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Introduction:  Chondrules are thought to have
formed through some heating events in the early solar
nebula. Although no heating mechanism proposed to
date has been widely accepted, one of the most plausible
models is shock wave heating [1]. For example, the
shock-wave heating model can explain the heating and
melting of chondrules with appropriate shock waves
[2-4], the stability of liquid droplets in the solar nebula
[5], the cooling rate of the chondrules inferred from
laboratory experiments [2-4], and the maximum size of
chondrules [6].

Basic mechanism of the shock wave heating is sim-
ple. When a shock wave is generated in the solar nebula,
which is a mixture of gas and dust particles, gas is
decelerated by the gas pressure while the dust particles
tend to keep their initial velocity. Because of this differ-
ent dynamical behavior behind the shock wave front, a
relative velocity between gas and the dust particle is
generated. And dust particles are decelerated by the gas
drag force caused by the relative velocity with the gas,
and are heated by the drag heating.

The drag force acting on a dust particle depends on
the relative velocity with the gas (Vrel), the gas density
(ρgas), the inner density of dust material (ρmat), and the
radius of the dust particle (r): a time scale with which
the relative velocity Vrel decreases to a half of the initial
value, the stopping time ts, is given by ts = ρmat r / (ρgas

Vrel). It is seen that smaller particles stop earlier than
larger particles after passing through the shock wave
front. This means that relative velocities among dust
particles with different sizes are also raised behind the
shock wave front. Then it is expected that mutual colli-
sions among dust particles occur. The collision velocity
could be 1 km s-1 or more, depending on the shock
velocity and the dust particle sizes, which implies that
collisional destruction of dust particles, i.e., destruction
of chondrules in postshock region may occur as well. If
the collisional destruction takes place significantly and
all the chondrules are destructed completely, we may
not expect that the shock-wave heating is responsible
for the chondrule formation. Thus, the collisional de-
struction of chondrules in the postshock region should
be examined in order to see if the shock-wave heating
model is still plausible or not.

Here, we investigate the collisional destruction of
dust particles in the postshock region along the shock-
wave heating chondrule formation model. Taking into
account the motions of many dust particles with differ-

ent sizes and mutual collisions among them, we evalu-
ate the collisional destruction rate for a dust particle
passing through the shock wave. Since the collision rate
is proportional to the dust mass concentration, we can
also derive a condition for the dust to gas mass ratio
before entering the shock wave that can reconcile the
chondrule size distribution in ordinary chondrites.

Model: The shock-wave heating model by [2,7] is
used to calculate the motion of dust particles with vari-
ous sizes. In the model, the flow in the shock wave is
assumed to be steady and plane-parallel for simplicity.
The gas flow is calculated following hydrodynamical
equations including energy gain and loss for the gas and
the non-equilibrium chemical reactions among gas
species. Motions of dust particles are calculated simul-
taneously with the gas flow, along with the thermody-
namics calculations of those particles. From these cal-
culations, we can obtain the velocity, the temperature,
and the spatial number density of dust particles as a
function of the dust radius and the place. Also, we can
evaluate the relative velocity of a dust particle with
respect to other dust particles and the number of colli-
sions at each place. Since the collision velocity can be
evaluated as well, we can evaluate whether of not the
target particle is destructed by the collision using a
criterion described below. By counting the number of
destructive collisions for a certain dust particle, we can
evaluate the destruction rate. And using the destruction
rate, we can infer if the dust particle with the certain size
can survive the shock wave and form a chondrule.

Laboratory experiments of the collisional destruc-
tion of dust particles [e.g., 8] show that dust particles are
expected to be disrupted when the impact meets a cer-
tain condition. Here, we adopt a simple criterion given
by ε Mt < f mp vrel

2 /2, where ε = 3 x 106 erg g-1 [8],  Mt is
the mass of the target particle, mp is the mass of the
projectile, vrel is the relative velocity between two dust
particles, and f is the efficiency assumed to be f = 0.3 in
this study.

Size distribution of dust particles before entering the
shock wave influences the final result significantly,
because the number of collisions is mainly determined
by the number of particles of each size. An analysis for
the origin of chondrule size distribution [9] suggests
that the size distribution of chondrules almost directly
reflects the size distribution of precursor particles. Thus,
following the chondrule size distribution, the size dis-
tribution as n(r) = C exp[-(log10 r - log10 <r>)2/D2]] is
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assumed here for the precursor particles, where C is a
coefficient proportional to the dust mass concentration,
r is the rudius measured in µm, <r> = 250 µm is the
mean radius, and D2 = (log10 2)2 is the square of the
dispersion. The initial dust to gas mass ratio is assumed
to be 0.001, 0.01, and 0.1, in this study. Note that the
solar abundance value of the dust/gas mass ratio is about
0.01.

Results: Fig. 1 shows  the calculated destruction
rates as a function of the target particle radius for a case
with the preshock gas number density n0 = 1014 cm-3 and
the shock velocity vs = 8 km s-1. Three curves represent
destruction rates for different initial dust/gas mass ratios.
The destruction rate is proportional to the initial
dust/gas mass ratio: it is high for a high initial dust/gas
mass ratio case, because the number of collisions is
proportional to the total mass of dust. When a target dust
particle is larger than a critical radius, the destruction
rate of the particle exceeds unity, implying that the dust
particle is expected to be destructed in the shock wave:
the critical radii for each initial dust/gas mass ratio,
which are displayed by arrows in Fig. 1, are 330 µm (for
(dust/gas)init = 0.1), 750 µm (0.01), and 2 mm (0.001),
respectively. It seems difficult to reproduce chondrules
seen in ordinary chondrites with initial dust/gas mass
ratio much higher than 0.01, because the critical radius
becomes smaller than the mean radius of observed
chondrules. It may be worth noting that simulated ther-
mal histories of dust particles indicate that most of the
particles in the shock wave are heated enough and can
form chondrules.

Fig. 2. displays the destruction rates with the shock
wave n0 = 1011 cm-3 and vs = 40 km s-1. Most of the dust
particles are heated enough and form chondrules, if the
collisional destruction is not taken into consideration.
However, particles larger than critical radii are expected
to be destructed in the shock wave. The critical radii in
this case are 130 µm (for (dust/gas)init = 0.1), 310 µm
(0.01), and 730 µm (0.001), respectively. Again, it
seems difficult for shock waves with higher initial
dust/gas mass ratio to form chondrules as large as chon-
drules seen in ordinary chondrites. Therefore, it is in-
ferred that the dust/gas mass ratio before entering the
shock waves should be of the order of or less than 0.01
in order to reproduce the chondrule size distribution in
ordinary chondrites.

Summary: The shock-wave heating model for
chondrule formation naturally implies that the relative
motions and mutual collisions among dust particles
(chondrules) in the postshock region are present. We
examined the collisional destruction of chondrules in
the shock wave and found that dust particles larger than
the critical radius are destructed in the shock wave. The
critical radius depends on the initial dust/gas mass ratio.

The initial dust/gas mass ratio should be of the order of
or less than 0.01, otherwise, the chondrule size distribu-
tion in ordinary chondrites cannot be reconciled.
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Fig.1. Collisional destruction rates as a function of
target particle radius for three initial dust/gas mass ratio
cases. The preshock gas number density is 1014 cm-3 and
the shock velocity is 8 km s-1. The critical radii above
which dust particles are expected to be destructed by
collision (displayed by arrows) are 330 µm ((dust/gas)init

= 0.1), 750 µm (0.01), and 2 mm (0.001), respectively.

Fig. 2. Collisional destruction rates for a shock wave
whose preshock gas number density is 1011 cm-3 and
shock velocity is 40 km s-1. Critical radii are 130 µm
((dust/gas)init = 0.1), 310 µm (0.01), and 730 µm (0.001),
respectively.
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