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Abstract

We present the results of three-dimensional numerical simulations
that include the effects of gravity , hydr odynamics and gas drag
upon an evolving dusty gas disk. We brie�y describe a new par-
allel, two phase numerical code based upon the smoothed particle
hydr odynamics (SPH) technique in which the gas and dust phases
are representedby two distinct types of particles. We use the code
to follow the dynamical evolution of a population of grains in a
gaseousprotoplanetary disk in order to understand the distribution
of grains of dif ferent sizeswithin the disk. Our ”grains” range from
metre to submillimetr e in size. We show simple predictions for the
3D shapeof dust disks.

Intr oduction

Over the past ten years more than 100 extrasolar planets[1] and
scoresof dusty protoplanetary and remnant disks have been found
around young stars (see �gur e 1), placing much tighter observa-
tional constraints on the planet formation processand highlighting
our lack of understanding of many aspectsof the mechanisms in-
volved.
At the most basic level we know that micron size grains of dust
in the pre-solar nebula clump and coagulate together to form plan-
ets, objects /�021�3546/�071�8 times larger. Planet formation is a multi-
stageprocess,taking us from dust grain to boulder to planetesimal
to planetary embryo. Analytical arguments[2] have given us con-
straints on the time scalesfor eachstagebut little more.

Here we look at the initial phase- from microns to metres.

Figure 1

BetaPictoris. The dusty disk's warped bright inner
region is indir ect evidence for an orbiting planet.

J.-L.Beuzit et al. (Grenoble Obs.),ESO

Theoretical models have changedmuch in recentyearsand the sim-
ple pictur e[2, 3] of a thin dust layer accumulating at the disk mid-
plane, becoming gravitationally unstable, and breaking into plan-
etesimals now seemsless likely . This is largely due to the possible
existenceof turbulent boundary layers[4, 5, 6].
Recently[7, 8, 9, 10] there have been a variety of analytic, semi-
analytic and numerical studies of dusty protostellar disks which
have added to our understanding of the dust dynamics in these
systems. However , these authors have all made various simplify-
ing assumptions, such as linearisation, reduced dimensionality (1D
or 2D only), no self-gravity, or little dust-gas feedback.
In this paper we presentthe �rst three-dimensional numerical sim-
ulations that include the effects of hydr odynamical forces, self-
gravity and gas drag upon an evolving two-phase dusty gas disk.
We use the Smoothed Particle Hydr odynamics (SPH) technique[11,
12, 13] in which a �uid is approximated by an ensembleof interact-
ing particles. Becauseof the underlying simplicity of the SPH tech-
nique it is easy to incorporate a spectrum of dust sizes with time
varying properties. However , at this early stageof investigation we
include single classesof dust of various sizes.

Figure 2

9 vs. surfacedensity g/cm :
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time evolution of ? mm dust. yellow is dust, red is gas. @�ACBED , @GFHBI?KJLD�D

years, @

:

BM?L?LNGDLDLD years. Surfacedensity enhancementvia dust migration
is clearly visible in the left panel.
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Parallel Tree and Multi-Phase SPH

Gas and dust phasesare representedby two distinct types of par-
ticles. Only gas particles feel a pressure force and are affected by
viscosity. The gas-dust combination feel the drag force and also a
mixed term seenin both the dust and gasparticle momentum equa-
tions. The only dust-dust interaction is through gravity .
The equation of motion is given by[14, 15]:
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The drag term is calculated using a pairwise implicit backward Eu-
ler scheme[16],while the restof the hydr odynamics and self-gravity
are solved explicitly . Operator splitting[17] is used to integrate par-
ticle orbits under the in�uence of the un-softened gravity of the cen-
tral star.
The form of the drag term

\

depends on the disk conditions being
modelled and could representEpstein, Stokesor high lnm turbulent
drag. Epstein drag is appropriate for the gasmean freepath found
in protoplanetary disks outside about / AU (for op/ m grains), thus
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, where r is the local sound speed, u

_

is the radius of
the dust grains, and q is a volumetric “void fraction” which is a
measure of the proportions of gasand dust present.
For simplicity we assumethat the dust grains do not evaporate or
coagulate, the gas does not condense,and that the dust grains are
spherical and incompr essible.
The code[18] is parallelised using asynchronous MPI routines, and
uses a tree[19] for neighbour searching and for self-gravity. Load
balancing is dynamic yet conceptually simple due to the elegance
of the underlying Hashed Oct Tree[20] algorithm. The code ex-
hibits excellent scalability up to 32 processorswith moderate prob-
lem sizes.

Figure 3a

9<;v= wx;zy surfacedensity map g/cm :

top to bottom - ?{D m, ? m, DS|(? m dust. @}B~@'•K€‚•Gƒ„B…?�?LN†D�DLD years. ?KDLD AU
scaling. Dark grey particles are dust, light grey is gas. Coloured contours
of dust density in g/cm ‡ are overlayed. White contours on all plots and
r ˆ‚‰ Š-‹ indicate the predicted 3D “�nal” dust distribution that the system
is evolving towar ds. Predicted size when using an Œ –disk gas density is
indicated by the dashed white circle. Insetsshow magni�ed inner regions.

Figure 3b

9<;v= wn;zy surfacedensity map g/cm :

sameasabove except - top to bottom - ? cm, ? mm, D•|(? mm dust.

Typeset with LATEX Orion image courtesy of Subaru Telescope

The Simulations

Initial conditions mimic a gravitationally bound region in a giant
molecular cloud. A prolate spheroid of rotating, self-gravitating gas
with a star at the centre is spun down until the gas reachesnear
equilibrium. The dust is then added (overlaid on the 3D �ar ed gas
disk) and the simulations are evolved for /•/�Žh0S0•0 years (about /•/ ( •$0 )
orbits at /�0•0 ( ••0 )AU).
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Discussion

For large ( /�0 m) and small ( ¯±° m) grain sizes, the dust distribu-
tion is expected to stay close to the initial �ar ed disk. Large grains
(boulders) areweakly coupled to the gas,and if started in Keplerian
motion, they will remain there. Conversely, tiny grains are strongly
coupled to the gasand are essentially co-moving. In both extremes,
little dust distribution evolution occurs. All dust sizes in-between
show interesting dynamics, much of which hasbeenoverlooked by
previous authors working with 1D and 2D models. Figure 2 shows
a factor of š enhancementafter /•/�Žh0S0•0 years (white line) in the dust
surface density due to migration. We do not seethe spikes in sur-
facedensity due to migration that Youdin & Shu[8] predict, asthese
seemlikely to be 1D “pile-up” artifacts.
Looking at, for example, the / cm dust (top panel of �gur e 3b) it can
be seen that the inner region has evolved little as it is co-moving
with the gas. This is becausethe usual pressure supported velocity
dif ferencebetween gasand dust hasbeenoverwhelmed by the non-
linear drag term (i.e. in equation 1, ²
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this the co-moving region (CMR). Outside ¯I••³ AU the dust and gas
in this model are no longer co-moving ( ²

Pµ´

T
0 ), and dust is driven

rapidly inwar ds by the drag force.As we look further out in radius,
the timescale for dust migration increasesas the magnitude of
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decreases.
We predict the “�nal” dust distribution (the CMR) by using the
stopping time, ¶
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, where the numerator is con-
stant for eachmodel. This prediction is shown asawhite contour on
all panels of �gur e 3. The dashed white curves use an approximate

Ÿ –disk prescription for gasdensity.
/ mm and smaller dust have already migrated into the CMR in the
/S/�Žh0•0S0 years shown here. Little further dust migration occurs in
thesemodels when evolved to šº¹n/�0Q» years(not shown), except that
the CMR boundaries are slowly rede�ned as gas density changes
due to accretion onto the central protostar.
As grain size increases,the CMR shrinks, and migration timescales
from the outer regions increase.Theseeffects can clearly be seenin
the progressionof models in �gur e 3.
The u

4µ¼ shape of the dust distribution is well �t by our predic-
tions for / cm and / mm dust, but for other sizes(especially for larger
grain sizes), the dust disk is thinner than expected. This is mainly
becausethe dust is concentrated near the midplane before it moves
into the CMR and so tends to remain there, but also becausethe
dust continues to (very) slowly settle in ¼ onceit is within the CMR.
Only turbulence (which we do not attempt to model dir ectly or via
“sub-grid”[21 ] techniques) could loft the dust again.

Summar y

We have taken the initial steps to understanding dusty disk dy-
namics with full 3D hydr odynamics. The simulations show that
dust disks have lifetimes comparable to the encompasing gaseous
structure, and that we can predict the spatial distribution of grains.
The Lagrangian nature of the code meansthat it is computationally
trivial to add empirical grain growth models, to change equations
of state, and to follow the grain temperature and density histories.
This means it is potentially feasible to determine not just the loca-
tion and massof planetesimals, but also their likely composition.
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