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The probability distribution for impact velocities between two
given asteroids is wide, non-Gaussian, and often contains spikes
according to our new method of analysis in which each possible
orbital geometry for collision is weighted according to its probabil-
ity. An average value would give a good representation only if
the distribution were smooth and narrow. Therefore, the complete
velocity distribution we obtain for various asteroid populations
differs significantly from published histograms of average veloci-
ties. For all pairs among the 682 asteroids in the main-belt with
D > 50 km, we find that our computed velocity distribution is
much wider than previously computed histograms of average
velocities. In this case, the most probable impact velocity is
~4.4 km/sec, compared with the mean impact velocity of 5.3
km/sec. For cases of a single asteroid (e.g., Gaspra or Ida)
relative to an impacting population, the distribution we find
yields lower velocities than previously reported by others. The
width of these velocity distributions implies that mean impact
velocities must be used with caution when calculating asteroid
collisional lifetimes or crater-size distributions. Since the most
probable impact velocities are lower than the mean, disruption
events may occur less frequently than previously estimated.
However, this disruption rate may be balanced somewhat by
an apparent increase in the frequency of high-velocity impacts
between asteroids. These results have implications for issues
such as asteroidal disruption rates, the amount/type of impact
ejecta available for meteoritical delivery to the Earth, and the
geology and evolution of specific asteroids like Gaspra. © 14
Academic Press, Inc.

I. INTRODUCTION

Collisions determine the history of asteroids, affecting
cratering of surfaces, development of regolith, and con-
trolling lifetimes to disruption. Most models of asteroid
collisions take into account the distribution of masses of
other impacting asteroids, since impactor size is important
to understanding the significance of various collision
events. However, those models generally assume that the
distribution of collision velocities is sufficiently narrow
that it can be represented by a single representative aver-
age velocity. For the main asteroid belt, {V) is generally
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taken to be 5 km/sec. Asteroid collisional modeling has
now reached a level of sophistication where velocity dis-
tributions need to be considered, especially since collision
effects are very sensitive 1o impact velocity (e.g., the
impact kinetic energy goes as V?2),

The statistical mechanics of asteroid interactions has
been usually based on *‘particle-in-a-box” modeis ob-
tained from gas dynamics, where particles are assumed
to travel at constant velocity between impacts, However,
the statistical mechanics of Solar System bodies is signifi-
cantly different from that of gas particles. An individual
particle in a Keplerian orbit moves at an ever-changing
velocity which is a function of its position. As we will
show, for a given pair of asteroids, some impact velocities
are much more probable than others.

Starting with Opik (1951), models have been developed
that more accurately compute the collision probabilities
between a pair of bodies on Keplerian orbits. (Wetherill
1967, Greenberg 1982, Bottke and Greenberg 1993). These
methods calculate collision probabilities between bodies
with fixed semimajor axes, eccentricities, and inclina-
tions, integrating over uniform distributions of longitudes
of apsides and nodes to account for precession. These
models more accurately represent the range of collision
geometries between a pair of bodies than particle-in-a-
box models can.

Applying the methods of Wetherill (1967), Namiki and
Binzel (1991) and Farinella and Davis (1992) used the same
integration ranges and geometry to obtain average veloci-
ties forrepresentative populations impacting a target body.
These models used a representative population that in-
cluded the larger bodies in the main-belt, which they as-
sumed to provide an orbital distribution characteristic of
all main-belt asteroids. The velocities were computed by
taking pairs of bodies (i.e., the target body and members
of the representative population) and, for each pair, av-
eraging over all of their possible collision geometries. Then
they produced a histogram of average velocities over all
pairs, which they displayed as a velocity distribution. The
average of these velocity averages was taken asrepresenta-
tive of collision velocities involving this population.
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That procedure has three limitations:

1.1. The average velocity computed for a given pair of
bodies did not account for the relative probability of each
possible collision geometry. Instead, they assumed each
evaluated collision geometry was equally probable. Con-
sequently, since their averaging process was not properly
weighted, the average collision velocity obtained for each
pair is not accurate.

1.2. The average collision velocity for a given pair of
bodies, even if calculated correctly, may not be a good
representation of the probability distribution of collision
velocities if this distribution is highly non-Gaussian
(which, as shown later, is the case).

1.3. The published velocity distributions representing
results over many pairs of asteroids are actually histo-
grams of the average velocities for each pair. Such distri-
butions are not equivalent to the velocity probability dis-
tribution that is obtained by summing the separate
probability distributions.

In this paper, we develop a method for determining
velocity distributions and apply it to individual pairs of
bodies. We add these individual distributions to obtain
velocity distributions for sets of pairs of asteroids (e.g.,
the set of Gaspra and every other main-belt asteroid
(D > 30 km)). These results are significantly different
from the histograms of average velocities for these same
populations computed by Namiki and Binzel (1991} and
Farinella and Davis (1992). We also obtain distributions
of the directional components of velocity for collisions in
the main-belt and compare our results to those of Magnus-
son (1993). Finally, we discuss the applications of our
work to understand the asteroid collisional record.

11. COLLISION PROBABILITIES AND VELOCITY
DISTRIBUTIONS

ILA. Distribution for a Single Pair of Bodies

In order to find the collision probability and velocity
distribution between pairs of bodies orbiting the Sun, we
follow the formulation of the Opik/Wetherill approach by
Greenberg (1982) with corrections by Bottke and
Greenberg (1993). This formulation avoids most singolari-
ties in the collision probability integral even for orienta-
tions between orbital pairs that involve orbital crossings
near an apse of one orbit. This approach requires only
the ‘‘fixed parameters’ of the semimajor axis, eccentric-
ity, and inclination (a, e, i) of each body as input and
assumes that they will change little over time. The apsides
and the nodes describing the orientation of each orbit are
assumed to precess uniformly, ignoring eftects of secular
perturbations for two reasons: First, such perturbations
force apsidal and nodal longitudes to precess through a
¢ycle (and other elements to oscillate) on a much shorter
time scale than that between asteroid collisions (~ 10 vs
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~108 years); second, the distribution of precession phases
should be fairly uniform for large populations of asteroids.
This assumption was tested by numerical integration ex-
periments (Davis er al. 1992) and discussed by Farinella
and Davis (1992), who found it to be reasonable in most
cases, Specifically, they concluded:

II.1. Few asteroids have orbital elements that yield
significant nonuniform precession of apsidal and nodal
longitudes (Knezevic et al. 1991).

I1.2. Secular perturbations can modify an asteroid’s
eccentricity and inclination (and therefore its collision
probability and impact velocity), but that these variations
are of secondary importance over long time scales, since
minor fluctuations in a body’s orbit are likely to average
out. To minimize inaccuracies produced by osculating
clements away from long-term average values. Farinella
and Davis use the proper elements of Milani and Knezevic
(1990).

I1.3. A large representative sample of a population of
bodies (in this ¢ase, the hundreds of asteroids in the main-
belt with D > 50 km) tends to average away small orbital
modifications. Consequently, osculating elements are ex-
pected to yield results similar to proper elements when
large data sets are used.

The formulation denotes one body in each pair as a
“field body’’ and one as a “‘test body,”” with orbital ele-
ments given by (a,. e,. i,) or {aq, e, i), respectively. With
the assumption that the arguments of pericenter (w and
w,) and the difference between the longitudes of ascending
node ({F - £}, = AQ) vary uniformly with time, we calcu-
late the collision velocities at each possible collision orien-
tation. Weighting those velocities by the collision proba-
bility per time P at each orientation, we obtain the mean
collision velocity for a pair of bodies,

J:‘ﬂj Pilo,, ADV(w,, AMdw d(AQ)
(Vy="—=

2 (])
jo f Polw,, A dw,d(AR)

with

_ 4 Tf P, _L
Py = (27) (sin(u - w)) (4’[) (#)' 2)

7 is the radius of the collision cross section, « is the
distance of the orbital intersection from the test body’s
node, P, is the probability of impact for precisely inter-
secting orbits at this geometrical site, T is the orbital
period of the test body, and f is a function of orbital
elements, all as defined by Greenberg (1982). Note that
the denominator in (1) is the intrinsic collision probability
(P;) as defined by Wetherill. Although P; depends on
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as well as w, and AQ), at an orbital intersection w is a
function of the other orbital elements, so we only need
to integrate over w, and A in (1).

As noted in the Introduction (Point 1.1), neither Nam-
iki and Binzel (1991) nor Farinella and Davis (1992)
weighted the collision velocity at each orientation by
the collision probability. In effect, for a given pair of
orbits, all possible collision encounter geometries (steps
in m, and AQ) were treated as equally probable, making
all collision velocities equally weighted, as if Pg were
constant in (1). However, P is, in fact, highly variable,
e.g., collisions near an apse of one orbit are much more
probable than other particular orientations. An accurate
computation requires that this weighting function be
included in the calculation.

We estimate the size of the difference created by colli-
sion velocity weighting (Point 1.1) by comparing average
collision velocities found using the method of Namiki and
Binzel (1991) and Farinella and Davis (1992) with those
found using Eq. (I}, To test the Namiki and Binzei (1991)
algorithm, we computed the average velocities between
various objects with the hypothetical asteroid “*Astrid™”
(objects described in Bottke and Greenberg (1993)). The
results showed that their algorithm yielded average colli-
sion velocity values ~0.3-1.5 km/sec lower than those
of Eq. {1). Though we were unable to test the Farinella
and Davis (1992} algorithm for the same data set, we
were able to compare Eq. (1) with their average collision
velocity results for selected main-belt asteroids with the
population of 682 main-belt asteroids (their Table 1). For
this data set, the results showed that their algorithm
yielded average collision velocities values ~0.2-0.7 km/
sec higher than those of Eq. (1). We conclude that proper
weighting of collision geometries is very important.

If a single velocity value (e.g., the average given by
Eq. (1)) is used to represent any encounter between a pair
of asteroids, the true velocity distribution is in effect being
represented by a spike. Thus, even when the average
velocity is obtained with appropriate weighting, as in (1),
it may not be a good representation of the distribution of
velocities if that distribution is wide, skewed, or spiky.
In such cases, only the actual probability distribution of
velocities provides adequate treatment of the possible
collision velocities (Point 1.2),

Obtaining the complete velocity probability distribution
for a pair of orbits requires an additional process beyond
the evaluation of Eq. (1). The numerical integration re-
quired to evaluate Eq. (I) involves computing the impact
velocity V and the probability P in many small incre-
ments (Aw A(AQ)). To get the velocity distribution, we
divide the full range of possible values of V into smail
bins of width AV, Then, during the numerical integration
of Eq. (1), we keep a running total of the values of P(w,,
AD)Aw A(ALD) that correspond to the values of V within
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FIG. 1. Velocity distribution between two hypothetical asteroids.

The test asteroid {a = 3.42, ¢ = 0.578, i = 0.435 rad) crosses the field
body’s orbit (q, = 1.59, ¢, = 0.056, i, = 0.466 rad). Note that no
averaged velocity adequately represent this distribution. These peaks
are characteristic of encounters near the apse of one body's orbit, where
there is a wide range of collision orientations that give the same (usually
extreme) collision velocity.

each AV bin. In this way we build up the probability
histogram for impact velocities for this given pair of orbits.
The total area under this velocity distribution is the intrin-
si¢ collision probability. For the velocity distributions
shown in this paper, we have integrated {1) with Gaussian
quadrature techniques (Press er al. 1986) and simultane-
ously built up the velocity histogram using (at least)
100,000 evaluation points for each orbital pair. Experi-
ments with narrower stepsizes (more points) showed no
significant change in results.

We find that the shapes of these distributions are gener-
ally non-Gaussian and often include spikes. Such distribu-
tions are not well characterized by any single average
velocity (Point 1.2). The most likely collision velocities
are often near the low and high velocity extremes, An
example of a velocity distribution between two hypotheti-
cal bodies is shown in Fig. 1. In this case, the test body,
in an eccentric and inclined orbit (@ = 3.42, e = 0.578,
i = 0.435 rad), crosses the more circular similarly inclined
field body’s orbit (a¢, = 1.59, e, = 0.056, i, = 0.466 rad).
The mean collision velocity {V) falls in the low-probability
valley between the high-probability peaks near each ve-
locity extreme. These peaks are characteristic of encoun-
ters near the apse of one body’s orbit, where there is a
wide range of collision orientations that give the same
(usually extreme) collision velocity. The result shown in
Fig. 1 is typical of velocity distributions seen for other
pairs of bodies. Thus, the mean velocity is not a meaning-
ful representation of this distribution, confirming Point
L2,
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H.B. Collision Velocities among Populations of Bodies

The velocity distribution of a population of asteroids
is obtained by summing the velocity distributions of ali
possible pairs in the population. Because each pair has a
spiky distribution (e.g., Fig. 1) the sum of these individual
velocity distributions can be full of spikes and fine struc-
ture. However, for large enough populations, most indi-
vidual spikes are smoothed out, and generally the distribu-
tions is more nearly Gaussian. Even so, the distributions
are wide and complex enough that no single characteristic
velocity value adequately describes them.

A different approach was taken by Namiki and Binzel
{1991) and by Farinella and Davis (1992} to obtain velocity
distributions for entire populations (see Introduction).
Rather than add velocity distributions for every pair in
a population, they produced a histogram displaying the
average velocities for each pair and interpreted this as the
velocity distribution for a target object with an impacting
population. However, as noted in Point 1.3, each average
velocity does not fully represent the velocity distribution
for a given pair. For example, suppose each pair of aster-
oids had a very wide distribution of velocities, but all
average velocities were nearly the same, The approach
of Namiki and Binzel or Farinelia and Davis would give
a narrow range of velocitics for the whole population,
when in fact, the actual distribution of velocities would
be very wide.

III. RESULTS

The sets of orbits used in our calculation are assumed
to be representative of entire asteroid populations, even
though they are the orbits for only a sample of that
population, In this regard, we are following an assump-
tion by Namiki and Binzel (1991) and Farinella and
Davis (1992). For the main asteroid belt, we avoid
observational bias by setting size limitations on the
asteroid sample. Namiki and Binzel assumed that nearly
all of the larger asteroids with diameters (D > 30 km)
have been discovered, so this set of asteroids is a non-
observationally biased sample of a representative orbital
distribution. We use the same set of asteroids and
osculating orbital elements (calculated by the Minor
Planet Center) in our calculations to allow direct compar-
ison of our results with those obtained by Namiki and
Binzel (1991). However, Farinella and Davis investigated
a sample of 682 asteroids with diameters D > 50 km,
because they believed that taking a minimum diameter
at 30 km could introduce a bias against dark, outer-
belt objects which may not be complete down to 30
km (Cellino et al. 1991); for comparison with their work
we use the same set of asteroids and orbital elements
(from Milani and Knezevic 1990) as they did.

BOTTKE ET AL.

600

500

400

AN AR NN

300

200

100

Collision Probability (107 km™ yr™' / km s7)

el e o v iia g

T Lo e by
0 2 4 8 2] 10 12 14

Relative Velocity {km sec™)

FIG. 2. Velocity distribution for the 533 main-belt asteroids of diam-
eter >30 km whose orbits intersect 951 Gaspra. The mean, median, and
rms collision velocities are 5.02, 4.76, and 5.41 km/sec, respectively.
Note that the area under the curve, divided by the number of orbital
crossing pairs, is the mean intrinsic collision probability: {P)cross =
5.53 ¥ 10~ km~2 year~!. The spiky features are real, not noise, repre-
senting the collision distributions of actual pairs of asteroids.

HILA. Velocity Distributions for Selected Asteroids

IHILA.1, 951 Gaspra. Asteroid 951 Gaspra intersects
the orbits of 533 asteroids with D > 30 km as of April 1993
(according to Minor Planet Center osculating ¢lements),
Figure 2 shows the velocity distribution for all possible
collisions, i.e., the sum over 533 pairs (Gaspra and all
other crossers). The distribution is quasi-Gaussian but
spiky, with the spikiness a consequence of Gaspra’s high
collision probability over particular collision geometries
with individual asteroids. Its mean intrinsic collision
probability for those particular crossing asteroids is
{(P)cross = 3.53 X 107" km~2 year~!, while the mean
collision velocity is (V) = 5.0 km/sec. However, the
distribution is sufficiently wide and complex that no single
average collision velocity adequately describes it. The
mean is much greater than the most probable collision
velocities (~3.6 to 4.4 km/sec), a consequence of the
long high-velocity tail (similar to a Gaussian distribution).
Roughly 10% of Gaspra impactors hit at velocities V >
8 km/sec, twice as large as the most probable impact
velocities. These higher impact velocities stem from en-
counters with main-belt asteroids with high eccentricities
and inclinations.

The area under the velocity distribution histogram rep-
resents the total intrinsic collision probability for all cross-
ing pairs. In order to obtain the average intrinsic collision
probability for the crossing bodies ({P)cross), one divides
this area by the number of crossing bodies (Ncgoss =
533). However, Farinella and Davis (1992) noted that one
can obtain the collision probability averaged over a larger
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FIG. 3. Histogram of average velocities (V) for the same population
in Fig. 2 superimposed on Fig. 2, from Namiki and Binzel (1991). A
comparison between this histogram and the velocity distribution from
Fig. 2 shows that the histogram of average velocities misses low collision
velocities and some of the velocity structure present in the actual veloc-
ity distribution.

base population that includes some fraction of noncross-
ers (e.g., all main-belt asteroids over 30 km) by dividing
the area under the velocity distribution histogram by the
number of bodies in the population. Gaspra’s collision
probability relative to the entire main-belt population
(1052 asteroids with D > 30 km) is

533

m) =2.80 x 10~ km~2year~!.

P i)POP = (P i)CROSS (

We compare Gaspra’s velocity distribution with the
distribution published by Namiki and Binzel (1991} (Fig.
3), which was actually a histogram of average velocities.
(We used updated orbital elements for Gaspra and Ida
crossers, slightly different from those used by Namiki and
Binzel, but the effect is negligible.} We find a significant
probability (~15%) of impact below 3 km/sec, which did
not appear in their results. Furthermore, the fine structure
seen in our distribution is due to possible apsidal encoun-
ters among individual pairs. In contrast, the histogram of
average velocities has spikes and gaps that are a conse-
quence of the discreteness of the Namiki and Binzel
method and are not real (Binzel, personal communica-
tion). Finally, we find a distinct difference between their
reported root mean square velocity (5.0 km/sec) and our
rms velocity (5.41 km/sec), which results from the im-
provements intrinsic to our method. The effects of these
collision probabilities and velocities on Gaspra’s lifetime
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against catastrophic disruption will be discussed further
in Section IV.

We can also compare the velocity distribution for Gas-
pra impactors with resuits by Farinella er af. {1991]}. For
a valid comparison, we use the same population as they
did (asteroids with D > 50 km) and the same set of proper
orbital elements. Farinella and Davis reported values an
average collision velocity of 5.45 km/sec and a (Pjypgp of
2.69 x 10~ ¥ km~ 2 year~! (although their distribution was
not published). For this population we obtain a velocity
distribution very similar to what we found in Fig. 2, now
with an average collision velocity of 4,84 km/sec and a
{Pypop of 2.72 x 107¥ km~? year™!,

IITL.A.2, 243 Ida. Asteroid 243 Ida intersects the orbits
of 799 asteroids with D > 30 km, using the same main-
belt population as for Gaspra. We find that the velocity
distribution for Ida (Fig. 4) qualitatively resembles Gasp-
ra’s distribution, with a quasi-Gaussian shape and spiky
fine structure. However, Ida’s smaller eccentricity (0.042
compared with an eccentricity of 0.173 for Gaspra) yields
lower collision velocities than Gaspra’s. Furthermore,
Ida’s mean intrinsic collision probability for these 799
crossing asteroids is lower as well ((Pcrpss = 5.04 X
10~ km~? year™'). By normalizing the intrinsic collision
probability to account for all main-belt asteroids, we find
a substantially higher value than Gaspra’s normalized
value:

799
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FIG. 4. Velocity distribution for the 799 main-belt asteroids of diam-
eter >30 km (according to Minor Planet Center osculating elements)
whose orbits intersect 243 Ida. The mean, median, and rms collision
velocities are 3.55, 3.31 and 3.92 km/sec, respectively. The mean intrin-
sic collision probability of crossing bodies is; (Pcgoss = 5.04 x 10718
km~2 year™!
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FIG. 5. Histogram of average velocities {V} for the same population
in Fig. 4 superimposed on Fig. 4, from Binzel (1992). A comparison
between this histogram and the velocity distribution from Fig. 4 shows
that the histogram of average velocities misses some low collision veloci-
tics and some of the velocity structure present in the actual velocity
distribution. Note that the reported mean velocity ({(V) = 4.3 km/sec)
for the histogram of average velocities is 0.4-1.0 km/sec away from the
average velocities reported in Fig. 4. This inaccuracy is a conseguence
of the method of Namiki and Binzel (1991), who do not account for the
relative probability of each possible collision geometry for each pair of
asteroids.

Therefore, 1da is struck more often (~1.4 times) by
the same population of main-belt asteroids as Gaspra.
Moreover, since Ida is a Koronis family member, it is
likely to be struck relatively often by other members of
the Koronis family (Binzel 1988, 1992). Family members
share similar orbital elements, which can result in high
collision probabilities within that population of asteroids.
However, typical impacts on Ida are at lower velocities
than Gaspra, implying that a larger projectile is needed
for catastrophic disruption. (For more information on ve-
locity distributions for asteroid families, see Section
I1}.D.) These two factors offset cach other to some degree
in calculation of Ida’s collisional lifetime (see Section V).

A comparison between our velocity distribution (from
Fig. 4) and the histogram of average velocities for Ida
(Binzel 1992) is shown in Fig. 5. Again we find striking
differences between the distributions: (a) our distribution
is shifted by more than 0.5 km/sec toward slower coili-
sions, with our mean collision velocity ((V) = 3.55 km/
sec) significantly less than Binzel's ({(V) = 4.3 km/sec)),
and (b) there is little correspondence between the fine
structure found in our distribution and the artificial peaks
and gaps of Binzel's distribution. These improvements
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could result in substantial changes to interpretations of
the collisional history of lda.

HI.A.3. 2 Pallas. Not all velocity distributions for
main-belt asteroids are the same; they can be significantly
different from those seen in the Gaspra and Ida cases. One
example is the velocity distribution for 2 Pallas, which is
highly inclined and somewhat eccentric (¢ = 2.77, ¢ =
0.235, i = 0.571 rad). Pallas intersects the orbits of 680
of the 682 asteroids with D > 50 km, using the same data
set of osculating eiements used by Farinelia and Davis
(1992).

The velocity distribution (Fig. 6) for this anomalous
orbit is quite different from the more typical main-belt
case: The distribution is more symmetrical, so the
mean collision velocity occurs near the most probable
velocities. The distribution shows little fine structure.
The mean collision velocity for Pallas is also found to
be much higher than typical main-belt bodies {({(V) =
11.00 km/sec). These effects are a consequence of
Palilas’ high inclination, which, for most crossing pairs,
increases encounter velocities and shifts the most proba-
ble velocities away from extreme values in the velocity
distribution (i.e., in contrast to Fig. 1). The intrinsic
collision probability for Pallas ({(P)cross = 2.13 x 10718
km~2 year™"), or equivalently,
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FIG. 6. Velocity distribution for the 680 main-belt asteroids of diam-
eter >50 km whose arbits intersect 2 Pallas, The mean, median, and
rms collision velocities are 11.00, 10.96, and 11.34 km/sec, respectively.
The mean intrinsic collision probability of crossing bodies is:
{Plcross = 2.13 x 107 km 2 year . Note that Pallas’s velocity distri-
bution shows higher probable collision velecities than most other distri-
butions for main-belt asteroids, due to Pallas’s high eccentricity and
inclination. However, high velocities lower Pallas’s overall collision
probability per encounter.
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of possible colliding pairs, is the intrinsic collision probability for an
average pair of intersecting asteroid orbits, (PJpop = 2.86 x 107 ¥ km™?
year !,

is unusually low for similar reasons; Pallas’ high inclina-
tion keeps the asteroid away from most other main-
belt asteroid throughout most of its orbit. Accordingly,
the collisional evolution of Pallas may be significantly
different from those of other main-belt asteroids similar
in size.

HI.B. Velocity Distributions for the Main Asteroid Belt

The velocity distribution for the main-belt was com-
puted by summing the velocity distributions for all possi-
ble pairs among the 682 largest main-belt asteroids (D >
50 km) (Fig. 7). We find it is qualitatively similar to Gasp-
ra’s (Fig. 2) or Ida’s {(Fig. 4). Again the high-velocity tail
yields a mean collision velocity ({V} = 5.3 km/sec) higher
than the most probable collision velocity (V ~ 4.4 km/
sec). This distribution is relatively smooth because large
number of separate distributions for all pairs of asteroids
(in this case 682 x 681/2) was summed to produce the
curve.

Comparing our results with the histogram of average
velocities by Farinella and Davis (1992) (Fig. 8), we find
that the rather probable impacts at V < 4 km/sec are
missed in their distribution. Their distribution also under-
estimates the probability of high-velocity collisions (>5.5
km/sec). The mean velocity ((V) = 5.3 km/sec) for our
results differs significantly from their values ({(V} = 5.81
km/sec). However, the average intrinsic collision proba-
bility reported by Farinella and Davis ({P)pop = 2.85 X
10" km~2 year™') is very close to our computed value
({Popop = 2.86 X 1078 km~? year™').
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111.C. Distributions of Velocity Direction Components

In the previous sections we showed distributions of the
magnitude of impact velocities. We have used the same
method to calculate the probability distribution for indi-
vidual direction components of the collision velocity vec-
tor for the same set of 682 main-belt asteroids colliding
among themselves. We calculate the velocity components
for collisions relative to the invariable plane of the Solar
System, with radial component Vi, azimuthal component
V4, and normal-to-the invariant plane component V.. The
distribution for these components is given in Fig. 9. Mean
values are: (V) = 2.6 km/sec, (V3 = 0.88 km/sec, and
{V,) = 3.8 km/sec; and root mean square velogities
are: (VB2 = 3.3 km/sec, (V)2 = 1.1 km/sec, and
(VHY? = 4.6 km/sec.

The V;-component is significantly larger than the other
two velocity components. We can quantify this anisotropy
by considering the ratio between the mean square compo-
nents in-plane and the mean square 7 component as an
isotropy index /. For an isotropic distribution,

GV + V2 _

I= 1.0. 3)
vy
In contrast, our rms velocities yield
2 2
[— (Vi + (Va2 = 0.9, )

v

showing a substantial excess Z component.
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FIG. 8. Histogram of average velocities (V) for the same population
in Fig. 7 superimposed on Fig. 7, from Farinella and Davis (1992). A
comparison between this histogram and the velocity distribution from
Fig. 7 shows that the histogram of average velocities misses both low
and high collision velocities as well as most of the velocity structure
present in the actual velocity distribution. Also, since Farinella and
Davis do not account for the relative probability of each possible colli-
sion geometry, we find their average collision velocities are all nearly
0.3-0.5 km/sec higher than the actual values.
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FIG. 9. Velocity component distributions relative to the invariable
plane of the Solar System for the same population given in Fig. 7 (For
Figs. 9-13: (a) total V; (b} radial component Vg, azimuthal component
V,; and normal-to-the invariant plane component V). The mean veloci-
ties for each component are: (V) = 2.6 km/sec; (V) = 0.9 km/sec;
(Vz) = 3.8 km/sec. Note that the area under each curve is equal. For
the main-belt population, the most probable high collision velocities
come from the Z direction.

These results are qualitatively similar to the tabulated
“velocity dispersions™ (o, 04, 0z) compound by Mikami
and Ishida (1988) for nearly 2000 main-belt asteroids:
op = 2.4 km/sec, o, = 1.2 km/sec, oz = 3.2 km/sec.
Mikami and Ishida used a relatively crude model to esti-
mate impact velocities: They computed each asteroid’s
heliocentric velocity when it was closest to a heliocentric
circle at the middle of the main-belt. It is unclear whether
the ‘*velocity dispersion” refers to mean values, rms val-
ues, or some other kind of average. If we assume it to be
rms, the Mikami and Ishida results give

(o) +{eiN2

i = (.35. 35
@ ©

Thus, our more accurate calculations show that the differ-

ence between mean Z-components and in-plane compo-

nents is even greater than Mikami and Ishida found.
Magnusson (1993) computed the ratios of the mean-
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square components of the relative collision velocities us-
ing a method and population similar to those used by
Farinella and Davis (1992), though he may have corrected
problem I.1. He used components in an inertially fixed
cartesian space, with Z (like ours} perpendicular to the
invariable plane. He found the following velocity ratios:
(V3 (Vi) :{V3)=0.16:0.16:0.68 (Magnusson’s coordi-
nate system requires that (Vi)/{(V%) = 1, by definition).
His values yield

R+ v _

! )

0.24. (6

Thus, our value of I lies midway between that of Magnus-
son and of Mikami and Ishida. All three confirm a substan-
tial excess Z-component.

Magnusson (1993) suggested that the excess vertical
velocity should concentrate asteroid spin axes near the
ecliptic plane. However, since observations of asteroid
rotation do not show such a concentration, Magnusson
(1992) concluded that understanding of asteroid spin axis
evolution is incomplete. Qur complete velocity distribu-
tion may be a basis for further investigation of this issue.

HI.D. Velocity Distributions for Asteroid Families

We have also computed the velocity distributions for
the four most populous asteroid families in the main-belt
(Zappala et al., 1990). These asteroid families are 15 Eu-
nomia (71 members), 24 Themis (228), 158 Koronis (137),
and 221 Eos (202). However, since very few of these
asteroid family members have D > 50 km, it is probable
that they do not provide a complete representative model
for the orbits of the smaller asteroids of each family.
Therefore, like Farinella and Davis (1992), we calculate
the collision probabilities and velocities for the 30 lowest-
numbered family members colliding with each other. We
also use, as they do, osculating elements instead of proper
elements to avoid the clustering of inclination for family
members.

The velocity distribution for the Eos family is shown
in Fig. 10. It is complex, non-Gaussian, and bimodal, with
the spiky distributions of individual pairs emphasizing
particular collision velocities. Much of this structure can
be traced to the Eos family’s orbital elements, which are
tightly clustered. In particular, the inclinations of the Eos
family members are all near 10°, producing certain highly
probable collision geometries between individual pairs of
asteroids. Since the most probable collisions occur near
the apses, we expect the collision velocities associated
with those orientations to be pronounced in the velocity
distribution. As pairs of family members precess through
a cycle, we find that two velocities for apsidal collisions
dominate: (a) Low encounter velocities found when the
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FIG. 10. Ve¢locity compoenent distributions for the 30 lowest num-
bered asteroids impacting each other (according to Minor Planet Center
osculating elements) in the Eos asteroid family. The mean velocities for
each component are {V} = 3.93 km/sec; (Vi) = 1.55 km/sec; (V) =
0.063 km/sec; (Vz) = 3.23 km/sec, while the mean intrinsic collision
probability is (Pjpop = 5-45 x 107" km~? year~'. The double-lobed
structure seen in the V; distribution dominates the other components,
such that the overall velocity distribution is double-lobed. It results
from the clustered inclinations of the Eos family members (i = 10°),
which produces common collision geometries between individual pairs
of asteroids.

pericenters are aligned and (b) high encounter velocities
found when the pericenters are 180° out of phase. The
double-lobed structure in the V; distribution shows which
collision velécities correspond to these most likely colli-
sion geometries. In fact, the V; distribution’s shape is
wide encugh that it dominates the structure of the other
components, creating the double-humped structure for
the velocity magnitude (V) distribution.

Next we consider the velocity distribution for the
Themis family, which is double-humped and complex as
well (Fig. 11). However, the Themis distribution’s struc-
ture was not produced in the same way as the Eos distribu-
tion’s structure. In this case, the inclinations for Themis
family members were so low (i = 1°-2°) that precession of
the nodes produced little structure in the V, distribution.
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However, since the eccentricities of the Themis family
members are nearly all between ~0.1 and 0.2, precession
of the apsides should produce both low and high collision
velocities near the apses of cach family member’s orbit,
where collisions are more probable (e.g., near 1 and 5
km/sec). By summing the distributions for all Themis
members, we find that these velocities are most likely in
the Vy distribution, such that a double-lobed structure is
produced there. This feature dominates the structure of
the velocity distribution, because the other components’
are dominated by low velocities.

Other families produce even more complex velocity
distributions, The Eunomia family’s velocity distribution
shows evidence for multiple lobes, with a peak near V =
6 km/sec (Fig. 12). This structure reflects a clustering of
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FIG. 11. Velocity component distributions for the 30 lowest num-

bered asteroids impacting each other (according to Minor Planet Center
osculating elements) in the Themis asteroid family. The mean velocities
for each component are: {V) = 3.46 km/sec; {Vp) = 3.36 km/sec;
(V) = 0.11 km/sec; (Vz) = 0,50 km/sec, while the mean intrinsic
collision probability is {Pypep = 10.1 x 10-¥ km~? year~!. The double-
lobed structure seen in the Vy, distribution dominates the other compo-
nents, such that the overall velocity distribution is double-fobed. In this
case, the clustered inclinations are too small to produce the effect seenin
Fig. 10. However, the clustered eccentricities of Themis family members
(between ¢ ~ 0.1 and 0.2), produces a similar effect.
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FIG. 12. Velocity component distributions for the 30 lowest number
asteroids impacting each other {according to Minor Planet Center oscu-
lating elements) in the Eunomia asteroid family. The mean velocities
for each component are: {V) = 5.62 km/sec; (V) = 2.76 km/sec;
(Vo = 0.12 km/fsec, (Vp = 4.17 kmisec, while the mean intrinsic
collision probability is {Ppop = 6.25 % 107 '8km~? year ", In this case,
clustering over high inclinations (i ~ 13°) and eccentricities (e ~ ¢.1-0.2},
produce double-lobed structure in both the Vi and the V7 distributions.
The resultant distribution is compiex and multthumped.

high inclinations (i = 13°) and eccentricities (e = 0.1-0.2),
which combine the effects seen in the Eos and Themis
families, respectively. Since each of these orbital element
groupings produce the double-lobed structure seen in the
Vg and V; distributions, the combination of both compo-
nents produces a complex velocity distribution which can-
not be represented by any single velocity.

The velocity distribution for the Koronis family is quali-
tatively more Gaussian and less complex than the other
families discussed (Fig. 13). The inclination for most Kor-
onis family members is near 2°, minimizing the structure
seen in the V, distribution. Also, the eccentricities are
low, minimizing the collision probabilities of the apses
positions which produce double-lobed structure in the
Vy distribution. Moreover, these low eccentricities and
inclinations yield low collision velocities between family
members, where the most probable collision velocities
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are quite low (the mean, median, and rms velocities are
all near 1.5 km/sec).

The average intrinsic collision probabilities ({P;}pap) for
the Eos, Themis, Eunomia, and Koronis families mem-
bers (with themselves) are 5.45, 10.12, 6.25, and 13.75
km~? year !, respectively, all higher than the average
colltsion probability between main-belt asteroids of
2.86 x 10~ "®km~2year~'. Thus, collisions between mem-
bers of the same family are 2 to 5 times more likely than
collisions between other main-belt asteroids, at least as
great as the factor of 2 to 3 found by Farinella and Davis.

Furthermore, the velocity distributions show that the
most probable collision velacities are lower for encoun-
ters among family members than with nonfamily mem-
bers. However, the velocity distributions for each family
show irregular structure, implying that the clustering of
orbital elements for family members can produce pre-
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FIG. 13. Velocity component distributions for the 30 lowest num-
bered asteroids impacting each other (according to Minor Planet Center
osculating elements) in the Korenis asteroid family. The mean velocities
for each compenent are: (V) = 1.51 km/sec; (Vy) = 1.21 km/sec;
{Vo = 0.069 km/sec; (Vz) = 6.9 km/sec, while the mean intrinsic
collision probability is (Pppop = 13.8 x 10~®km 2 year~. In this case,
the clustered inclinations are too small (i = 1°) to produce a significant
double-lobed effect. The resulting overall distribution is more Gaussian
than other family’s distributtons.
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ferred collision geometries between individual pairs of
asteroids, These preferred geometries are much more pro-
nounced than more typical collision geometries between
main-belt asteroids. Consequently, velocity distributions
for asteroid families are very different from those calcu-
lated for asteroids in the main-belt.

Binzel (1988} suggested that low collision velocities
may be more effective in changing asteroid spin rates
than high velocities, since the target is less likely to
disrupt. Therefore, he reasoned, the rotation rates of
the Koronis and Eos families may be dominated by
intrafamily collisions, which have lower collision veloci-
ties than typical nonfamily asteroids. However, we
have seen that low-velocity collisions between main-
belt asteroids aiso occur frequently. In fact, the number
of collisions between asteroid family members may be
small compared to the number of low-velocity collisions
from other main-belt asteroids. Although individual colhi-
sions of a given family member with another family
member are more probable than with a main-belt aster-
oid, there are far more of the latter (even at lower
velocities), so intrafamily collisions do not dominate
impacts into family members. It remains possible that
intrafamily collisions dominate at smaller asteroid sizes
{Cellino et al. 1991), but we currently lack information
needed to resolve this issue.

IV. EFFECTS OF VELOCITY DISTRIBUTIONS ON
ASTEROID DISRUPTION RATES

Most velocity distributions in the main-belt show simi-
lar characteristics: a long, high-velocity tail and high prob-
ability of encounters at lower-than-average velocities. For
issues relating to asteroid lifetime and catastrophic disrup-
tion, these features are potentially significant. Since high-
velocity impacts among asteroids occur with substantial
frequency, smaller asteroids can disrupt larger bodics
than previously assumed by models of asteroidal colli-
sional evolution. Thus, a population dominated by small
bodies (e.g., as suggested by the Galileo imaging of Gaspra
{Belton er al. 1992}) could undergo frequent disruptions
of the larger bodies, as many small bodies strike at high
velocities. On the other hand, the most probable impact
velocities are lower than the mean. These two effects
offset one another to some degree.

In order to compute the disruption lifetime of an aster-
oid in the main-belt, we require three elements:

1. Criteria for disruption as a function of {a) target size,
strength, and mass; (b) impactor size and mass; and (c)
the relative collision velocity.

2. The number of bodies in the impacting population
as a function of size.

3. The probability distribution for collision velocities
between a target asteroid and an impacting population as
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TABLE 1
Summary of Disruption Rates for Selected Targets in Section IV
{Units 10~" year™")

200-km
Main-Belt
target Gaspra Ida
From previous literature 2.77 195 133
Corrected to our {V} and {(Pjpgp 2.65 167 37.8¢
+ Corrected for our cross-section 3.88 176 44.0°
+ Corrected for velocity distribution 3.82 181 44,19

4 Different disruption criteria than previous literature.

computed in this paper (and previously generally assumed
to be a single velocity).

In this section, we combine various estimates of (1) and
(2) with our results for the velocity distributions (3) to
calculate the frequency of catastrophic disruption for a
given main-belt target. In each of these illustrative cases,
in order to compare with calculations by previous work-
ers, we adopt thetr models of (1) and (2) and then consider
the effect of replacing their average (or estimated) velocity
values with our velocity distributions. It should be recog-
nized that some of the models for (1) and (2) are controver-
sial and subject to revision, but here we adopt the same
models as previous authors for the specific purpose of
quantifying the importance of (3). The results of the fol-
Jowing examples are summarized in Table 1.

IV.A. 951 Gaspra

Based on the cratering record observed on Gaspra by
the Galileo spacecraft, Belton er al. estimated the size-
frequency distribution of the main-belt asteroids hitting
Gaspra to be a power law with incremental index of —2.95
from the small asteroids of the Palomar-Leiden survey
(Van Houten et @l. 1970) down to asteroids of 175 m
diameter, steepening to an index of —3.5 for smaller as-
teroids.

Belton ¢t al. adopted the disruption model of Farinella
et al. (1991}, which is based on disruption criteria used
by Greenberg et al. (1978): Half the impact kinetic energy,
divided by the target volume must exceed the target’s
impact strength, or equivalently

DP - (4S )1."3
DT - sz ’

where p is the material density (2.5 g cm™3), D and Dy
arc¢ the projectile and target diameters, respectively, and
S is the impact strength. Impact strength is defined as the
energy density needed to produce a barely catastrophic
impact (50% of the target mass leaving at escape velocity).

)



266

Values adopted for p, D, and § were taken to be 2.5 g
cm~3, 16 km, and 2 X 10%erg cm~?, respectively. A mean
value for the impact velocity of 5.45 km/sec was found
by Farinella ef al. (presumably using the algorithm of
Farinella and Davis, 1991), as well as (Pppop = 2.7 X
10~ '"® km~? year~'. These parameters yielded a minimum
disruption projectile size of 350 m.

With that disruption model and projectile size distribu-
tion, Belton et al., inferred an impact frequency of dis-
ruptors of 2 x 107% year™!, or a mean lifetime of 500
Myr. More precisely, using their parameters, we obtain
arate of 1.95 x 10~? year™!. We note that several aspects
of this procedure are questionable. For example,
Greenberg et al. (1993) have shown that both the asteroid
size distribution and the disruption criteria likely need
revision. However, for purposes of this study, we restrict
our considerations to the effect of correcting the impact
velocity distribution.

When we replace the Belton et al. mean collision veloc-
ity and {P;)pop values with our results from Section II1.A
(4.84km/secand 2.72 x 10~ '*km~2 year ', respectively),
we obtain a minimum disruptor diameter of 383 m and a
disruption rate of 1.67 x 107% year™!, a correction of
— 14%. In this calculation as well as that of Farinella and
Davis, the collision cross section is assumed to be that
of the target, because most disruptors are much smaller
than the target. However, some potential disruptors may
be comparable in size to Gaspra. If we use the cross
section for both the impactor and the projectile over the
full range of sizes of disruptors, we obtain a disruption
rate of 1,76 x 107% year~'. Finally, if we use the actual
velocity distribution that we calculated for Gaspra cross-
ers with D > 50 km (the same population considered by
Farinella and Davis (1992)), there is a substantial probabil-
ity of disruption by impactors smaller than 250 m, but the
disruption rate changes by only 3% to 1.81 x 10~ year ..
Thus the greatest correction is due to using the correct
average collision velocity and {P;)pqp, While further cor-
rections such as the complete velocity distribution are
somewhat smaller.

Greenberg et al. (1993) introduced a disruption model
based on hydrocode simulations, which showed Gaspra to
be more resistant to disruption than indicated by strength-
scaled models like that used by Farinella ez al. (1991).
The disruption lifetime was found to be twice that found
by Farinella et al. However, again we find that using the
full velocity distribution gives corrections <10%.

IV.B. A Large Main-Belt Target

Farinella and Davis (1992) considered a hypothetical
200- to 250-km main-belt asteroid as a target. They
adopted a disruption model that is controlled by the grav-
ity of this large asteroid. Davis et al. (1989) showed that
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the criterion for disruption in such a case may take the
same form as (7), where the parameter § now represents
a combination of parameters that describe the input effi-
ciency of kinetic energy and the velocity distribution of
debris. With their mean collision velocity of 5.81 km/sec
and {Ppop = 2.85 x 107'® km~? year™', they found a
minimum disraptor diameter of 50 km and (using known
numbers of asteroids in that size range and an effective
strength of ~10° erg cm™?) a frequency of disrupting im-
pacts of 3.0 x 107! year~.

Evidently these values were approximations, because
a precise value of the target body’'s diameter was not
specified. If we try to reproduce their calculation for a
200-km target, using all the same parameters as they did,
we obtain a disruptor diameter of 54 km and disruption
frequency of 2.77 x 10~ !! year~!. When we replace their
mean collision velocity and {P;}pop values with our results
from Section II1.B (5.29 km/sec and 2.86 x 10~'8 km 2
year ™!, respectively), we obtain a minimum disruptor di-
ameter of 58 km and a disruption rate of 2.65 x 10~
year~!, a very small correction.

However, for comparison with Farinella and Davis,
the above results assume that the collision cross section
equals the target’s cross section. If we take into account
the cross section of the larger disruptors, the disruption
rate becomes 3.88 x 10~ year™', a substantial correc-
tion. If we use our calculated velocity distribution (Fig.
7), there is some probability of disruption by impactors
as small as 20 km, but the disruption rate only changes
slightly to 3.82 x 10~" year~', In the case of the main-
belt population, correcting the velocity distribution is nu-
merically less important than properly accounting for the
collision cross section.

IV.C. 243 Ida

Ida’s collisional lifetime was calculated by Binzel (1992)
to be 750 Myr, based on a strength-scaling disruption law,
his values for mean velocity and collision probability (see
Section III.A), an assumed size-frequency distribution for
asteroids in the main-belt, and Ida’s material strength.

However, Nolan et al. (1992, see also Greenberg et al.
1993) found that small asteroids are much more resistant
to disruption than predicted by strength scaling. In fact,
for Gaspra, they found that disruption occurs when the
crater diameter predicted by gravity scaling is comparable
to the target diameter. Here we assume that the same
relationship holds for Ida. According to Schmidt—Holsap-
ple scaling (in Melosh 1989), the gravity-scaling size law
for a transient crater (before slumping) D, is

DA’I‘ — 1_Sp(l}llp_]:llBg—O.zzl)g.uW(].ZZ, (8)

where D} and p; are the projectile’s diameter and density,
respectively, g and pr are the target’s gravity and density,
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respectively, and W is the projectile’s explosive energy
(yield). We substitute Ida’s mean diameter (30 km) for
the crater diameter and use density 2.7 g cm 2, the Belton
et al. adopted size distribution for small bodies, and our
mean collision velocity and {P)pop from Section IILA,
yielding a minimum disruptor diameter of about 2 km and
a lifetime of 2.64 Gyr (disruption frequency of 3.78 x
107" year™"), Thus, these parameters yield a lifetime
nearly 3.5 times as long as estimated by Binzel,

When we properly account for the collisional cross sec-
tion, the lifetime becomes 2.27 Gyr (disruption frequency
of 4.40 x 107U year™"), a 14% change. When we use the
velocity distribution of Fig. 4, rather than its mean value,
the lifetime s unchanged. As in the case of the typical
200-km main-belt body, the incorporation of the correct
cross section for larger disruptions is the most important
factor. We also note that the Ida lifetime may be different
than calculated here if its membership in the Koronis
family means that it is impacted by a different size distri-
bution than we have assumed here.

V. CONCLUSIONS

In this paper, we have investigated the distributions of
collision velocities among asteroids. We have shown that
collisions in the main-belt occur over a wide and asymrmet-
ric range of velocities which must be taken into account
to model accurately the collisional lifetimes of asteroids.
By applying these velocities to other effects of asteroid
collisional evolution, we can obtain a much broader un-
derstanding of the relationship between collision veloci-
ties and physical processes such as asteroid spin evolu-
tion, ejecta removal, regolith formation, and disruption
events.

We have calculated velocity distributions for collisions
of single asteroids. including Gaspra, Ida, and Pallas, with
the main-belt. By combining all of the individual velocity
distributions of pairs in the main-belt, we obtained a veloc-
ity distribution for the main-belt population. We find that
summing large number of individual distributions smooths
any spikiness in the main-belt distribution. There is a
significant probability of impacts at velocities greater than
10 km/sec. The velocity component distributions for the
main-belt show that high collision velocities are most
likely in the direction normal to the invariant plane of the
Solar System. The implications of these collision orienta-
tions are not clear, but they may affect asteroid spin axis
and spin rate evolution. More work in this area is clearly
needed.

The velocity distributions for collisions within asteroid
families show relatively high collision probabilities and
low collision velocities. However, the distributions also
show irregular structure, where the clustering of orbital
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elements often produces favored collision geometries and
velocities. These favored velocities may affect the colli-
sional evolution of individual family members, though it
is not clear if the signal from interfamily collisions can
be detected through the more prominent, higher-velocity
collisions from other asteroids in the main-belt. The in
situ investigation of Koronis family member 243 Ida by
Galielo may prove enlightening.

We have also computed collisionat lifetimes for various
asteroids in the main-belt. Asteroid disruption lifetimes
depend strongly on model assumptions regarding collision
velocities, disruption scaling laws, and the size distribu-
tion of the impactor population. For example, disruption
lifetimes may vary significantly depending on what disrup-
tion scaling relationships are adopted. Specifically, in the
cases of Gaspra and Ida, numerical hydrocode models
and corresponding modification of the gravity-scaling law
of Schmidt—Holsapple (Melosh 1989) produces signifi-
cantly longer disruption lifetimes than strength-scaling
laws. In general, the importance of using a full velocity
distribution will vary depending on the particular shape
of the distribution and on the disruption criteria and pro-
jectile size distribution,

However, we find that average collision velocities, as
long as the latter are correct averages, yield results similar
to those obtained with complete velocity distributions.
Velocity distributions do tend to change collisional life-
times a bit, relative to lifetimes computed from average
velocities. It is alse very important to correctly account
for the collision cross section over the full range of sizes
of disruptors in the impacting population.

Applications for velocity distributions exist in many
regions of asteroid collisional evolution studies. For ex-
ample, asteroid rotation rates and spin axis orientations
depend on many factors: collision orientation, impact ve-
locity, and the size and composition of both the projectile
and target bodies. Since many of these components are
modeled in generating velocity distributions and colli-
sional lifetimes, we should be able to modify our existing
programs to investigate these processes.

Our understanding of asteroid collisional processes,
such as collisional! disruption, ejecta removal, and rego-
lith formation, is currently undergoing a revolution due
to rapid advances in many areas. The advent of numeri-
cal hydrocodes now allows us to model complicated
physical processes occurring during collision events,
which enhances our perception of laboratory results
and the cratering record on various bodies. In addition,
our knowledge about the size, number, and distribution
of asteroid in the Solar System continues to increase.
Now, with our development of velocity distributions,
we can model the collision evolution of particular aster-
oids more accurately than ever before. Though many
questions need to be resolved, we continue to make
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progress in understanding the nature of asteroids and
their evolution.
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