,
and smaller at farther positions. Because the motion of
a solid in the gas is unaffected by the varying pressure
of the gas, combined with gas-drag, pressure gradients
cause solids at distances beyond the location of maxi-
mum pressure to feel a headwind and migrate inward,
while those at closer distances experience a tailwind
and migrate outward. Such migrations are fundamen-
tally important since they have immediate implications
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Figure 1.

on the collisions and coagulations of small bodies.

The rate of the gas-drag induced migration of solids
varies with the sizes of objects. For meter-sized and
smaller objects, such migrations are more enhanced when
the object is larger. Small particles, such as micron-
sized dust grains, migrate quite slowly. They are cou-
pled to the gas and their dynamics are mostly driven
by gas-drag. In a nebula with a particulate background,
a small object can undergo rapid migrations when it
sweeps up smaller particles and grows in size. Such
rapid migrations result in fast accumulation of larger
bodies in the vicinity of pressure-enhanced regions and
enhance the rates of their collision and coalescence. In
this paper, the growth of micron-sized dust grains in
the vicinity of pressure-enhanced regions of a nebula is
studied and the effect of gas-drag and pressure gradients
on enhancing the rate of accumulation of centimeter-
sized objects at such locations are discussed.

Physical Model

The model nebula considered here consists of a turbu-
lence-free, isothermal rotating gaseous disk of pure molec-
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Figure 2.

ular hydrogen and a background material of submicron-
sized particles. The spatial density of this particulate
material is considered to be proportional to the gas dis-
tribution function given that submicron particles are stro-
ngly coupled to the gas and their gas-drag induced mi-
grations are negligible. The density of the gas has been
chosen such that on the midplane it has an azimuthally
symmetric maximum (figure 1, top) and along the � -
axis, the vertical component of the gravitational attrac-
tion of the central star is balanced by the vertical com-
ponent of the pressure gradients (figure 1, bottom).

Since molecular hydrogen is an ideal gas, in such
a nebula, locations of density enhancements correspond
to the locations of maximum pressure. The motions of
solids, subject to the gravitational attraction of the cen-
tral star and also the drag force of the gas, for different
values of solids’ radii and densities, and also for dif-
ferent values of the gas temperature, have been studied.
Presented below are the results of a sample run.

Numerical Results

Equations of motion of solids with radii ranging from
1 micron to 1 millimeter were integrated numerically.
The solid/gas ratio was chosen to have a minimum plau-
sible value of 0.0034, and the density of solids were var-
ied between 1 to 5 gcm �

�
. The gas temperature ranged

from 25 to 1000 K. Figure 3 shows results of such simu-
lations for a 5-micron particle with a density of 2 gcm �

�

in a nebula with a temperature of 300 K. The parti-
cle was initially placed at (2,0.2) AU, and it was given
a Keplerain circular radial velocity. The initial veloc-
ity of the particle along the � -axis was zero. Figure 2
shows the growth of this object as a result of a sweeping
up of the particles of the background. Figure 3 shows
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the radial and vertical motions of this particle during
the same time. These figures demonstrate that as the
object approaches (1,0) AU, the location of maximum
pressure on the midplane, it grows to a few centimeters
in size by sweeping up the smaller particles of the back-
ground material. As a point of comparison, the motion
of the object without mass-growth has also been plotted.
As shown in figure 3, due to growth in size, small dust
grains can rapidly descend to the midplane and, as a re-
sult, increase the density of centimeter-sized objects in
that region. Such rapid vertical migration of dust grains
and their growth to centimeter-sized objects have also
been reported by Nakagawa et al [5]. The results of a
comprehensive study of this process are presented and
the effect of interactions among such centimeter-sized
solids on the rate of their accumulation, as well as their
growth to larger objects in the vicinity of the midplane
is discussed.
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