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Introduction: Planetesimals are formed from dust aggre-
gates in protoplanetary disks. Dust aggregates grow through
mutual collisions, gradually settle to the midplane of a disk and
form a dense dust layer at the midplane [1-2]. Then planetes-
imals would be formed in the dust layer through gravitational
instability [3-5] or simple coalescence [6-8]. Even if the gravi-
tational instability occurs, dust aggregates should become large
aggregates through mutual collision. Thus, collisional growth
is important process for planetesimal formation. Small dust
aggregate have the fluffy structure. However, dust aggregates
are compressed as they grow. Thus, large dust aggregates can
not keep such fluffy aggregates. Such compression changes
the cross section of dust aggregates and the gas drag force
which governs the dust motion. Thus, compression process
is important on dust growth. However, most of the previous
studies on dust growth in disks assumed compact aggregates
and did not consider the evolution of the internal structureof
aggregates.

Dominik & Tielens [9] performed a 2D numerical simu-
lation of aggregate collisions. They modelled particle inter-
actions in detail and calculated the motion of each particles
directly in their simulation. As a result, they derived a simple
recipe for outcomes of aggregate collisions, i.e., compression
and disruption. Wada et al. [10] performed 3D simulations
of head-on collisions of BCCA clusters. They introduced
the pressure and explained the structure evolution in theirnu-
merical results. In previous studies on aggregate collision,
they consider one collision only. However, aggregates grow
through sequential collisions in protoplanetary disks. Thus, it
is need to examine structure evolution through not only one
collision but also sequential collisions.

In this study, we perform the 3-D simulations of sequen-
tial collisions. Our initial aggregates is the resultant aggregate
which is obtained by the previous collision. We repeat the
calculation of such collision to examine the compression pro-
cess during aggregate growth. We apply the model described
in Wada et al. [10] to our numerical results and we construct
the model of the density evolution of dust aggregates growing.
As our results, impact compression results in extremely fluffy
aggregates.

Numerical procedure: By repeating calculation of an ag-
gregate collision, we describe the growth of aggregates. We
perform 3DN -body calculation of aggregate collisions in the
same way as Wada et al. [10]. Here, we briefly summarize
numerical procedure ofN -body calculation. Aggregates con-
sist of a number of spherical icy particles with the radius of
0.1µm. We calculate the motion of individual particles, by
integrating the equation of motion for each particle. Each par-
ticle is considered as an elastic sphere with the surface energy.
Aggregates consist of icy particles. Our particle interaction
model is same as Wada et al. [10].

Aggregates are compressed mainly through inelastic rolling

motion [9-11]. The (inelastic) rolling energy,Eroll, is that re-
quired for the rolling with a distance,(π/2)r1, wherer1 is the
radius of the particle. In Wada et al [10], the rolling energyis
given by

Eroll = 6π2γr1ξcrit, (1)

whereγ is the surface energy andξcrit is the critical displace-
ment for rolling. For icy aggregates withξcrit = 8 Å, Eroll

is equal to4.7 × 10−16 J. To compress an aggregate, we need
the energyEroll, at least.

To examine structure evolution of growing aggregates, we
perform simulation of sequential collisions. As an initialcon-
dition of collisions, we prepare two identical aggregates with
different orientations, as done by Wada et al. [10,11]. In our
simulation of sequential collisions, as the initial aggregates,
we use the resultant aggregate obtained in the previous col-
lision of simulation while Wada et al. [10,11] used BCCA
clusters. Since we consider only collisions with relatively low
impact velocities (<5 m/s), fragmentation does not occur in all
collisional calculations. Thus, the aggregate mass is doubled
at each collision. The simulation starts from a collision of
aggregates composed of two particles (i.e., dimers) and ends
up with a collision of those composed of 8192 particles (see
Fig. 1). We consider only head-on collisions. The oblique
collisions would create less compressed aggregates than the
head-on collisions. Thus the bulk density of the aggregate
obtained in this study is considered to be an upper-limit.
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Figure 1: Resultant aggregates obtained from the simula-
tion of sequence collisions withvimp = 4.4 m/s (top),and
vimp = 0.27 m/s (bottom). Aggregates obtained from the
high velocity case is more compact than those obtained from
the low velocity case.

The initial orientation of the aggregates are randomly cho-
sen at each collision. Since the structure of the resultant ag-
gregate at the collisional simulation depends on the initial
orientation, we perform 30 runs for different sets of the initial
orientations and take an average of each run.

Results: To examine the compression process quantita-
tively, we evaluate the (bulk) density of the resultant aggre-
gates. Figure 2 shows density evolution of growing aggregates
in those simulations. In all simulations of sequential colli-
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sions with constant impact velocities, the aggregate density
decreases with their growth.

It is worthwhile comparing the densities of the resultant
aggregates with those of BCCA (ballistic cluster-cluster ag-
gregation). At collisions of equal-mass aggregates with suf-
ficiently low velocities, they just stick without compression.
Such aggregation is called BCCA. They have very fluffy struc-
ture. In Figure 2, dashed lines represent the density of BCCA
clusters. For small aggregates created in our simulation, their
density changed almost along the curve of BCCA clusters.
When the particle number is larger than a critical value, the
density is larger than that of BCCA clusters. This is due to
compression at collisions. The beginning of compression can
be estimated with the equationEimp ∼ Eroll [9-12]. The
critical particle number for compression is obtained as

Ncrit = b
8Eroll

m1v2
imp

, (2)

where b is the coefficient of the order of unity andm1 is
the mass of monomers. In Figure 2, we also plot the critical
numberNcrit with points on each density curve, by setting
b = 0.5. The equation (2) with this value ofb reproduces well
the beginning of compression in the numerical results. After
the beginning of compression, the aggregate density keeps on
decreasing.
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Figure 2: The solid lines show the numerical results, the dot-
ted line shows the density of BCCA clusters and the dashed
lines show the model of the equation (5). The points indicate
the critical particle numberNcrit for aggregate compression.
The curve by the equation (5) is started fromN ≃ 2Ncrit.

Model of density evolution: Wada et al. [10] examined
the compression process through the 3D numerical simula-
tion of collisions between BCCA clusters. They obtained an
“equation of state” of aggregates and succeeded in reproducing
the aggregate compression in numerical simulations with the
equation of state. As an increase in the impact energyEimp,
the resultant aggregate is more compressed and its volumeV
decreases. Between the changesdEimp anddV , the following
relation is satisfied:

dEimp = −PdV, (3)

where the positive coefficientP is the pressure. From their
numerical results, Wada et al. [10] obtained the formula of the
pressure as

P = 6.4
Erollρm

m1

„

ρ

ρm

«13/3

N2/3. (4)

Integrating the equation (3) with (4), we obtain the volume of
the resultant aggregate as a function ofEimp, which reproduces
the numerical results by Wada et al [10] with high accuracy.

The density change by impact would be expressed by the
integration of the equation (3) in the model by Wada et al.;
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whereM (≡ m1N ) is the mass of the aggregate andρm is
the density of particles. This equation describes the density
evolution of growing aggregates. The second term in the RHS
represents compression of aggregates through rolling. On the
other hand, the first term of the RHS reduces the aggregate den-
sity. Because of this first term, the aggregate density decreases
even for collisionsEimp ≫ Eroll, as seen in Figure 2.

Evolution of dust density in protoplanerary disks: We
discuss about the evolution of the density of dust aggregates in
protoplanetary disks. When dust aggregates move against the
disk gas, they receive the gas drag force and the gravitational
force from the central star. The gas drag force governs the
dust motion. The impact velocity of dust aggregates depends
on the ratio of the mass to the cross section. Substituting the
impact velocity in disks into the equation (5), we obtain the
density evolution in disks. Using typical disk model [13], the
maximum velocity of dust aggregates in protoplanetary disks is
given by 50 m/s. At the collision ofvimp ≃ 50m/s, the density
of the resultant aggregate is≃ 10−4 g/cm3 from the equation
(5). As the impact velocity increases, the density increases.
Thus, at the collision of the maximum impact velocity, the
resultant aggregate have the maximum density. The maximum
density of dust aggregates is extremely low (∼ 10−4 g/cm3).
It means that the impact compression results in extremely fluffy
aggregates.
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