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Introduction: Recently, nebular shock waves have be-
come one of the leading candidates for explaining the presence
of chondrules in primitive meteorites [1-3]. While shocks have
been shown to be capable of explaining many of the features of
chondrules, a major problem with the theory is that the source
of the shocks remains unidentified. Among the suggested
sources of the shocks are bow shocks created by supersonic
planetesimals in the nebula [4,5].

Recently, we studied the structure of the shocks that would
form around such supersonic planetesimals [6]. We found that
particles that encountered the shocks at distances greater than
2 planetesimal radii from the planetesimal would cool too
quickly to form the textures observed in chondrules. While
the region of the shock far away from the planetesimal may
not allow chondrules to form, the region closer in has not been
studied in detail. In this work we consider the dynamical
and thermal evolution of particles that encounter supersonic
planetesimals in this region.

Shock Structure: We have simulated the flow of gas
around a spherical planetesimal by using the VH-1 code which
solves the gas dynamic equations using the piecewise parabolic
method (PPM). In particular, we consider planetesimals 10 km,
100 km, and 1000 km in radius moving at various speeds (4-
8 km/s) through nebular gas at a density of 10

� �

g/cm
�

and
a temperature of 400 K (this corresponds to a planetesimal
moving at Mach � 3-6). These are typical parameters used
and velocities found in [5]. An example of one of our runs is
shown in Figure 1. In this case, the planetesimal is 1000 km in
radius and moving at a velocity of 8 km/s. While other cases
considered vary slightly, the general structure of the shock is
similar to that shown (with scale changing appropriately for
different sized bodies).

The bow shock forms roughly 1 planetesimal radii in front
of the planetesimal. Upon passing through the shock, the gas
increases in temperature and density, while its velocity parallel
to its upstream velocity decreases. In this same region, the ve-
locity perpendicular to its upstream velocity increases to flow
around the planetesimal. This change in flow is what deter-
mines how the particles flow around (or into) the planetesimal.

Dynamics of Particles: As the velocity and density of
the gas change as it flows through the shock front and around
the planetesimal, it will exert forces on the particles suspended
within it and change their trajectories. How the trajectories of
these particles are affected depends on how coupled the parti-
cles are to the gas (measured by their stopping time or distance
[7]). Those particles with short stopping distances (smaller
particles) will be more strongly affected by the changes in
the flow of the gas, while those with long stopping distances
will pass through the shock without their trajectories changing
significantly.

We have studied the behavior of particles 1 mm in diam-
eter (chondrule sized) and smaller that are suspended in the

Figure 1: PPM simulation of the bow shock created by a su-
personic planetesimal using the parameters described in the
abstract.

solar nebula in close vicinity to the supersonic planetesimals
described above. The particles are assumed to start (t=0) at
some position far upstream of the planetesimal such that the
gas flow is not disturbed and move with the same velocity as
the gas relative to the planetesimal. As time goes on, the mo-
tion of the particles are determined by the forces exerted on
them. The forces are calculated using the equations given in
[8] for the free-molecular flow approximation.

For planetesimals 10-100 km in radius, we find that chon-
drule sized particles pass through the shocked gas with little
change in their trajectories. Thus, if their impact parameter is
less than the radius of the planetesimal, they will be accreted
by the planetesimal. However, for the 1000 km planetesimal,
the stopping distance of the chondrule sized particles is less
than the thickness of the shock and, therefore, the particles
are greatly affected by the forces exerted in the transverse di-
rection. Thus, only those particles with very small impact
parameters will be accreted, while the rest are swept around
the planetesimal.

The same behavior is found for those particles smaller than
the chondrules. When the stopping distances of the particles
are less than the thickness of the shock (roughly the radius
of the planetesimal), the particles are swept around the plan-
etesimal by the gas. When the stopping distance is greater
than the shock thickness, then the particles are accreted by the
planetesimal.
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Thermal History of Particles: In addition to tracking
the dynamical evolution of the particles, we have calculated
the thermal evolution of the particles as they encounter the
planetesimal bow shock. These calculations were also done
using the free molecular flow approximation and the equations
given in [8]. In general, these equations track the temperature
of the particles as they are heated through collisions with the
gas and the ambient radiation field, and cool through radiation.

To solve for the temperature of the particles explicitly
would require assuming some spatial distribution of particles,
knowing their temperatures at every location, and solving the
radiative transfer equations in three dimensions. We have not
done that here. Instead, we assume that the zone of hot par-
ticles is negligible and does not contribute significantly to the
background radiation. This is likely a valid assumption for the
cases of small shocks (10 km planetesimals) or if the amount
of solid material in the shock is low making the shocked re-
gion relatively optically thin. Thus, it should be noted that all
temperatures reported here are likely an underestimate, but are
likely accurate unless the shocks are significantly large or pass
through regions of the nebula with very high optical depths.

Only in the cases of 1000 km radius planetesimals were
the chondrule sized particles brought to temperatures signif-
icantly above 400 K. This again was due to the fact that the
stopping distance of the millimeter-sized particles was less
than the thickness of the shock. Because of this, the particles
could experience significant gas drag heating before being ac-
creted by the planetesimal. In none of the cases considered,
however, did the chondrule sized particles reach temperatures
between 1700-2100 K which is thought to be necessary in
order to form chondrules [9]. Smaller particles reach these
temperatures (due to assumed lower emissivities) only for the
fastest planetesimals (7-8 km/s). Thus, even if there was sig-
nificant amount of dust present, the increase in the intensity
of the radiation likely would not allow the chondrules to reach
these high temperatures.

Discussion: Our current understanding of chondrule for-
mation, while not complete, requires chondrule precursors to
be brought to peak temperatures between 1700-2100 K and
cool at rates between 10-1000 K/hr [9]. In the modeling that
we have done, these peak temperatures can only be achieved
by chondrule sized particles if the planetesimal is � 1000 km
in radius, moving at 7-8 km/s, and the nebula is locally filled
with fine dust with low wavelength averaged emissivities. The
dust is required to provide an intense radiation field to aid in
heating the chondrules.

In the scenario just described, however, most chondrule
sized particles are deflected around the planetesimal by the gas
and tend to cool much faster than 1000 K/hr. If the planetes-

imal were slightly smaller than the 1000 km or not spherical
and able to trap some of the chondrules, such that the chon-
drules are accreted by the planetesimal then this may allow
the chondrules to cool more slowly. If they are accreted to the
planetesimal, they will be exposed to the radiation field cre-
ated by the hot particles immediately behind the shock front.
The cooling rate would then be determined by the rotation rate
of the planetesimal (how quickly it rotates the particles away
from the increased radiation field). In this scenario, however,
it is unclear whether the chondrules, due to their molten state,
would survive the accretional process or be able to accrete fine-
grained rims such as those observed in meteorite thin-sections.
Thus, while supersonic planetesimals are likely to have existed
in the solar nebula, it is unlikely that their resulting bow shocks
could have been major chondrule producing mechanisms.

It is possible that heating in bow shocks affected pre-
existing chondrules in some way, however. If the chondrules
encountered chondrules suspended in the nebula, the chon-
drules could have been heated before being swept up to the
planetesimal. This could have lead to ’hot accretion’ where
the chondrules are accreted at elevated temperatures. Possible
evidence for such processes could be seen in meteorites with
highly deformed chondrules, such as that reported by [10].
Support for this would come from lack of matrix or small dust
particles in between the chondrules due to those particles being
deflected around the planetesimal by the gas.

An interesting result of this work is that large supersonic
planetesimals would be inefficient at accreting material while
they were orbiting at high speeds (their velocity with respect
to the gas would change depending on where the object was
in its orbit). Particles less than � a few mm would be swept
around the planetesimal unless the object was moving slowly
with respect to the gas. The location for these low velocities
would likely be when the planetesimals were at perihelion and
aphelion, which could be at significantly different heliocentric
distances depending on the eccentricities. This could mean
that the planetesimals were able to accrete material at two
different locations in the solar nebula. This could affect the
physical and chemical evolution of a planetesimal. Further
work is needed.
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