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ABSTRACT
Understanding asteroid collisional and dynamical evolution necessitates the use of
statistical methods, since an asteroid's physical and orbital characteristics are modified
throughout its lifetime by collisions and planetary perturbations. Thus, my thesis
investigates evolutionary trends for asteroids by calculating and applying parameters such
as collision probabilities, impact velocities, and collisional and dynamical lifetimes.
I found that previous calculations of collision probabilities between pairs of asteroids
on independent Keplerian orbits often yielded inconsistent results. By correcting and
improving the fOimalism, I obtained results which should be accurate for all cases.
Applying this fOimalism, I calculated collision probabilities and impact velocity
distributions for single asteroids (e.g. Gaspra, Ida), asteroid populations, and the terrestrial
planets with other asteroid populations. These results allowed me to detem1ine asteroid
comminution and planetary in1pact rates.
I also examined the dynan1ical evolution of asteroids, using a modified Monte-Carlo
code. The accuracy of these codes are frequently questioned since, for some planetary
encounters on tangential orbits, the two-body scattering approximation is inconsistent
with numerical integration results. Thus, to verify the validity of Monte-Carlo results in
general, I tracked particle-planetary encounters using a new mapping technique to
determine the role of distant perturbations. My results show that Monte-Carlo results yield
statistically similar results to numerical integration for all but the most pathological cases,
and my model shows why.
Finally, I used this Monte-Carlo model, modified to include impact disruption, asteroid
fragmentation after disruption. and observational selection effects to determine the most
likely source for a population of small asteroids near the Earth. My results show that mainbelt asteroids (via the 3: 1 or v 6 resonances) are an unlikely source for these objects, as are

15
small bodies ejected from Mars after a large cratering event. However, planetary ejecta
from either the Earth-Moon system or Venus is dynamically consistent with these orbits. Of
these three, the Moon is the most likely source since its escape velocity is significantly
lower than either Earth 01' Venus.
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CHAPTER 1:
MOTIVATION
"Big tllings have small beginnings."
- Claude Rains, from the motion picture "Lawrence of Arabia"

1.1 Major Events in 1994
It used to be difficult for asteroids and comets to get much attention, given their small

size, their lack of an permanent atmosphere, and their perceived lack of importance to the
Solar System. However, two big events concerning the behavior of small bodies in the
Solar System took place last year which surprised and intrigued both scientists and the
public alike.
The first event, the discovery of a small asteroidal moon around the asteroid 243 Ida,
was unexpected, given Ida's size (-30 km in diameter) and the brutal environment within
the main-asteroid belt. Asteroids have long been known to be relatively undisturbed
remnants of the primeval material of the Solar System, making them excellent recorders of
general conditions and accretion events 4.6 billion years ago. However, their sUifaces are
subject to a continuing rain of impacting asteroids. Pictures returned from the Galileo
spacecraft are testament to this bombardment; they revealed Ida (and previously Gaspra)
to be heavily cratered and littered with large boulders. The tiny mile-long moon (named
Dactyl) orbiting Ida was also heavily cratered, implying that it has been exposed to impact
events for some period of time. It is probable that the Ida-Dactyl system was even formed
by an impact event, though it remains unclear whether Dactyl is a "chip" off of Ida or
whether they were originally both pieces of the same parent asteroid disrupted by the
impact of another body. To any event, it is readily apparent that collisions are an important
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physical process within the asteroid belt. Thus, to understand asteroids, we need to
understand how collisions affect their lifetime and evolution.
The second event, the impact of comet Shoemaker Levy-9 into the planet Jupiter, was
more highly anticipated and spectacular. Comet Shoemaker Levy-9, consisting of a
several small cometary fragments perhaps no larger than a few hundred meters, deposited
more energy upon impact into the Jovian atmosphere than the simultaneous detonation of
all atomic weapons currently residing on Earth. This impact event, though taking place far
from Earth, demonstrated that planetary impact events are real and not uncommon.
Moreover, this event helped emphasize that large impact events on Earth, though rare,
have the potential to cause extensive damage and significant loss of life (e.g. the K-T
impact 65 Myr ago). This perceived threat caused the U. S. Congress to authorize the
production of several NASA reports, which (a) propose a comprehensive search program
to find Earth-crossing comets and asteroids, (b) assess the hazards to the Earth from those
objects, and (c) propose methods for mitigating the threat from impacts on the Earth (all
reports contained in Mon'ison et al. 1993). These reports make it easy to understand why
we study asteroids-the survival of our species may be at stake.
If we wish to reduce the risk of such impacts, we need to understand the nature of the
threat, making it essential that we understand the collisional and dynamical evolution of
asteroids. For example, in order to discover large numbers of Earth-crossing asteroids and
comets, we need to know the dynamical tendencies of each population, as well as their
sources and sinks. Moreover, since the number and sizes of objects in a given region can
increase dramatically after an asteroid collision, we need to understand the fragmentation
history of these populations as well. Thus, accurate computation of the collision
probabilities and impact velocities of near-Earth objects with the planets is critical to
determining our current level of risk, since the impact hazard on Earth can be quickly
modified by asteroid collisions.
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1.2 Thesis Summary
My thesis addresses these issues by examining both the collisional and dynamical
evolution of asteroids. These topics are linked, in that it is impossible to examine one
without considering the other. I first concentrate on collisional evolution before moving on
to dynamical issues. I then apply all my results simultaneously to investigate the source of
previously unexplored sub-population of asteroids. As such, my thesis consists two main
sections after a re;view (Chapter 2) of the main-belt and near-Earth asteroid populations:
1. The Collisional Evolution of Astel'Oids: In this section (Chapters 3, 4, and 5), I
discuss the collisional lifetimes and impact statistics of the main-belt and near-Earth
asteroid populations. Chapter 3 reviews the theoretical formalism used for these
calculations and corrects the inconsistencies and errors of previous work. Chapter 4 then
applies this methodology to compute the probability distribution for impact velocities
between main-belt asteroids and main-belt asteroid popUlations. Finally, Chapter 5 applies
the same methodology to the near-Earth asteroid population in order to calculate their
collisional lifetimes. This section also calculates impact statistics for near-Earth objects
impacting the terrestrial planets.
2. The Dynamical Evolution of Asteroids: This section (Chapters 6 and 7) investigates
the dynamical evolution of asteroids whose motion is dominated by planetary
perturbations. Chapter 6 investigates the validity of Monte-Carlo dynamical evolution
codes, which are frequently used in the place of numerical integration for long-term
asteroid evolution (Le. tens of millions of years). Then, in Chapter 7, I apply such a
Monte-Carlo code to investigate the origins of small Earth-approaching asteroids
discovered by the Spacewatch search program. I also apply the results of the previous
section to treat mutual asteroid collisions in a realistic fashion.
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Thus, the cumulative result of my efforts suggests that both collisional and dynamical
processes are important to understanding the current population of asteroids, the cratering
record on the terrestrial planets, and the meteoritical record on Earth.
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CHAPTER 2:
INTRODUCTION AND REVIEW
2.1 What are Asteroids?
Asteroids are planetesimals (or pieces of planetesimals) left over from the formation
of the Solar System's formation, making them the remnants of the original building blocks
for the planets. Most asteroids occupy the region of space between Mars and Jupiter,
though many can be found among the terrestrial planets. They are generally composed of
non-volatile rocky and/or metallic materials. Their cousins, the comets, are also remnant
planetesimals, though these bodies typically reside among the outer planets and beyond.
They often have a significant proportion of volatile ices, which sublimate near the Sun to
create their tails, and refractory dust in the form of silicate, metal, and organic grains,
which can shut off the same sublimation. In fact, once the comet's near-surface ice
inventory has been depleted, this process can eventually make an older comet look
"asteroidal". Consequently, depleted (or "extinct") comets may pass for asteroidal bodies
among some asteroid populations.

2.1 The Main Asteroid Belt
2.1.1 Origin of' the Main Asteroid Belt
The main asteroid belt resides in the region of space between Mars and Jupiter, where
the absence of a full-size planet has long mystified astronomers and defied the Titius-Bode
"law" of planetary distances. The largest asteroid in this region, 1 Ceres, is far too small to
24

be considered a planet, and even the total mass of the asteroid belt (-3 x 10 g) is less than
5% the mass of the Moon. Furthermore, the relative collision velocities of objects within
the main-belt are high enough (-5 km/s) that asteroid collisions typically produce
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fragmentation rather than accretion. Consequently, the main-belt places serious constraints
upon any model describing Solar System formation.
Current models of planet (and asteroid) formation favor the "planetesimal hypothesis"
(Safronov 1972) to explain the structure of the Solar System. The following scenario
summarizes its key points:

1. A rotating nebula (composed of H, He, and interstellar molecules) gravitationally
collapses into a protostar and a circumstellar flattened disk (composed of gas and
condensed material) of much lower mass.
2. As the disk cools, condensation allows the formation of small dust grains: rocky grains
near the Sun where ices cannot condense, icy grains further away. A significant
proportion of these grains do not fall into the growing Sun and agglomerate into
orbiting sub-cm grains.
3. Planetesimals (- 1 km) form from the coagulation of dust grains which collide due to
processes such as differential settling, turbulence, and drag-induced orbital decay
(Weidenschilling and Cuzzi 1994). Other proposed mechanisms to create km-size
planetesimals (e.g gravitational instabilities (Goldreich and Ward 1973» are probably
ineffective, since turbulence in the disk prevents the grains from settling completely.
4. Planets grow from planetesimals through accretion. Collisions between these bodies
occur at low velocities, such that catastrophic fragmentation is rare. Once a
planetesimal grows larger than the bodies surrounding it, it can quickly accrete the
remaining material within its "feeding zone" during a process called "runaway growth"
(Greenberg et al. 1977). The overall density of the planetesimals/protoplanets decreases
as we move away from the Sun (i.e., rocky material closer to the Sun, icy material
further away), following the same pattern as #2.
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5. Jupiter and Saturn grew fast enough to capture gas, allowing them to acquire a
substantial gaseous mantle. The terrestrial planets are too small to permanently capture
any gas remaining in the disk. The remaining nebular gas in the disk begins to be
pushed away from the Sun. Uranus and Neptune accrete so slowly that much of the
nebular gas is dispersed before they could obtain a large gaseous mantle.
The planetesimal model explains many features of the cunent solar system. However,
to be applicable to the formation of the asteroid belt, these questions must be answered:
1. Why did large protoplanetary bodies fail to form in this region?
2. Why is the mass of the main-belt so low?
3. Why is the relative velocity of the remaining objects so high?
Wetherill (1988) gave two possible explanations for the main-belt's low surface
3

4

density (depletion of 10 _10 ) relative to the rest of the nebula: (1) the material was never
there to start with, or (2) the material was there to start with, but was removed by
fragmentation or gravitational perturbations. The first explanation seems unlikely given
our current understanding of the nebula, since the nebula initially had to be dense enough
to form asteroid-sized planetesimals. The second explanation is more closely associated
with the formation of Jupiter. Several hypotheses are built upon this premise.
Safronov (1969) favored a scheme where Jupiter-scattered planetesimals would
produce significant gravitational perturbations to the main-belt, such that asteroid/
planetesimals residing there would have their eccentricities "pumped-up". These higher
eccentricities would increase the rate of asteroidal fragmentation and ejections from the
main-belt, quickly removing enough mass to prevent a planet from forming. However,
Safronov's model has some serious problems. Substantial fragmentation of main-belt
objects from Jupiter-scattered planetesimals is unlikely since collision velocities were (at
best) comparable to cunent values within the main-belt, making it unlikely that
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fragmentation (with non-gravitational forces) could remove much of the main-belt's mass
before planet-formation could begin. Moreover, though Wetherill (1989) showed that a
Safronov-type model using scattered Earth-mass sized planetesimals in the main-belt
could "pump-up" eccentricities within the main-belt, he noted that the Safronov-type
model lacked a source for the planetesimals, a mechanism to deliver the planetesimals to
the main-belt, and a mechanism to remove the planetesimals from the main-belt. Thus,
Wetherill concluded that Safronov's hypothesis for forming the main-belt is currently
untenable.
Wetherill (1989) also tested a second main-belt formation model that suggested that
Jupiter grew so fast

(~1

Myr) that its gravitational perturbations pumped up the relative

velocities of planetesimals within the main-belt, hindering runaway growth and
protoplanet formation. Consequently, high collision velocities within the main-belt would
again lead to comminution, where material would be removed by non-gravitational forces.
For this scenario to work, Jupiter would have needed to accrete its central core and all of
its gas before any significant protoplanet formation in the main-belt had occurred.
Furthelmore, gravitational perturbations are difficult to invoke outside of narrow
resonance zones (Lissauer and Stewart 1994). It is possible that a growing Jupiter coupled
with the dissipation of the nebula gas could have caused resonance zones to "sweep"
through the asteroid belt (Ward 1981), but the time scales for removal of the gas are
unknown.
An alternative model was suggested by Wetherill (1992), who proposed that

protoplanet formation did take place throughout the main-belt. These main-belt planetary
embryos, perturbing each other while "pumping-up" the eccentricities of the remaining
material in the main-belt, ended up scattering each other into Jupiter's resonant zones
where they were quickly ejected from the system. Results from Wetherill's Monte-Carlo
models show that Jupiter can grow at much more leisurely rate

(~1O

Myr) than the other
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models suggested, while eliminating the need for an enhanced fragmentation rate.
Furthermore, this type of "self-clearing" model could also explain why Mars, the closest
terrestrial planet to Jupiter, is smaller than the other terrestrial planets. Finally, it has been
suggested by Melosh (1989) that the formation of the Moon was caused by the impact of a
Mars-sized planetesimal; Wetherill's model supports that view by also providing a
possible source for such an impactor.

2.1.2 Structure and Dynamical Evolution
The main asteroid belt lies between the orbit of Mars (at 1.52 AU) and Jupiter (5.2
AU), though most of the numbered asteroids (Le., those with permanent designations) lie
between 2.1 and 3.3 AU. The structure of the belt can be seen in Figs. 2.1 and 2.2. Both
plots show gaps in particular regions which are associated with orbital resonances
dominated by Jupiter. There are two types of orbital resonances: mean motion resonances
and secular resonances.
Mean motion resonances occur in the main-belt when the period of revolution of an
asteroid is a small integer fraction of Jupiter's period. Thus, if an conjunction of the
asteroid and Jupiter occur at some longitude L it will repeat at nearly the same place after
a few revolutions around the Sun. For example, for the 3:1 commensurability resonance,
conjuctions repeat after 3 revolutions of the asteroid and 1 of Jupiter. This repetition of
geometric configurations can result in strong cumulative orbital perturbations, which in
time can substantially raise the eccentricities of asteroids near those resonance regions.
Consequently, regions in the main-belt near positions such as the 2: 1 (3.3 AU), 3: 1 (2.5
AU), the 5:2 (2.8 AU) and other resonances are depleted in asteroids. On the other hand,
mean motion resonances can also stabilize orbits in particular regions. In the case of the
Hilda asteroids near the 3:2 (3.97 AU) resonance, these bodies librate such that they never

25

Orbital Elements of Asteroids
Resonanrce~s~.-__. -__- r__- .____r -__. -__- r__-.-r__r - - - '

6

with

-Earth-Crossing Limit

Jupiter

5
4:3-- .

3:2·-

: '. :",(, ":'.:-.;..::.. :."

4:1,

1
Q

-

1 AU
0

0

.2
.8
.6
.4
Orbital Eccentricity e

1
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experience a close approach with Jupiter. A similar constrained libration explains the
long-tenn stability of the Trojan asteroids at 1: 1 (5.2 AU).
Secular resonances occur when the orbital precessional frequency of a given asteroid
is equal to one of the eigenfrequencies of the system of major planet orbits in the frame of
secular perturbation theory (Scholl et al. 1989). Secular perturbations are time-averaged
perturbations, such that one could consider distributing the mass of each planet into a ring
along the planet's orbit at constant eccentricity and solving for its long-tenn effects on the
asteroid. The position of these resonances can be mapped into (a, e, i) space, where the
most significant main-belt secular resonances, the v 6' the v 5 and the v 16' can be seen in
Fig. 2.2. The v 6 resonance in particular helps define an upper boundary for the main-belt's
inclination. As before, these resonance regions are depleted in asteroids, again presumably
because asteroids in these regions can have their eccentricities increased to planet or Sunimpacting crossing orbits (Farinella et al. 1994).

2.1.3 Population Size and Collisional Evolution
The number of small main-belt asteroids as a function of size is currently unknown,
although Binzel et a1. (1992) suggests that most asteroids with diameter D > 30 km have
now been discovered. To estimate how many main-belt asteroids with diameters D < 30

km exist as a function of size, several asteroid surveys have attempted to count every
asteroid within a 8elected region of sky. These surveys, such as the Palomar-Leiden survey
(Van Houten et a1. 1970), have concluded that the size frequency distribution of main-belt
population can be modelled as a power-law distribution:

N(D>DO>

= CD-q

(2.1)

where N is the cumulative number of asteroids with diameter larger than Do, q is the
power-law exponent, and C is a constant. Where asteroid statistics are complete, the
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population can roughly be fit to a power-law slope of 2.0 to 2.5, though this greatly
oversimplifies the actual shape of the distribution (Fig. 2.3).
At asteroid sizes smaller than 30 km, the distribution of observed asteroids is
incomplete, with the completeness level decreasing sharply as asteroid size decreases. As
a result, the power-law exponent for asteroids smaller than a few hundred meters can not
be determined by fitting observational data. Instead, the power-law exponent is
determined by theoretical means and is found to have a value of 2.5 (Dohnanyi 1969).
Dohnanyi obtained this value by calculating the collisiona1ly relaxed "steady-state"
situation for an asteroid population undergoing comminution (Le., the asteroid popUlation
is depleted by catastrophic collisions but these same collisions produce numerous
fragments). His results also show that a population dominated by small bodies would be
have a power law exponent> 2.5, while one dominated by large bodies would have an
exponent

< 2.5. He found these values relatively insensitive to changes in the physical

parameters of the asteroids, making them applicable to the main-belt popUlation at small
sizes. Recent analytical and numerical results by Williams and Wetherill (1994) confirm
Dohnanyi's conclusions.
It is possible for the main-belt to have a steeper size-frequency distribution than the
steady-state value of 2.5, though a steeper slope can only be maintained for a limited
amount of time. A stochastic collision event, such as the disruption of a large asteroid,
may push a region of the main-belt population away from Dohnanyi's equilibrium if the
size-frequency distribution of the ejecta is steep (Greenberg and Nolan 1989). Such a
disruption could flood the local population with numerous small fragments, which would
take that region away from the steady-state condition. However, the local population's
slope increase would not last long; additional small bodies increase the rate of
fragmentation, depleting the local population more quickly than large body replenishment.
After a period of adjustment, the smallest bodies would return to the steady-state
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condition. Thus, it is possible that the steep power-law slope (q = 3.3) for the crater sizefrequency distribution on Gaspra (Belton et al. 1992) is indicative of a recent disruption
event; Gaspra's cratering slope, created from a steep population of projectiles, is much
steeper than Dohnanyi's steady-state slope of 2.5.
Other effects modify Dohnanyi's "collisional cascade" of large bodies fragmenting
into smaller bodies. Non-gravitational forces, such as Poynting-Robertson drag, remove
-1

~m

dust grains from the main-belt. This mechanism may actually increase the number

of bodies immediately larger than these grains, since fewer objects exist which can disrupt
them. Accordingly, there should be fewer bodies just larger than these bodies, since we
have now have more projectiles available to disrupt them. Thus, such a mechanism could
create a "wave-like" deviation away from the strict Dohnanyi power-law distribution
(Durda 1993). It remains to be seen if propagation of the wave from the number of dust
particles really can affect the number of 10 km asteroids we see.
Finally, the results of Farinella and Davis (1994) suggest that our approximations for
the main-belt size-frequency distribution may have large errol' bars in the 1-10 km
diameter range (i.e., larger than bodies governed by Dohnanyi's non-stochastic continuum
model and the smaller than the size range where discovery is nearly complete). The sizefrequency distribution in this size range is unknown, and the cratering records from
Gaspra and Ida yield inconsistent results. Much more observational and theoretical work
is needed to understand the size and shape of the main belt size-frequency distribution.

2.1.4 Asteroid Families
Asteroid families are another important aspect of the main-belt popUlation. They are
presumed to be generated by the disruption

01'

partial fragmentation of large asteroids

(e.g., D> 100-200 km), which causes the ejection of many sizeable fragments (Chapman
et al. 1993). The fragments often remain dynamically associated with the parent asteroid
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(if it still exists) and with each other. As such, dynamical families can be found by looking
for clustering among asteroidal proper elements; the most prominent clusters (the Koronis,
Eos, and Themis families) were found by Hirayama (1918). However, members within a
dynamical family may not all be physically related to one another; any given cluster of
asteroids is likely to contain "background" asteroids which are located in the same region
by chance (Milani and Knezevic 1992).
To differentiate between family members and these background asteroids, it is
necessary to carefully measure and compare the physical properties of each asteroid in a
given cluster. Genetic families are often proposed by matching the spectral (i.e surface)
properties between these asteroids (Bell 1989). The total number and distribution of
asteroid families are still hotly disputed (numbers between 5 and 117 have been reported),
though the most prominent Hirayama families are generally accepted to be both dynamic
and genetic families (Zappala et al. 1984; 1990) (Fig. 2.4 shows the most recent results of
Zappala et al.).
The recognition of asteroid families among the main-belt popUlation places important
constraints on the history and evolution of the main-belt. For example, the number of large
asteroids (D> 100 km) which have been catastrophically disrupted over the age of the
solar system is thought to be far more than the few tens of asteroid families recognizable
today, implying that mechanisms (e.g., collisions, planetary perturbations) must exist
which cause an asteroid family to become indistinguishable from the local background
population over time (Marzari et al. 1995). Moreover, the orbits and size-frequency
distributions of various families allow us to set limits on ejection velocities, fragment
sizes, and impact energies during family-forming events. However, post-formation
collisions and dynamical evolution make it difficult to determine a unique solution for the
initial conditions of the disruption event (e.g., the size of the projectile and parent body,
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the energy of the disruption event, the initial size-frequency distribution of the ejecta,
etc.).
In spite of these problems, Durda (1993), using a numerical model which tracked the
collisional evolution of asteroid families, estimated that parent bodies with diameters
larger than 250 km disrupting to produce families may be observable over the age of the
asteroid belt. Moreover, as the size of the main-belt popUlation decreases over time, he
found that family-fOimation events become more rare, implying that a proportion of
asteroid families may be remnants from the main-belt's early history. Thus, Durda (1993)
concluded that the popUlation of families in the main-belt has not yet reached steady-state.
(This conclusion was supported by the irregular size-frequency distribution seen among
the main-belt popUlation).
Durda's conclusion was also supported by the results of Nolan (1994), who used
numerical hydrocode models to simulate the catastrophic disruption of asteroids. Nolan
found that most disruption events only eject small fragments; large multi-km fragments do
not obtain the necessary velocities needed to escape the from the parent body. Thus,
family-fOiming may require unusual circumstances, perhaps requiring low impact
velocities or unusually large projectiles.
Marzari et a1. (1995) attempted to detelmine the ages and evolution history of three
prominent Hirayama families (Koronis, Eos, and Thcmis) by applying a numerical model
which tracked both the sizes and orbits of ejecta fragments from a parent body as they
collisionally and dynamically evolved in the main-belt. By matching the orbital and sizefrequency distribution of the actual families, they concluded that (a) the Koronis family
was likely produced by a 95 km projectile disrupting a 205 km parent body approximately
2 Gyr ago, (b) the size of the Eos parent body was probably near ~260 km, and that (c) the
Themis family, the largest family in the main-belt, was probably produced by a 190 km
projectile disrupting a 380 km parent body approximately 2 Gyr ago. All of these family-
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fonning events occurred recently enough that the fragments have not yet had time to fade
into the background main-belt population, confinning the results of Durda (1993).
However, Marzari et al. (1995) conceded that their results (and Durda's) depend largely on
their choice of disruption and ejection models, which Nolan (1994) contends may be
inaccurate.
So far, we only have limited data to resolve the outstanding issues relating to family
fonnation and lifetimes. Recent images from Galileo show that Ida, part of the Koronis
family, has a surface which has been extensively cratered. This cratering record indicates
that the Koronis family itself is quite old (-1 Gyr) (Belton et al. 1994). However, it is not
clear how Ida's small moon, Dactyl, could have survived for that length of time if it was
fonned by the same event which created the Koronis family. More data is clearly needed
to detennine family ages and to understand family formation events.

2.2 The Near-Earth Asteroid Population
The near-Earth asteroids (NEAs) are fragments of main-belt asteroids on Earthcrossing

01'

near-Earth crossing orbits that can potentially impact the Earth. Impact from

the largest bodies of the NEA popUlation could conceivably produce catastrophic effects
on a global scale. For this reason, we need to better understand the size, number,
composition, and collisional and dynamical evolution of the NEA population.
2.2.1 Population Size and Characteristics
Near-Earth objects have been classified into three groups based on their orbits: Amors,
Apollos, and Atens, where Amors are defined as having a perihelion distance between
1.017 AU and 1.3 AU, Apollos have semimajor axes equal to

01'

larger than 1 AU and

perihelion distance less than or equal to 1.017 AU, and Atens have a semimajor axis
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smaller than 1 AU and a aphelion distance greater than 0.983 AU (Shoemaker et al. 1979)
(Fig 2.5).
It is difficult to estimate the size of the near-Earth asteroid population, since few NEAs

have been discovered. As of January 1993, approximately 224 asteroids have been
discovered with Earth-approaching orbits: 14 Atens, 114 Apollos, and 96 Amors. Of this
small sample, only the population of asteroids brighter than absolute magnitude 13.5 are
believed to be complete; this magnitude translates into an asteroid size of 14 km for lowalbedo C class asteroids and 7 km for higher-albedo S class asteroids. For asteroids
brighter than absolute magnitude 15 (6 and 3 km, respectively), only 35% of the total
population is believed discovered (Morrison 1992). Discovery statistics continue to
decrease as the absolute magnitude increases, making it difficult to gauge the size of the
NEA population at small sizes.
To estimate the size of the NEA population, astronomers look at a small portion of the
sky, count all the objects discovered during their run, and extrapolate to obtain the NEA
population size. However, many factors (e.g., observational biases, albedo differences,
weather) complicate matters and make accurate determination of the popUlation size
difficult.
Based on lunar cratering statistics and our small sample of NEAs, astronomers have
attempted to estimate the size of the NEA population by using power-law size-frequency
distribution (Fig. 2.6). The power-law size distribution estimated by Morrison 1992 has
cumulative

exponents

at

the

following

sizes:

-2.6

(D < 0.25 km) ,

-2.0

(0.25 km < D:5: 2.5 km) , and -4.3 (D > 2.5 km) . Fig. 2.6 shows that -2000 asteroids
larger than 1 km cross the orbit of the Earth. This popUlation is much less numerous than
the main-belt population.
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2.2.2 Source for the Near-Earth Asteroids
A large source for much of the NEA population is the main asteroid belt. Collisions
between main-belt asteroids can produce cratering or catastrophic disruption, both of
which provide ejecta which can escape the parent body. If the debris is ejected with the
appropriate trajectory and velocity, it may reach a resonance zone (e.g., the 3: 1 mean
motion resonance or the y 6 secular resonance), from which chaotic orbital evolution may
transport that material to the terrestrial planet region (Greenberg and Nolan 1989).
Asteroids in these resonances have their eccentricities increased on a short timescale, e.g.,
an asteroid in the 3: 1 resonance may become Earth-crossing in -1 Myr (Wisdom 1983).
As an asteroid's eccentricity increases, it may experience a close encounter with either
Mars or Earth, which can modify the asteroid's semimajor axis enough to remove it from
resonance.
Most models show that the near-Earth asteroids can end their existence in one of three
ways: (a) collision with a planet, (b) collision with another asteroid resulting in
fragmentation, or (c) dynamical ejection from the solar system through a close approach
with Jupiter. The timescale for all these events (10-100 Myr) is substantially shorter than
the age of the solar system (4.6 Gyr), so it is unlikely that many (if any) NEAs remain
from the primordial population (Wetherill 1988). In fact, the NEA population would be
quickly depleted by collisional and dynamical processes if replenishment from one or
more sources did not maintain its current size.
Recent work by Farinella et al. (1994) indicates that there may be a fourth sink for
NEAs: bodies in the y 6 secular resonance often have their eccentricity increased over such
short times cales (-1 Myr) they become "sun-grazing" (e approaching unity). Farinella et
al. numerical results show that many asteroid and comets follow these "sun-grazing"
paths, which effectively removes them from the solar system. This unaccounted-for sink
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implies that even more material (Le., main-belt ejecta) must be transported through the 3: 1
and v6 resonances to replenish the NEA population.
Shoemaker et al. (1979) inferred that the size of the NEA population has been in
steady-state fol' at least 3 Gyr, based on the lunar cratering record, which indicates that
crater production has been relatively constant for the last 3 Gyr, and from Earth's cratering
record, where the surviving crater population agrees within a factor of 2 with the lunar
cratering record. Shoemaker et al. (1979) and Grieve and Dence (1979a,b) also
hypothesize that lunar and terrestrial craters appear to be too numerous to be represented
predominately by comet impacts.
2.2.3 NEA Dynamical Evolution Paths
The orbital motions of near-Earth asteroids (NEAs) follow well-known evolutionary
paths that have been characterized by Greenberg and Nolan (1993). In this section, I
briefly summarize their description as follows, because it lays the groundwork for the
research described in Chapter 7:
One constraint on the motion of a NEA comes from the Jacobi integral of the restricted
three-body problem, where the Sun, Earth, and the asteroid are the three bodies
considered. The Jacobi integral limits the motion of test bodies to those surfaces in
(a, e, i) space allowed by each body's angular momentum and orbital energy. Thus, even

though a planetary encounter may drastically modify a body's orbital elements, its new
motion must still adhere to the same Jacobi integral constraints as those given before
encounter. These surfaces in (a, e, i) space can be characterized by the "Tisserand
invariant" T, which describes the pseudo-energy of each body that must be conserved:
1
2 V2
T=-+2[a(1-e)]
cosio
a

(2.2)
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Using these constraints, Greenberg and Nolan approximated the orbital evolution of nn
Earth-crosser exiting a main-belt resonance by assuming its orbit was modified solely by
the Earth's gravitational force. The other planets were considered negligible perturbers for
this approximation; they are either too small (e.g., Mars) or too far away (e.g., Jupiter,
Venus, Mercury). They also assumed that the eccentricity of the Earth is zero. These
simplifications allowed them to use the Tisserand invariant to display the restricted
surfaces in (a, e) space for this system at any chosen inclination. Fig. 2.7. shows T
values for an inclination of 0° .
Typical NEA orbits change very little between Earth-encounters. However, Earthencounters themselves can significantly modify NEA orbits, though the new orbit is
constrained to a sUliace of constant T. Thus, Greenberg and Nolan found that a given
NEA random walks along a sUlface of constant T, with its largest step in (a, e) space
corresponding to the largest Ll V kick given by the Earth. These paths are shown in Fig.

2.8.
Main-belt material in resonance that reach the perihelion q = 1 AU line random
walks along the contours of constant Tisserand invariant following near that line (Fig.
2.7). Some of this material may even survive long enough to follow these same contour

lines "around the bend" to approach the Q

= 1 AU line. Typical dynamical evolution

along these contours lasts 1-10 Myr. Other dynamical paths can be generalized to Mars, in
which asteroids, which are solely Mars-crossing, follow Tisserand surfaces set by the
orbital parameters and gravitational acceleration of Mars. Dynamical evolution for solely
Mars-crossing bodies parallels the evolution of NEAs, although the timescale are much
longer.
Once a NEA becomes Venus-crossing as well as Earth-crossing it no longer is
constrained to constant T lines. Since Venus gravitational acceleration is comparable to
Earth's, the single perturber hypothesis breaks down. Subsequent encounters from Earth

41

6
-Earth-Crossing Limit

5

~
~.

(/)

2 ~

1

0

~~--~--~--~--~~--~--~--~~

o

.2
.4
.6
.8
Orbital Eccentricity e

1

Figure 2.7: Figure showing the lines of constant TIsserand invariant (see Eq. 2.2) as a
function of a and e, where i
O. The contours are (from left to right) T (3.0, 2.95,
2.9, 2.85, 2.8, 2.7, 2.6, 2.5, 2.4, 2.3, 2.2, 2.1, 2.0, 1.5, and 1.0. (Figure from Greenberg
and Nolan 1993).
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Figure 2.8: Figure showing the dynamical paths that can deliver asteroids from the
main-belt to Earth-crossing and then loss from Earth-crossing. The arrows show the
paths of the objects described in the test. The short vertical arrows in the main-belt
represent collision injection into the resonances, the horizontal arrows represent the
perturbations by resonances, and the curved arrows represent the perturbations due to
planetary encounters. The jagged arrow shows the ejection path of a sample test body
perturbed by Venus and Earth into a Jupiter-crossing orbit. Asteroids crossing Jupiter's
orbit are frequently ejected from the Solar system (Figure from Nolan 1994).
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and Venus allow the NEA to freely wander (a, e, i) space. Eventually, asteroids
experiencing repeated close approaches with the terrestrial planets may dynamically
evolve into Jupiter-crossing orbits, which are quickly ejected from the solar system (-1
Myr).
NEAs can follow other paths not dominated by perturbations from the terrestrial
planets. New results from Farinella et al. (1994) suggest that many objects in the v 6
secular resonance can quickly become "sun-grazing" (e.g., -1 Myr) if (terrestrial)
planetary perturbations do not first remove them from resonance. In terms of Fig. 2.8,
these objects follow a horizontal path from the v 6 resonance to either a Jupiter-crossing
orbit, where they are removed from resonance by Jupiter perturbations, or all the way to

e '" 1.0, where they collide with the Sun. Although the importance of this path needs to be
further quantified, it appears that some main-belt material from this path may add to the
high-eccentricity population of objects comprising the Jupiter comet family and the Taurid
meteoroid complex (Valsecchi et al. 1994).

2.2.4 Evidence fbi' Collisional and Dynamical Evolution Among NEAs
The collisional evolution of NEAs continues as they orbitally evolve in the terrestrial
planet region. NEAs frequently strike other asteroids, either other NEAs or main-belt
bodies, again yielding cratering or catastrophic disruption events. Weak or small NEAs are
destroyed relatively quickly. Larger or stronger bodies can survive much longer, since
their collisional fragmentation requires larger, rarer projectiles. The meteorites that
survive to reach Earth are merely the remnants of a long succession of collisional events
(Wetherill 1988).
The irradiation record of meteorites is one indicator of collisional evolution among
NEAs. It dates how long the surface of the meteorite parent body had been exposed to
galactic cosmic rays before those surface material was transported to Earth. Some
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meteorites show complex irradiation histories, evidence of multiple collisional events (and
surface burial) over time. Ordinary chondrites, the most common meteorites, are not
composed of strong material, and therefore wear away more easily than some other
asteroids. For example, most Hand L -type ordinary chondrites display a peak cosmic-ray
exposure age of less than 20 Myr, much lower than mean cosmic ray-exposure ages of
achondrites of 20-35 Myr (Caffee et al. 1988). These low ages imply that most ordinary
chondri tic material must be ground to sub-meteorite size on similar timescales. In
contrast, iron meteorites, much stronger than ordinary chondrites, survive long enough to
reach cosmic-ray exposure ages as high as 1 Gyr (Caffee et al. 1988).
A second indicator of collisional (and dynamical) evolution among NEAs is "orbitalmaturity", defined by an impacting NEA's encounter trajec.tory with Earth. Once an
asteroid enters the terrestrial planet regime, its orbital evolution is controlled by planetary
close approaches and distant perturbations. When NEAs first leave resonance they often
have perihelia near the Earth. Such asteroids are "orbitally-immature" and tend to collide
with the Earth from the PM side of the planet. Because weak bodies cannot survive long
enough to reach orbital maturity, ordinary chondrite meteorites tend to fall in the PM.
However, this PM excess may also be, in part, a source effect.
Asteroids which do not first collide with the Earth can be perturbed into orbits with
perihelia significantly less than 1 AU. Such orbits do not produce an excess of PM falls
among meteorites, and are classified as "orbitally-mature". Iron and stony-iron meteorites,
with long cosmic-ray exposure ages, are usually sufficiently strong to avoid catastrophic
fragmentation and achieve orbital maturity before reaching Earth; Weaker chondrite and
achondite meteorites must originate as collisional ejecta from a large orbitally-mature
parent body to achieve orbital maturity.
Thus, the meteorite record suggests the following about the collisional and dynamical
processes affecting NEAs: (a) Small main-belt asteroids reaching resonances may not
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survive long enough to impact a terrestrial planet, (b) Only large or strong (iron) asteroids
will survive long enough to become "orbitally-mature", and (c) Meteorites showing
orbital maturity but short cosmic-ray exposure ages must have been be "protected" by
surface material on orbitally-mature parent bodies before reaching Earth. However, both
(b) and (c) may depend on the delivery mechanism, which almost certainly complicates
the simple story told here.
2.2.5 Collisional Processes on Asteroid-Sized Bodies
Understanding the collisional evolution of the main-belt and near-Earth asteroid
populations requires an understanding of physical processes involved when one asteroid
collides with another. Unfortunately, large-scale asteroid collisions occur so infrequently
that direct observation of these events is virtually impossible. Thus, we are forced to use
several indirect methods to study the physical processes of asteroid collisions:
(1) Laboratory experiments: Several groups have performed collision experiments to

determine the amount of energy needed to fragment or disrupt small targets (- 10 em in
size). (Recent reviews are given by Fujiwara et al. 1989 and Ryan 1993). The goal of these
experiments was to quantify the impact strength of the target material by detelmining the
energy Q* needed to produce a barely catastrophic outcome. Then, by extrapolating these
results by several orders of magnitUde in target size, these groups estimate the amount of
energy needed for an asteroid disruption event. Related experiments also attempt to
quantify the size-frequency and velocity distributions of the ejecta.
(2) Cratering experiments on Earth: Nuclear explosions are the closest man-made
approximation to asteroid collisions in telms of energy yield, and underground tests are
similar in terms of energy deposition over a small region. Accordingly, results taken from
these cratering tests have been applied to asteroid impacts, accounting for the different
gravity, target material, and the "finite" size of asteroids (Housen et alI991). However, the
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velocity distribution of crater ejecta has not been well characterized, since it is difficult to
know where each ejecta fragment was originally located within a given impact site.
(3) Numericul models: Numerical hydrocode models have also been developed which
allow modelling of km-sized asteroid impacts (Nolan 1994). These models account for the
small scale physics of fracture, shock, and gravity while allowing ejecta to fOlm under the
relevant physical conditions, giving them an advantage over scaling from physical
experiments. These codes also match the results of both laboratory and cratering
experiments, though they have not yet been verified for asteroidal materials.
As of this writing, hydrocode results are drastically changing thinking regarding
asteroid impacts, with many interesting results. For example, Greenberg et al. (1993)
found that asteroids the size of Gaspra (-12.6 km in diameter) can sustain much larger
impacts (before catastrophic disruption)

than previously estimated by scaling

relationships. They found that Gaspra-sized asteroids are in a transition regime, between
the strength-dominated regime (where the target's physical strength controls crater size at
small asteroid sizes) and the gravity-dominated regime (where the target's self gravity
controls crater

siz\~

at large asteroid sizes). In a similar fashion, hydrocode results show

how Phobos could survive the large Stickney-fOlming crater event (Asphaug and Melosh
1993). Hydrocode modelling has also discovered that large impacts "jolt" the surface
material of the target asteroid, causing the regolith to jump off the surface and bury
smaller craters (Greenberg et al. 1993).
These new results force us to reexamine previous estimates of asteroid lifetimes. Since
large asteroids may survive much longer than previously estimated, it is possible the mainbelt has not experienced significant mass loss over its history. Moreover, these results raise
the possibility that asteroid families are produced by rare events, making the present
families much longer-lived than previously thought. Any calculation of asteroid lifetimes
must now account for the new paradigms presented by hydrocode results.
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CHAPTER 3:
ASTEROIDAL COLLISION PROBABILITIES
3.1 Introduction
Several fonnulations of asteroidal collision probabilities, all based on the same
theoretical underpinnings, give discordant numerical results, although all agree to within a
factor of two with values of collision rates from particle-in-a-box estimates. I have found
that many of these fOimalisms contain errors or oversimplifications which lead to
incorrect results when applied in particular cases. Consequently, in this chapter, I (a)
review how collision probabilities are found, (b) identify the sources of error in each of the
previous fonnulations, and (c) make corrections to the results and present a revised
methodology applicable to computing the collision probability between pairs of asteroids.
I find that Greenberg's (1982) collision probability fonnalism (now with a corrected
symmetry assumption) is equivalent to Wetherill's (1967) approach, except that it includes
a way to avoid singularities near apsides. Furthennore, I find that the calculation by
Namiki and Binzel (1991) based on Wetherill's method were accurate only for those cases
where singularities did not arise.

3.2 Probability of Orbital Intersection
Calculating the collision probability between two bodies on independent orbits around
the sun requires that two objectives be met: (a) Both orbits must come close enough
together that a collision between the bodies is possible (Le., the orbits must cross), and (b)
when the first body arrives at the orbital intersection point, the second object must be close
enough that a collision can take place (i.e., both bodies must arrive at the collision
intersection at the same time). The first objective can be met by computing the probability
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that the bodies' orbits are close enough for collision. Then, the second objective can be
met by calculating the probability that the bodies will be close enough for collision at the
orbital intersection point. Taking both probabilities together, one can determine the
probability of collision between a pair of bodies.
3.2.1 The Orbital Coordinate System
In order to satisfy the first objective for orbital collision, we need to determine the
probability that the orbits of two bodies come close enough that collision can occur.
Following the notation of Wetherill (1967) and Greenberg (1982), one object is refen'ed to
as the "field body" with orbital elements (ao, eo, io) and the other object is referred to as
the "test body", with orbital elements (a, e,

n. The other elements, the longitudes of

ascending nodes (,Q and ,Qo) and the arguments of pericenters (ro and roo)' are assumed
to vary uniformly and slowly so there is a uniform probability of each variable having any
value from 0 0 to 360 0 at any given time. The designation of the field and test body in this
formulation is arbitrary, so switching them will have no bearing on the final collision
probability. The standard keplerian coordinate system used is shown in Fig. 3.1.
In order to determine closest approach between the two orbits, Greenberg (1982) set
up a coordinate system that takes advantage of some inherent properties of each orbit.
When projecting two orbits onto the celestial sphere, or when examining the two orbits in
a normal cartesian coordinate system, one can see that any collision must occur near one
of the two mutual nodes (Fig. 3.2). The location of these mutual nodes, measured from the
node of the field or test particle (uo and u, respectively) is given by:
uo = atan (

-sin.1,Q
...
.1,Q' ),
COtlSlnlO - cos
COSiO

COSll = COSllOCOS.1,Q + sinuosin.1,Qcosio,

(3.1)
(3.2)
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Standard coordinate system for an orbit. n is the longitude of the ascending
node on the reference plane XY, measured from reference direction X. Argument of
pericenter, co, is measured from the node to pericenter in the orbital plane.

Figure 3.1:

sinu =

sinuosiniO

(3.3)

sini

Equation (3.2) gives two values of U o which are 180 0 apart, one for each mutual node. By
selecting one of these, we can determine a unique value for u. The mutual inclination
between the field and test orbit is defined as:
cosi' = cosicosio + sinisiniocos~Q.
With our coordinate system defined by these parameters (u, uo'

(3.4)
~Q,

and i', we now

examine the motion of the two orbits near the chosen mutual node where a collision can
occur.
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Figure 3.2: Orbits and the reference plane projected onto the celestial sphere.
AQ = Q - no' the mutual inclination is i', and the positions of the mutual nodes from
the node of the field and test orbit are given by 1/ and I/o' respectively. (Figure from
Greenberg 1982)

3.2.2 Motion Near the Mutual Node
To determine of the minimum distance (D MIN ) between the two orbits, we select an
appropriate cartesian coordinate system. The orbits' closest approach position generally
occurs near a mutual node, so we define a coordinate system based on the line of mutual
nodes (Le., the line from the Sun through the mutual nodes), which we define as the Xaxis. We also assume that both orbital trajectories can be approximated as straight lines
near the mutual node (Wetheril11967). The field orbit's plane defines the XY plane and the
origin is defined where this orbit crosses the X-axis. This coordinate system is shown in
Fig. 3.3. The orbits themselves are separated along the line of mutual nodes by the
quantity Ilr, given by
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i1r

Figure 3.3: Motion near the mutual node. The X -axis is the line of mutual nodes and the
field orbit lies in the XY plane. The test orbit is inclined to the XY plane by the mutual
inclination it. B, an arbitrary point chosen on the test orbit, is a distance D from its closest
point on the field orbit. Projecting B a distance 2 to a point E on the XY plane, we can
draw a line a distance L from E to that same closest point on the field orbit. Thus, the
closest distance from B to the field orbit is given by D=(L 2 + 22)1(2 (Figure after
Greenberg 1982).

2

Ilr =

a (1 - e

)

-;----,---7'

1 + ecos (ll - co)

(3.5)

where (u- co) and (1l0 - coo) define the true anomaly of the test and field body,
respectively, when each is at the mutual node (i.e., crossing the X -axis). The test orbit is
inclined to the XY plane by the mutual inclination i', and the angle it makes with the Xaxis is given by the quantity a:
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cota =

esin (ll- (0)
_____
1 + e cos (ll - (0) .

~--~-

(3.6)

The angle between the field orbit and the X-axis (ao) is given by the same formula with
subscript "0" added to all quantities in (3.6).
Using Fig. 3.3, we geometrically construct the distance between some arbitrary
position on the test orbit (B) and its nearest position on the field orbit. Since B is out of the
plane, we project its position onto the plane (a distance Z) and then draw a straight line
between the closest position on the field orbit and that projected position (a distance L);
the distance between B and the closest position on the field orbit can then be defined as

D = (L 2 + Z2) 1/2. Once D is determined, we take its derivative, solve for zero, and
substitute it back in to get the closest approach distance DMIN:

Ilr sini'
DMIN = -A-:---

(3.7)

where
(3.8)

This solution for DMIN holds as long as the orbits near the mutual node can be
approximated as straight lines.

3.2.3 Volume of Intersection Space
We can now define an intersection between two orbits as follows: the orbits of two
bodies pass close enough for a collision to take place if DMIN is less than the gravitational
cross-section radius

1:. 1:

is defined as:

(3.9)
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where R, Ro are the radii of the test and field bodies, VESC is their mutual escape velocity,
and V is their relative velocity. This criterion can be used to obtain particular values of co,
coo' and

~Q

for which the orbits intersect (Le., where DMIN < ,;). Accordingly, in order to

calculate the probability that these orbits are close enough for collision, we need to find
their values in this intersection space and divide them by the entire volume of space in
which they exist:

POrbits

=

Volume of intersection values (D MIN < 1:)

(3.10)

Volume of entire space == (2 rc) 3

Since co, coo' and ~Q all can vary from 0 to 2rc, their total volume is (2rc) 3.
In order to calculate the volume of intersection values, we first explore a crosssectional layer of that volume. By choosing a value of ~Q, we limit the entire encounter
space to two dimensions (Le., an area of co and COo values). We can simplify the
intersection space even more if we choose DMIN = O. Since DMIN = 0 only occurs
where

~r

= 0, we find that (3.6) gives us the equation of a line on that layer:
a (I-i)
2

ao (1- co)

ecos (11- co)
= 1 1++eocos
(110 - coo) .

(3.11)

~----~----~

By choosing a value of COo on this line, we specify co as well. However, negative
values of the either true anomaly also yield valid solutions. When combining this result
with the 180 0 ambiguity involved in II and 110 for any given value of ~Q (Eqs. 3.2-3.5),
we find that there can be as many as four different values for co once

~Q

and COo have

been chosen. In other words, since a keplerian orbit has two points at each radial distance
between periapse and apoapse, there are 0, 2, or 4 values of co that allow intersection.
The DMIN = 0 line is shown in Fig. 3.4, where the cosines of the true anomalies of
both the field and test orbits replace co and COo space. Note that (3.11) has no

~Q

dependence in this space, implying that the same DMIN = 0 line remains constant for any
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Figure 3.4: The locus of orbital intersection (D MIN ) is a straight line on a
cos (u - co), cos (uO - coo) plane. The values of a's and e's in (3.11) determine where
intersection occurs; any two points can be connected by a line. A line appearing outside
the plane corresponds to two orbits with no overlap. If overlap does not occur, orbital
intersection between the two bodies is impossible. The other region between the two
wiggly lines (symmetric around the DMIN = 0 line) represent the space where DMIN <
't, the gravitational cross-section radius. The half-width !::.C of this area is parallel to the
test orbit's axis of C = cos (u - co) . This quantity, unlike (3.11), is dependent on a
choice of !::'Q (Figure from Greenberg 1982).
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cross sectional layer in this space. However, one must also consider other possible
intersection values (Le., all the non-intersection positions where DMIN

< 1:). Using the

value of DMIN obtained in (3.8), one can calculate the half-width /lC parallel to the test
orbit's axis C

= cos (u -

co) of the area around DMIN

= 0 where DMIN < 1::

1:

/lC =

-a"'D;::-"MIN---:/:---

(3.12)

(ac)
D~IIN

<=

0

Now, since both sides of the DMIN line have symmetric /lC values, we can easily
integrate the collision intersection area of this layer. However, /lC is a function of /lQ, so
even through the DMIN

= 0 line is constant for all choices of /lQ, the total intersection

area of each layer is different. Integrating along /lQ yields the volume of (co, coo' /lQ)
intersection space:
2ft

=

4ff sm.

t

c

11-

co ) dcood(/lQ) .

(3.13)

The factor of 4 comes from two separate simplifications: one factor of 2 is obtained
from the symmetry of /lC space around the DMIN = 0 line; the other factor of 2 is
included to account for the collision symmetry in orbital intersection space that takes
place at the other mutual node of the orbits. The COo limits in this integral are detelmined
by the extremes of /lC seen in Fig. 3.4 (Le., the values are 110 - acos (cos (lio - coo) MIN)
and 110 - acos (cos (110 - coo) MAX»'
This integral must also account for both positive and negative values of each body's
true anomalies. As a result, even though the intersection geometry for each possible set of
true anomaly values is the same, the relative velocity vector of each body at intersection is
different, such that each combination must be solved separately. When calculated, the sum
of these four volumes, scaled by the total volume, (21t) 3, allow one to obtain the orbital
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intersection probability for any given two orbits. Greenberg (1982) inadvertently assumed
that the relative velocity vectors for each combination of field and test body were
symmetric, such that they would yield equal intersection volumes. Thus, he only
integrated over 1/4 the space and multiplied (3.14) by an additional factor of 4 rather than
integrating all the possibilities. This error will be discussed further in Sec. 3.4.

3.3 Probability of Collision
3.3.1 Probability of Bodies Reaching the Mutual Node Together
Once we know that two orbits intersect each other within a prescribed collisional
separation distance, we can satisfy the second objective for orbital collision, namely
calculating the probability that both bodies will reach the mutual node together such that a
collision can occur. We again start with the case of each body's motion near the mutual
node. In Fig.3.5, we show another new coordinate system where the closest approach
distance between the two orbits (D MIN ) defines the direction of the z-axis, the velocity of
the field body (U 0) defines the direction of the y axis, and the x-axis is orthogonal to
both. The origin is defined by the position of the test body at time t = 0; the field body is
defined to be at (x, y, z) = (0,11,0). Finally, the test body also has a velocity (U) at an
angle 8 from the x-axis. Now, at time t, we can express the mutual separation of the field
and test bodies

(~(t)

~2(t)

) as:

= (tUcos8)2+

(11+Uot-Utsin8)2+D~

(3.14)

Thus, by taking d~ / dt ,= 0, solving, and substituting, we get the minimum separation
2

between the two bodies

(~MIN):

(3.15)
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Figure 3.5: Coordinate system XYZ has origin at the point on the test orbit closest to
the field orbit. From the origin, the Z axis points towards the field orbit and the Y axis is
parallel to the velocity of the field body U o. At t = 0, the test body is at the origin and the
field body is at (0,11,0) . U lies in the XY plane (Figure from Greenberg 1982).

where the relative velocity V == U - U o. We can then use the same collision criterion used
in Sec. 3.2: If llMIN < 't (i.e., the gravitational cross-section radius), the bodies pass close
enough that collision can occur. Another way to put it is:
11 <

2
('t -

Di.tm)

1/21-V-I'
Ucos6

(3.16)

For any given value of D MIN , the probability of collision is proportional to the right hand
side of (3.16). Therefore, the probability is (1 - (DMIN/'t) 2)
DMIN

1/2 times the probability for

= O. The average probability of collision over all values of DMIN < 't is:
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21t

{f

{1- (DMIN/'t) 2} l/2dD MIN = 7t/4

(3.17)

o
times the probability if DMIN

= O.

3.3.2 Probability of Collision for DMIN=O.
To find the probability of bodies colliding for DMIN = 0 (Po), we take the ratio of
time where

~MIN

< 't (Le., when collision can occur) over the period of the field body:
Time over orbit when

P (D
o MIN

(~MIN

< 't)

=0) = --,.:--:--..,........".~-:-:--:--=-Period offield body • To

(3.18)

Fig. 3.6 shows the coordinate system of the field and test body along the line of mutual
nodes if DMIN

=0

(similar to Fig. 3.2). In this case, the field body is at point P, with

coordinates (11 coscxo' 11 sincxo' 0) , where 11 again is the distance from its point of closest
approach to the test orbit. We can then find the value of

~MIN

where

substituting in the relative velocities of both bodies and solving for

~MIN

~MIN

<

't

by

(Wetherill

1967):
(3.19)

where V is the relative velocity of the two bodies and Vx' Vy are its in-plane
components.
Using this quantity, we can use (3.19) to obtain the probability of collision (Po) for
DMIN = 0:
2~MINIUO

Po = ---=--

To

(3.20)

where the 2 accounts for times both before and after t = 0 and U0 is the velocity of the
field particle.
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Figure 3.6: Same as Fig. 3.2, except DMIN = O. The field orbit lies in the XY plane and
the test orbit is inclined to that plane by the mutual inclination j'. When the test body is at
the origin (t = 0), the field body is at P. At a later time t, Ll (I) defines the distance
between the two bodies (Figure from Greenberg 1982).

3.3.3 Probability of Collision: Final result
The probability of collision for all values of DMIN that fall within the collision
criterion DMIN < 't has been shown be Eq. 3.18 to be:
(3.21)
This remarkable result allows the easy calculation of the mean collision frequency of the
field body with the test body. Since the chance for collision with P Bodies occurs once each
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test orbit period (T), we find that the mean collision frequency within (ro, roO' LlQ)
intersection space to be

1

(Collision Frequency) =

41tPO
-T-

(3.22)

However, in order to get the overall frequency, we must also take into account all the
time the two orbits do not pass within • of each other. Thus, we take the average of the
collision frequency over the entire volume of (ro, roo' LlQ) encounter space i.e., we
combining the probability of orbits being close enough for collision (3.14) with the
probability of both bodies reaching the collision region at the same time (3.23):
( 1

21t

--3ff . ( )
4

Frequency =

LlC

sm

(21t)

\

41tPO I

ro l-T-)drood(LlQ)

II -

(3.23)

o 000
Equation (3.24) yields the "intrinsic collision probability" (Pi) (using the terminology
originated by Wetherill 1967) between the field and test body once the .2 factor is taken
out of the integrand (For asteroidal cases, .2 is assumed to be of the same order as the
geometrical cross-section of the bodies

1t

(R

+ Ro) , so dividing the former by the latter in

(3.24) gives us Pi)' However, as discussed at the end of Sec. 3.2, one must evaluate this
integral for each of the possible combinations of the true anomaly which satisfies the
criterion DMJN = O. The four possibilities are:
- (It - ro) ,

(Ito - roo)]

-(It-ro),-(uo-roo) .
The first and fourth combinations yield equal results for (3.24), as do the second and third
true anomaly combinations. Therefore, by invoking symmetry yet again (with another
factor of two) we can halve the number of times (3.24) must be evaluated (from 4 times to

2).
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Note that low values of i' may yield inaccuracies, since the integrand approaches a
singularity. For those situations, the method presented here needs to be reworked to
properly account for the two-dimensional nature of the system.

3.4 Comparison with Previous Methods
3.4.1 "Particle in the Box" model
The simplest way to estimate collision probabilities is to apply the well known
statistical formalism known as the "particle in the box" model, in which asteroids are
treated like gas particles homogeneously distributed within an interaction volume. Also,
the asteroids are allowed to move between collisions on Keplerian heliocentric orbits.
Thus, for any given pair of bodies, it is possible to calculate the average number of
collisions with a time interval Mas:
AVM

(3.24)

N=-W'
where W is the interaction volume, A =

1t

(R 1 + R2) is the collision cross section

between the bodies, and V is the average collision velocity, V ~ eall

~ iall.

Wetherill

(1967) defined N as the intrinsic collision probability (often given in units of km -2 yr -1).
Using this approach, Wetherill (1967) estimated that the main-belt asteroid population
should have a mean intrinsic collision probability of 5XlO- 18 km -2 yr-l, a value
reasonably close to those found by more accurate models.
However, pairs of bodies on eccentric orbits really do not fill a well-defined box
volume nor do they randomly move like gas particles. Modeling asteroid motion requires
a more rigorous treatment of keplerian motion as well as taking into account the
precession of the apsides and nodes of each body (as in Sec. 3.3). Consequently, other
methods were developed to calculate more precise results.
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3.4.2 Opik's Method
Opik (1951) was the first to formulate a collision probability theory between pairs of
bodies orbiting the sun. His work concentrated on the probability of collision between a
planet on a circular orbit (e.g., Earth) and other objects with planet-crossing orbits, such as
asteroids and dust particles. Assuming that secular perturbations cause a given body's
4

apsides and nodes to circulate over a short timescale (10 _10 5 years), Opik postulated that
all possible orbital intersections between a precessing body on a circular orbit and another
crossing body must be included when determining the average collisional probability
between the two bodies. As such, his formalism was the earliest version of that presented
in Sec. 3.2 and 3.3. However, Opik assumed that one of the two orbits was circular to
simplify the problem such that an approximate solution could be easily calculated. In
particular, Opik concluded that the relative velocity vectors at intersection are symmetrical
for all possible collision geometries. Thus, rather than explicitly calculating the collision
probability for each geometry, he could simplify the calculation by including a factor of 4
in the integral and solving for a single collision geometry.
Though Opik's method was reasonably accurate for detelmining collision rates with
objects such as the Earth, it was not nearly so useful for pairs of bodies with substantial
eccentricities. To accommodate those bodies as well, Opik introduced a corTection factor
which approximated the fraction of time that the body on the "circular orbit" actually
spent on its elliptical motion out of the radial range of the other body. This correction
factor produced results which generally agreed with more recent methodologies, though
particular cases could produce substantial inaccuracies.
To compare Opik's model with ours, I have created a table (Table 3.1) showing results
from each method, where the intrinsic collision probability of 11 sample pairs of orbits
with the hypothetical asteroid "Astrid" has been computed. The results representing
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Cpik's model were taken from Arnold (1965), who used both Cpik's method and his
correction factor to account for an eccentric test body. Though imprecise, Cpik's model
was able to determine collision probabilities between most pairs of objects to a factor of
two (but that's not any better than the particle-in-a-box method).

3.4.3 Wetherill's Method
Wetherill (1967) improved the method of Cpik by explicitly take into account the
eccentricity of the test body. For two orbiting bodies, each with a fixed semimajor axis,
eccentricity, and inclination, and with unifOimly precessing apsides and nodes, he
evaluated the fraction of time during which two orbiting bodies would be closer together
than their collision cross-section. The evaluation involves integration over all possible
orbital orientations. Since the formalism presented in this chapter was originally derived
from Wetherill (1967), I will not elaborate on this model unnecessarily. However,
Greenberg (1982) found that Wetherill's method yielded inaccurate results for tangential
encounters, where his collision probability integrand was found to yield a singularity. This
singularity arises for collisions near an apse of one orbit, where a finite change in
longitude of pericenter can give zero change in closest approach distance. The singularity
itself can lead to an infinite integrand in the evaluation of collision probabilities. To
overcome this problem, Wetherill introduced a Monte-Carlo integration scheme, in which
the integrand was sampled randomly at a limited number of positions in the integral space.
Wetherill's integration method made evaluation of the integrand at a singularity
improbable, but it was also likely to miss meaningful high values near a singUlarity. Table
1 reproduces Wetherill's results for the same 11 test cases used previously for Cpik's
model. I find that his results are similar to our own, but with particular differences
explained in the following section.
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3.4.4 Greenberg's Method
Greenberg (1982) rederived and improved Wetherill's method by finding a way to
avoid the singularity in the collision probability integrand. By reversing the labels of the
"test" and "field" bodies (in effect reversing the order of integration) for part of the
integration space, Greenberg was able to remove the singularity from the integrand.
Wetherill (1967) had also noted that such a reversal would preserve the value of the
integral, but he never applied it to his method. Greenberg's modification allowed him to
use a conventional numerical integration scheme, in contrast to the one adopted by
Wetherill. As a consequence, it was no surprise to Greenberg that his results differed from
those of Wetherill for the benchmark comparison cases, as shown in Table 3.1.
In Greenberg's Eq. (23), (our Eq. 3.13), a factor 4 was included to account for the four
sets of values

(II - ro, 110 - roo)

that correspond to a single set of values of

( cos (II - ro) , cos (110 - roo) ). This factor of 4 was carried into the coefficient of
integral (35) (our Eq. 3.23), which gives the intrinsic collision probability. However, the
integrand of (35) contains Po' which in tum depends on the relative velocity V, and V is
not the same at all four points in (II - ro, 110 - roo) space. Thus, in Greenberg's Eq. (35)
the coefficient should be divided by four, and the expression should be evaluated at, and
summed over, the four separate points (Namiki and BinzeI1991).
More recently, Namiki and Binzel (1991) used the same general theoretical approach
as Wetherill (1967) to investigate the probabilities of impacts with asteroid 951 Gaspra, in
preparation for the subsequent imagi.ng by the Galileo spacecraft. In their evaluation,
Namiki and Binzel avoided the symmetry error. Like Greenberg, they used a conventional
integration scheme with uniform sampling, rather than Wetherill's random-sampling
method. However, they did not adopt Greenberg's procedure (or any other procedure) for
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avoiding the singularity discussed above. Thus, the accuracy of their integration depends
on the integration steps being adequately small near any singularities.
I apply the same software used for the Gaspra case by Namiki and Binzel (generalized
to apply even where inclinations are > 90°) to the benchmark cases seen in Table 3.1.
Because the procedure is closest to Wetherill's, the results might be expected to be similar.
However, the results do differ, reflecting the different integration methods and the fact that
neither method addresses the problem of the singularities. Moreover, singularities may
differ depending on which bodies are identified as "test body" and "field body". I show in
Table 1 results from Namiki and Binzel's algorithm for both choices for each pair of
asteroids.
Another means for dealing with the singularities was adopted recently by Farinella and
Davis (1992), who simply chose an integration step-size sufficiently narrow that they
could integrate arbitrarily close to the singularity, which allowed them in principle to
achieve any desired level of precision. However, their results are expressed in statistical
tenns, so I am unable to compare precision of results for individual pairs of bodies.
3.4.5 8ottke's Method
I have recomputed collision probabilities, using Greenberg's method for avoiding the
singularities, and incorporating Namiki's correction of the four-fold symmetry
assumption. The results, shown in the last column of Table 1, avoid all of the errors
discussed above. These results agree with those of Namiki and Binzel only in those cases
where the latter happens not to involve singularities.
I have recomputed the intrinsic collision probability for Gaspra with each of the 534
asteroids considered by Namiki and Binzel (1991). The histogram for these results (Figure
3.8) differs somewhat from that published by Namiki and Binzel (Figure 3.7):
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INTRINSIC COLLISION PROBABILITY RESULTS

Pi

Arnold Wetherill I Greenberg3 N & B2 N & B I Bottke3

a

e

1948EA

2.263

0.605

0.3226

1.92

3.10

2.49

3.03-

3.19

3.20

Apollo

1.480 0.560

0.1047

3.03

4.22-

3.24

3.46-

3.48-

3.60

Adonis

1.970 0.780

0.0349

4.95

4.13

3.92

4.24-

4.53

4.53

1950DA

1.695

0.506

0.2131

2.19

3.90-

3.13

3.61-

3.64-

3.76

Encke

2.214

0.847

0.216

2.56

3.49

2.91

3.25-

3.43

3.43

Brorsen

3.099 0.810

0.513

0.79

0.94

0.81

0.90-

0.95

0.95

Grigg-Mellish 30.005 0.969

1.916

0.020

0.022

0.021

0.021"

0.022

0.022

Temple-Tuttle 10.325 0.905

2.839

0.33

0.62

0.60

0.59-

0.62

0.62

Neujmin (3)

4.931

0.588

0.066

0.83

0.89"

0.74

0.92*

0.90'

0.94

Schaumasse

4.059

0.705

0.209

0.90

1.16

0.91

1.09"

1.15

1.15

Pons Brooks

17.120 0.955

1.295

0.037

0.041

0,038

0.039"

0.041

0.041

Object

I Astrid

is the field body.
the test body.
3 Bottke (this chapter) switches test and field body definitions (method of Greenberg 1982) to eliminate
any singularity.
- indicates a singularity appears in the integrand.
2 Astrid is

Table 3.1:

Comparison of the intrinsic collision probability Pi (units
1O-18 km -2 yr -1) computed by various methods, for collision of various objects with the
hypothetical asteroid "Astrid" (Arnold, 1965), whose orbital parameters are a = 2.75,
e = 0.2727, i = 0.2760. Note the agreement between Namiki and Binzel's Pi results
and our results in cases where the former did not involve a singularity. Inclination is
given in radians.
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average

value

is

(P;> = 5.53X10- 18 km -2 yr -l,

(a)

The

(P j )

= 5.4 XlO- 18 km-2yr- 1 from Namiki and Binzel.

compared

with

(b) The two values of P j > 2.5XlO- 17 km- 2yr- 1 found by Namiki and Binzel were
particularly sensitive to singularities, because they cOll'espond to two asteroids (662
Newtonia and 248 Lameia) with inclinations nearly identical to Gaspra's. I now find all
values are < 2.3xlO- 17 km- 2yr- 1 .
(c) In our histogram, the spike at values from 1.7 to 2.0xlO- 18 km -2 yr -l, and the gap
from 2.0 to 2.3X10- 18 km- 2 yr- 1, are real and correspond to the actual structure of the
asteroid population in orbital element space. These low probability values correspond to
orbits with little overlap with Gaspra's radial motion. Thus most of the asteroids that
contribute to this part of the histogram come from the heavily populated region near
a:::: 3.1, e :::: 0.16. The gap in the histogram can then be traced to a hole in the main-belt

population that appears in plots of a vs. i (see Figure 1a of Scholl et al., 1989) around

a
a

= 3.1, i = 12°, and the spike is due to the markedly denser population near
= 3.1, i> 13°. The spike in the histogram includes 4 members of a single dynamical

family (#113, Williams, 1992).
For most current applications, the differences between the various results are not
critical. In fact, collision probabilities based on a sin1ple particle-in-a-box model give the
same order of magnitude values and are adequate for most current needs, given other
uncertainties in the physical processes of asteroid collisions. However, for future work the
method reviewed here and now evaluated accurately may be appropriate.
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Distribution of intrinsic collision probabilities P j (units 1O-17 km -2 yr -1)
for the 534 main belt asteroids of diameter> 30 km whose orbits intersect 951 Gaspra,
from Namiki and Binzel (1991), Average value is 5.4xlO- 18 km -2 yr -1.
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CHAPTER 4:
VELOCITY DISTRIBUTIONS AMONG COLLIDING ASTEROIDS
4.1 Introduction
Collisions detennine the history of asteroids, affecting cratering of surfaces,
development of regolith, and controlling lifetimes to disruption. Most models of asteroid
collisions take into account the distribution of masses of impacting asteroids, since
impactor size is important to understanding the significance of various collision events.
However, they generally assume that the distribution of collision velocities is sufficiently
narrow that it can be represented by a single representative average velocity. For the main
asteroid belt, (V) is generally taken to be 5 km/s. Asteroid collisional modeling has now
reached a level of sophistication where velocity distributions need to be considered,
especially since collision effects are very sensitive to impact velocity (e.g., the impact
2

kinetic energy goes as V ).
The statistical mechanics of asteroid interactions has been usually based on "particlein-a-box" models obtained from gas dynamics, not only for impact rates (as discussed in
Chapter 3), but also for velocities. However, the statistical mechanics of solar system
bodies is significantly 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 I
show below, for a given pair of asteroids, some impact velocities are much more probable
than others.
Based on similar geometric models to those discussed in Chapter 3, Namiki and Binzel
(1991) and Farinella and Davis (1992) computed average impact velocities for
representative populations impacting a target body. These models used a representative
population that included the larger bodies in the main-belt, which they assumed gave an
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orbital distribution characteristic of all main-belt asteroids. The velocities were computed
by taking pairs of bodies (i.e., a target body and members of the representative population)
and, for each pair, averaging 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 as representative
of collision velocities involving this population.
That procedure has three limitations:
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. Consequently, since their averaging
process was not properly weighted, the average collision velocity obtained for each pair
is not accurate.
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)
3. The published velocity distributions representing results over many pairs of asteroids
are actually histograms of the average velocities for each pair. Such distributions are
not equivalent to the velocity probability distribution that are obtained by summing the
separate probability distributions.
In this chapter, I develop a method for determining velocity distributions, that
addresses these problems, and apply it to individual pairs of bodies. I 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). I also obtain distributions of
the directional components of velocity for collisions in the main-belt and compare our
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results to those of Magnusson (1993). Finally, I discuss the applications of our work to
understanding the asteroid collisional record.

4.2 Collision Probabilities and Velocity Distributions
4.2.1 Distribution for a Single Pair 01' Bodies
In order to find the collision probability and velocity distribution between pairs of
bodies orbiting the Sun, I follow the formulation described in Chapter 3. This formulation
avoids most singularities in the collision probability integral even for orientations between
orbital pairs that involve orbital crossings near an apse of one orbit. This approach only
requires the "fixed parameters" of the semimajor axis, eccentricity, 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 again assumed to precess
uniformly, ignoring effects of secular perturbations for two reasons: First, such
perturbations force apsidal and nodal longitudes to precess through a cycle (and other
elements to oscillate) on a much shorter timescale than the timescale between asteroid
4

6

collisions (_10 vs. -10 years); Second, the distribution of precession phases should be
fairly uniform for large populations of asteroids. These assumption was tested for
applicability to velocity distribution calculations by numerical integration experiments
(Davis et al. 1992) and discussed by Farinella and Davis (1992), who found it to be
reasonable in most cases. Specifically, they concluded:
1. Few asteroids have orbital elements that yield significant non-uniform precession of
apsidal and nodal longitudes (Knezevic et al. 1991).
2. Secular perturbations can modify an asteroid's eccentricity and inclination (and
therefore its collision probability and impact velocity), but these variations are of
secondary importance over long timescales, since minor fluctuations in a body's orbit
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are likely to average out. To minimize inaccuracies produced by osculating elements
away from long-term average values, Farinella and Davis use the proper elements of
Milani and Knezevic (1990).
3. A large representative sample of a population of bodies (in this case, the hundreds of
asteroids in the main-belt with D > 50 km) tends to average away small orbital
modifications. Consequently, osculating elements are expected to yield results similar
to proper elements when large data sets are used.
I calculate the collision velocities at each possible collision orientation for any given
pairs of orbits. Weighting those velocities by the collision probability per time P G (the
integrand of 3.23) at each orientation, I obtain the mean collision velocity for a pair of
bodies:
2n

ff

PG (coo' ilQ) V (coo' ilQ) dcood (ilQ)

(V) =

...uO_COOI--_ _ _ _ _ _ _ _ _ __

2n

(4.1)

ff

PG (coo' ilQ) dcood(ilQ)

o

roo

with:
(4.2)

1:

is the radius of the collision cross-section,

II

is the distance of the orbital intersection

from the test body's node, Po is the probability of impact for precisely intersecting orbits
with this geometry, T is the orbital period of the test body, and

f

is a function of orbital

elements, all as defined in Chapter 3. Note that the denominator in Eq. 4.1 is the intrinsic
collision probability (Pi) (see Eq. 3.23). As in the case of evaluation of Pi' the
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integrands in Eq. 4.1 depend on co as well as

COo

and AQ, but at an orbital intersection co

is a function of the other orbital elements, so I only integrate over

COo

and AQ.

As noted in the Sec. 4.1, neither Namiki 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

COo

and AQ) were treated as equally probable, making all collision velocities equally
weighted, as if PG were constant in Eq. 4.1. However, PG is, in fact, highly variable; e.g.,
collisions near an apse of one orbit are much more probable than other orientations. An
accurate computation requires that this weighting function be included in the calculation.
I estimate the importance of collision velocity weighting by comparing average
collision velocities found using the methods of Namiki and Binzel (1991) and of Farinella
and Davis (1992) with those found using Eq. 4.1. To test Namiki and Binzel's (1991)
algorithm, I computed the average velocities between various objects with the
hypothetical asteroid "Astrid" (objects described in Chapter 3). The results showed that
their algorithm yielded average collision velocity values -0.3-1.5 km/s lower than those of
Eq. 4.1. Though I was unable to test Farinella and Davis' (1992) algorithm for the same
data set, I was able to compare Eq. 4.1 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/s higher than those of Eq. 4.1. I conclude that proper
weighting of collision geometries is very important.
If a single velocity value (e.g., the average given by Eq. 4.1) 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 Eq. 4.1, 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
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probability distribution of velocities provides adequate treatment of the possible collision
velocities (Here I am addressing Point 2, raised in Sec. 4.1).
Calculating the complete velocity probability distribution for a pair of orbits requires
an additional step beyond the evaluation of Eq. 4.1. The numerical integration required to
evaluate Eq. 4.1 involves computing the impact velocity V and the probability P G in
many small increments (i1woi1 (i1Q» . To get the velocity distribution, I divide the full
range of possible values of V into small bins of width i1 V. Then, during the numerical
integration of Eq. (I), I keep a running total of the values of PG (00 0 , i1Q) i1woi1 (i1Q)
that correspond to the values of V within each i1 V bin. In this way I build up the
probability density for impact velocities for this given pair of orbits. The total area under
this velocity distribution is the intrinsic collision probability. For the velocity distributions
shown in this paper, I integrated 4.1 with a gaussian quadrature technique (Press et al.
1986) and simultaneously built up the velocity histogram using (at least) 100,000
evaluation points for each orbital pair. Experiments with narrower stepsizes (more points)
showed no significant change in results.
I find that the shapes of these distributions are generally non-gaussian and often
include spikes. Thus the concern I raised in Sec. 4.1, Point 2, is shown to be important:
Such distributions are not well characterized by any single average velocity. The most
likely collision velocities are often near the low and high velocity extremes. An example
of a velocity distribution between two hypothetical bodies is shown in Fig. 4.1. In this
case, the test body, in an eccentric and inclined orbit (a = 3.42, e = 0.578,
i = 0.435 rad) crosses the more circular similarly inclined field body's orbit (a o = 1.59,

eo = 0.056, io = 0.466 rad). The mean collision velocity (V) falls in the lowprobability valley between the high-probability peaks near each velocity extreme. 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.
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Figure 4.1:

Velocity distribution between two hypothetical asteroids. The test
asteroid (a = 3.42, e = 0.578, i = 0.435 rad) crosses the field body's orbit
(a o = 1.59, eo = 0.056, io = 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.
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The result shown in Fig. 4.1 is typical of velocity distributions seen for other pairs of
bodies. Thus, the mean velocity is not a meaningful representation of this distribution,
confirming Point 2 of Sec. 4.1.
4.2.2 Collision Velocities Among Populations of Bodies
The velocity distribution of a popUlation of asteroids is obtained by summing the
velocity distributions of all possible pairs in the population. Because each pair has a spiky
distribution (e.g., Fig. 4.1) the sum of these individual velocity distributions can be full of
spikes and fine structure. However, for large enough populations, most individual spikes
are smoothed out, and generally the distributions is more nearly gaussian. Even so, the
distributions are wide and complex enough that no single characteristic velocity value
adequately describes them.
As I noted in Sec. 4.1 (Point 3), a different approach was taken by Namiki and Binzel
(1991) and by Farinella and Davis (1992) to obtain velocity distributions for entire
populations. 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. But I have
already shown that each average velocity does not fully represent the velocity distribution
for a given pair. For example, suppose each pair of asteroids had a very wide distribution
of velocities, but all average velocities were nearly the same. The approach of Namiki and
Binzel or Farinella and Davis would give a narrow range of velocities for the whole
population, when in fact, the actual distribution of velocities would be very wide.

4.3 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.

78
In this regard, I am following an assumption by Namiki and Binzel (1991) and Farinella
and Davis (1992). For the main asteroid belt, I 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. I use the same
set of asteroids and osculating orbital elements (calculated by the Minor Planet Center) in
our calculations to allow direct comparison 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 (Celli no et a1. 1991); for comparison with their work I use the same set of
asteroids and orbital elements (from Milani and Knezevic 1990) as they did.

4.3.1 Velocity Distributions for Selected Asteroids
951 Gaspra
Asteroid 951 Gaspra intersects the orbits of the 533 asteroids with D > 30 km as of
April 1993 (according to Minor Planet Center osculating elements). Fig.4.2 shows the
velocity distIibution 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 in particular collision geometries with
individual asteroids. Its mean intl'insic collision probability for this set of crossing
asteroids is (Pj)CROSS

= 5.53XlO- 18 km-2yr- 1,

while the mean collision velocity is

(V) = 5.0 km/s. 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/s), a consequence of the long high
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Figure 4.2:

Velocity distribution for the 533 main-belt asteroids of diameter> 30 km
whose orbits intersect 951 Gaspra. The mean, median, and ImS collision velocities are
5.02,4.76, and 5.41 km/s, respectively. Note that the area under the curve, divided by the
number of orbital crossin~ pairs, is the mean intrinsic collision probability:
18
(Pi)CROSS = 5.52xlO- km yr-l. The spiky features are real, not noise, representing
the collision distributions of actual pairs of asteroids.
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velocity tail (similar to a gaussian distribution). Roughly 10% of Gaspra impactors hit at
velocities V> 8 km/s, twice as large as the most probable impact velocities. These higher
impact velocities stem from encounters with main-belt asteroids with high eccentricities
and inclinations.
The area under the velocity distribution histogram represents the total intrinsic
collision probability for all crossing pairs. In order to obtain the average intrinsic collision
probability for the crossing bodies «Pi)CROSS) , one divides this area by the number of
crossing bodies (N CROSS

=533) . However, Farinella and Davis (1992) noted that one

can obtain the collision probability averaged over a larger base population that includes
some fraction of non-crossers (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:
(P;)pop

= (Pj)CROSS

(:g:2) =

18

2

1

2.80xlO- km- yr- .

I compare Gaspra's velocity distribution with the distribution published by Namiki
and Binzel (1991) (Fig. 4.3), which was actually a histogram of average velocities (I used
updated orbital elements for Gaspra and Ida crossers, slightly different from those used by
Namiki and Binzel, but the effect is negligible). I find a significant probability (-15%) of
impact below 3 km/s, which did not appear in their results. Furthermore, the fine structure
seen in our distribution is due to possible apsidal encounters among individual pairs. In
contrast, the histogram of average velocities has spikes and gaps that are a consequence of
the discreteness of Namiki and Binzel's method and are not real (Binzel, personal
communication). Finally, I find a distinct difference between their reported root mean
square velocity (5.0 km/s) and our rms velocity (5.41 km/s), which results from the
improvements intrinsic to our method. The effects of these collision probabilities and
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Figure 4.3: Histogram of average velocities (V) for the same population in Fig. 4.2
superimposed on Fig. 4.2, 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 velocity distribution.
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velocities on Gaspra's lifetime against catastrophic disruption will be discussed further in
Sec. 4.4.
I can also compare the velocity distribution for Gaspra impactors with results by
Farinella et al. 1991. For a valid comparison, I use the sanle 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/s and a (P)pop of
2.69xlO- 18 km -2 yr -1 (although their distribution was not published). For this population I
obtain a velocity distribution very similar to what I found in Fig. 4.2, now with an average
18

collision velocity of 4.84 km/s and a (Pi)pop of 2.72XlO- km- 2 yr- l .
243 Ida
Asteroid 243 Ida intersects the orbits of 799 asteroids with D > 30 km, using the same
main-belt population as for Gaspra. I find the velocity distribution for Ida (Fig. 4.4)
qualitatively resembles Gaspra'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. Furthelmore, Ida's mean

intrinsic collision probability for these 799 crossing asteroids is lower as well
«P)CROSS

= 5.04xlO- 18 km -2 yr -1) . By nOlmalizing the intrinsic collision probability

to account for all main-belt asteroids, I find a substantially higher value than Gaspra's
normalized value:
-18
-2 -1
799 )
(Pi)POP = (Pi) CROSS ( 1052
= 3.83xlO km yr .

Therefore, Ida 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
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Figure 4.4: Velocity distribution for the 799 main-belt asteroids of diameter> 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/s,
respectively. The mean intrinsic collision probability of crossing bodies is:
2
18
(Pi)CROSS
5.04XlO- km yr-1.

=
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lower velocities than Gaspra, implying a larger projectile is needed for catastrophic
disruption. (For more infonnation on velocity distributions for asteroid families, see Sec.
III.D.). These two factors offset each other to some degree, in calculation of Ida's
collisional lifetime (see Sec. 4.4).
A comparison between our velocity distribution (from Fig. 4.4) and the histogram of
average velocities for Ida (Binzel 1992) is shown in Fig. 4.5. Again I find striking
differences between the distributions: (a) our distribution is shifted by more than 0.5 km/s
towards slower collisions, with our mean collision velocity

«V) = 3.55 km/s)

significantly less than Binzel's «V) = 4.3 km/s) ), 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 could result in substantial changes to
interpretations of the collisional history of Ida.

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
(a

=2.77, e =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 elements used by
Farinella and Davis (1992).
The velocity distribution (Fig. 4.6) 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/s) . These effects are a consequence of Pallas'
high inclination, which, for most crossing pairs, increases encounter velocities and shifts
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Figure 4.6:

Velocity distribution for the 680 main-belt asteroids of diameter> 50 km
whose orbits intersect 2 Pallas. The mean, median, and rms collision velocities are 11.00,
10.96, and 11.34 km/s, respectively. The mean intrinsic collision probability of crossing
18
2
1
bodies is: (Pj)CROSS = 2.13XlO- km yr- . Note that Pallas's velocity distribution
shows higher probable collision velocities than most other distributions 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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the most probable velocities away from extreme values in the velocity distribution (in
contrast

to

Fig.

4.1).

The

intrinsic

collision

probability

Pallas

for

. 1
( (Pi) CROSS = 2.13xlO-18 km -2 yr -1) ,or eqUlva
ently:

(P)POp = (Pi)CROSS

(~~~)

18

2

1

= 2.13XlO- km- yr- ,

is unusually low for similar reasons; Pallas' high inclination 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 other main-belt asteroids similar in
size.

4.3.2 Velocity Distributions for the Main Asteroid Belt
The velocity distribution for the main-belt was computed by summing the velocity
distributions for all possible pairs among the 682 largest main-belt asteroids
(D > 50 km) (Fig. 4.7). I find it is qualitatively similar to Gaspra's (Fig. 7.2)

(Fig. 7.4). Again the high velocity tail yields a mean collision velocity «V)

01'

Ida's

=5.3 km/s)

higher than the most probable collision velocity (V,.., 4.4 km/s). 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. 4.8), I find that the rather probable impacts at V < 4 km/s are missed in their
distribution. Their distribution also underestimates the probability of high velocity
collisions (> 5.5 km/s). The mean velocity «V) = 5.3 km/s) for our results differs
significantly from their values (V) = 5.81 km/s. However, the average intrinsic collision
2

1

probability reported by Farinella and Davis «Pi)POp = 2.85XlO- 18 km- yr- ) is very
close to our computed value «Pi)pop

=2.86xlO- 18km -2 yr -l) .
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Figure 4.7: Velocity distribution for the population of all 682 main-belt asteroids
(D > 50 km) impacting all other main-belt asteroids (D > 50 km) . The distribution
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possible colliding pairs, is the intrinsic collision probability for an average pair of
18
intersecting asteroid orbits, (Pi )POP = 2.86xlO- km -2 yr -1.
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Figure 4.8: Histogram of average velocities (V) for the same population in Fig. 4.7
superimposed on Fig. 4.7, from Farinella and Davis (1992). A comparison between this
histogram and the velocity distribution from Fig. 4.7 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 collision geometry, I
find their average collision velocities are all nearly 0.3-0.5 km/s higher than the actual
values.
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4.3.3 Distributions of Velocity Direction Components
In the previous sections I showed distributions of the magnitude of impact velocities. I
have used the same method to calculate the probability distribution for individual
direction components of the collision velocity vector for the same set of 682 main-belt
asteroids colliding among themselves. I calculate the velocity components for collisions
relative to the invariable plane of the Solar System, with radial component VR ' azimuthal
component Va' and normal-to-the invariant plane component Vz. The distribution for
these components is given in Fig. 4.9. Mean values are:

<IVai> = 0.88 km/s, and
2~

<V R )

<lVzi>
2~

= 3.32km/s, (Va)

<IVRI)

= 2.6 km/s,

= 3.8 km/s; and root mean square velocities are:
2~

= 1.1 km/s,and <Vz )

= 4.6km/s.

The Vz -component is significantly larger than the other two velocity components. I
can quantify this anisotropy by considering the ratio between the mean square components
in-plane and the mean square Z component as an isotropy index I. For an isotropic
distribution,

(4.3)

In contrast, our rms velocities yield:

(4.4)
showing a substantial excess Z component.
These results are qualitatively similar to the tabulated "velocity dispersions" (O'R' O'a'
O'z)
O'R

computed by Mikami and Ishida (1988) for nearly 2000 main-belt asteroids:

= 2.4 km/s,

O'a

= 1.2 km/s, o"z = 3.2 km/s. Mikami and Ishida used a relatively

crude model to estimate 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
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the main-belt population. the most probable high collision velocities come from the Z
direction.
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unclear whether the "velocity dispersion" refers to mean values, rms values, or some other
kind of average. If I assume it to be rms, the Mikami and Ishida results give

(4.5)

Thus, our more accurate calculations show that the difference between mean Zcomponents and in-plane components is even greater than Mikami and Ishida found.
Magnusson (1993) computed the ratios of the mean-square components of the relative
collision velocities using a method and population similar to those used by Farinella and
Davis (1992), though he may have corrected Point # 1 (see Sec. 4.1 for definition). He used
components in an inertially fixed cartesian space, with Z perpendicular to the invariable
plane (as I do). He found the following velocity ratios: (V~): (V{): (V z ):::: 0.16: 0.16:
2

0.68 (Magnusson's coordinate system requires that (V~)/ (V{) = 1, by definition). His
values yield:
I

=

«Vi) + (V{»
2
(V z

)

12

= 0.24.

(4.6)

Thus, our value of I lies mid-way between that of Magnusson and of Mikami and Ishida.
All three confirm a substantial 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. Our complete velocity distribution may be a
basis for further investigation of this issue.
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4.3.4 Velocity Distributions for Asteroid Families
I have also computed the velocity distributions for the four most populous asteroid
families in the main-belt (Zappala et a1. 1990). These asteroid families are 15 Eunomia (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), I calculate the collision probabilities
and velocities for the 30 lowest-numbered family members colliding with each other. I
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. 4.10. It is complex, nongaussian, and bi-modal, 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 0 , producing certain highly probable collision geometries
between individual pairs of asteroids. Since the most probable collisions occur near the
apses, I expect the collision velocities associated with those orientations to be pronounced
in the velocity distribution. As pairs of family members precess through a cycle, I find that
two velocities for apsidal collisions dominate: (a) Low encounter velocities found when
the pericenters are aligned, and (b) High encounter velocities found when the pericenters
are 180 0 out of phase. The double-lobed structure in the Vz distribution shows which
collision velocities correspond to these most likely collision geometries. In fact, the Vz
distribution's shape is wide enough that it dominates the structure of the other
components, creating the double-humped structure for the velocity magnitude (V)
distribution.
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Figure 4.10: Velocity component distributions for the 30 lowest numbered 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/s ;
(VR) = 1.55 km/s; (Va) = 0.063 km/s; (Vz) = 3.23 km/s, while the mean intrinsic
18
2
collision probability is (Pi)pop = 5.45XlO- km yr-l. The double-lobed structure
seen in the Vz 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 0 ) , which produces common collision geometries between
individual pairs of asteroids.
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Next I consider the velocity distribution for the Themis family, which is doublehumped and complex as well (Fig. 4.11). However, the Themis distribution's structure was
not produced in the same way as the Eos distribution's structure. In this case, the
inclinations for Themis family members were so low (i -1 °-2 0) that precession of the
nodes produced little structure in the Vz distribution. However, since the eccentricities of
the Themis family members are nearly all between -0.1 and 0.2, precession of the apsides
should produces both low and high collision velocities near the apses of each family
member's orbit, where collisions are more probable (e.g., near 1 km/s and 5 km/s). By
summing the distributions for all Themis members, I find that these velocities are most
likely in the V R 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/s (Fig. 4.12). This structure reflects a clustering of 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 doublelobed structure seen in the VR and Vz distributions, the combination of both components
produces a complex velocity distribution which cannot be represented any single velocity.
The velocity distribution for the Koronis family is qualitatively more gaussian and less
complex than the other families discussed (Fig. 4.13). The inclination for most Koronis
family members is near 2 ° , minimizing the structure seen in the Vz distribution. Also, the
eccentricities are low, minimizing the collision probabilities of the apses positions which
produce double-lobed structure in the VR distribution. Moreover, these low eccentricities
and inclinations yield low collision velocities between family members, where the most
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Figure 4.11: Velocity component distributions for the 30 lowest numbered 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/s ;
(VR) = 3.36 km/s; (Va) = 0.11 km/s; (Vz) = 0.50 km/s, while the mean intrinsic
collision probability is (Pj)pop = 10.1XlO-18 km 2yr-l. The double-lobed structure
seen in the V R distribution dominates the other components, such that the overall
velocity distribution is double-lobed. In this case, the clustered inclinations are too small
to produce the effect seen in Figure 4.10. However, the clustered eccentricities of
Themis family members (between e-0.1 and 0.2), produces a similar effect.
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Figure 4.12: Velocity component distributions for the 30 lowest numbered asteroids
impacting each other (according to Minor Planet Center osculating elements) in the
Eunomia asteroid family. The mean velocities for each component are:
(V) = 5.62 km/s; (VR ) = 2.76 km/s; (Va) = 0.12 km/s; and (Vi:) = 4.17 km/s,
while the mean intrinsic collision probability is (Pj)POp = 6.25xlO- 1 km 2yr-l. In this
case, clustering over high inclinations (i .... 13°) and eccentricities (e .... 0.1 - 0.2) ,
produce double-lobed structure in both the VR and Vz distributions. The resultant
distribution is complex and multi-humped.
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Figure 4.13: Velocity component distributions for the 30 lowest numbered asteroids
impacting each other (according to Minor Planet Center osculating elements) in the
Koronis asteroid family. The mean velocities for each component are:
(V)
1.51 km/s; (VR ) = 1.21 km/s; (Va) = 0.069 km/s; (Vz ) = 6.9 km/s, while
2
18
the mean intrinsic collision probability is (P)pop = 13.8XlO- km yr-l. In this case,
the clustered inclinations are too small (i "" 10) to produce a significant double-lobed
effect. The resulting overall distribution more gaussian than other family's distributions.

=

99
probable collision velocities are quite low (the mean, median, and Ims velocities are all
near 1.5 km/s).
The average intrinsic collision probabilities «Pi )pOP) for the Eos, Themis, Eunomia,
and Koronis families members (with themselves) are 5.45, 10.12, 6.25, and 13.75
km -2 yr -1, respectively, all higher than the average collision probability between main18

2

belt asteroids of 2.86XlO- km- yr-

l

.

Thus, collisions between members 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
velocities are lower for encounters among family members than with non-family
members. However, the velocity distributions for each family show irregular structure,
implying that the clustering of orbital elements for family members can produce preferred
collision geometries between individual pairs of asteroids. These preferred geometries are
much more pronounced than more typical collision geometries between main-belt
asteroids. Consequently, velocity distributions for asteroid families are very different from
those calculated 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 intra-family collisions, which have lower collision velocities than typical
non-family asteroids. However, I have seen that low velocity collisions between main-belt
asteroids also 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 collisions of a given family member with another
family member are more probable than with a main-belt asteroid, there are far more of the
latter (even at lower velocities), so intra-family collisions do not dominate impacts into
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family members. It remains possible that intra-family collisions dominate at smaller
asteroid sizes (Cellino et a1. 1991), but I currently lack the observational information
needed to resolve this issue.

4.4 Etl'ects of Velocity Distributiolls Oil Asteroid Disruption Rates
Most velocity distributions in the main-belt show similar characteristics: a long, highvelocity tail and high probability of encounters at lower-than-average velocities. For
issues relating to asteroid lifetime and catastrophic disl11ption, these features are
potentially significant. Since high velocity impacts among asteroids occur with substantial
frequency, smaller asteroids can disl11pt larger bodies than previously assumed by models
of asteroidal collisional evolution. Thus, a steep population dominated by small bodies
(e.g., as suggested by the Galileo imaging of Gaspra (Belton et a1. 1992)) could undergo
frequent disl11ptions 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 asteroid in the main-belt, I 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 computed in this chapter.
In this section, I 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 workers, I adopt their models of (1) and (2) and then consider the effect of
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replacing their average (or estimated) velocity values with our velocity distributions.
Some of the models for (1) and (2) are controversial and subject to revision, but here I
adopt the same models as previous authors for the specific purpose of quantifying the
importance of (3). Results from the following sections are summarized in Table 4.1.
Table 4.1: Summary of Disruption Rates for Selected Targets in Sec. 4.3 (units
1O-llyr-1)
200 km MainBelt target

Gaspra

Ida

From previous literature (see text)

2.77

195

133

Corrected to ollr (V) and (Pj)POp

2.65

167

37.8*

+ Corrected for our cross-section

3.88

176

44.0*

+ Corrected for velocity distribution

3.82

181

44.1 *

*Different disruption criteria than previous literature

951 Gaspra
Based on the cratering record observed on Gaspra by the Galileo spacecraft, Belton et
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 PalomarLeiden survey (Van Houten et a1. 1970) down to asteroids of 175 m diameter, steepening
to an index of -3.5 for smaller asteroids.
Belton et a1. adopted the disruption model of Farinella et a1. (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
DT = pV 2

)1/3
'

(4.7)

where p is the material density (2.5 g cm - \ Dp and DT are the projectile and target
diameters, respectively, and S is the impact strength. Impact strength is defined as the
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energy density needed to produce a barely catastrophic impact (50% of the target mass
leaving at escape velocity). Values adopted for p, D T , and S were taken to be 2.5 gcm -3,
16 km, and 2X106 ergcm -3, respectively. A mean value for the impact velocity of 5.45
km/s was found by Farinella et a1. (presumably using the algorithm of Farinella and Davis,
1991), as well as (Pj)POp

= 2.7XlO- 18 km-2yr- 1. These parameters yielded a minimum

disruption projectile size of 350 m.
With that disruption model and projectile size distribution, Belton et a1. infel1'ed an
1

impact frequency of disruptors of 2xIO-9 yr- , or a mean lifetime of 500 Myr. More
precisely, using their parameters, I obtain a rate of 1.95XIO-9yr-

1

.

I note that several

aspects of this procedure are questionable. For example, Greenberg et a1. (1993) have
shown that both the asteroid size distribution and the disruption criteria likely need
revision. However, for purposes of this study, I restrict our considerations to the effect of
correcting the impact velocity distribution.
When I replace Belton et a1. 's mean collision velocity and (Pi )pop values with our
18

1

results from Sec. 4.3.1. (4.84 km/s and 2.72XlO- km- 2yr- , respectively), I obtain a
minimum disruptor diameter of 383 m and a disruption rate of 1.67XIO-9 yr- 1, 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 I use the cross-section for both the impactor and projectile over the full range of sizes of
1

disruptors, I obtain a disruption rate of 1.76XlO-9 yr- . Finally, if! use the actual velocity
distribution that I calculated for Gaspra crossers with D > 50 km (the same population
considered by Farinella and Davis, 1992), there is a substantial probability of disruption
by impactors smaller than 250 m, but the disruption rate only changes by 3% to
1

1.81xlO-9 yr- . Thus the greatest correction is due to using the correct average collision
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velocity and (P j )poP' while further corrections 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 et a!. 1991. The disruption lifetimes was
found to be twice that found by Farinella et a1. However, again I find that using the full
velocity distribution gives corrections <10%.

A Lal'ge Main-Belt TUl'get
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 gravity of
this large asteroid. Davis et al. (1989) showed that the criterion for disruption in such a
case may take the same form as (7), where the parameter S now represents a combination
of parameters that describe the input efficiency of kinetic energy and the velocity
distribution of debris. With their mean collision velocity of 5.81 km/s and

(Pj)pop

= 2.85XlO- 18 km-2 yr- 1 , they found

a minimum disruptor diameter of 50 km

and (using known numbers of asteroids in that size range and an effective strength of 109 ergcm -3) a frequency of disrupting impacts of 3.0xlO- ll yr -1,
Evidently these values were approximations, because a precise value of the target
body's diameter was not specified. If I try to reproduce their calculation for a 200 km
target, using all the same parameters as they did, I obtain a disruptor diameter 54 km and
ll

disruption frequency of 2.77xlO- yr -1. When I replace their mean collision velocity and
18
2 1
(P)pop values with our results from Sec. llI.B (5.29 km/sec and 2.86XlO- km- yr- ,
respectively), I obtain a minimum disruptor diameter of 58 km and a disruption rate of
2.65xlO- 11 yr- 1 , a very small correction.
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However, for comparison with Farinella and Davis, the above results assume that the
collision cross-section equals the target's cross-section. If I take into account the cross11

1

section of the larger disruptors, the disruption rate becomes 3.88x10- yr- , a substantial
correction. If I 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
3.82xlO- ll yr- 1 . In the case of the main-belt population, correcting the velocity
distribution is numerically less important than properly accounting for the collision crosssection.

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
Sec. 4.3.1), 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 I assume that the same relationship
holds for Ida. According to Schmidt-Holsapple scaling (in Melosh, 1989), the gravityscaling size law for a transient crater (before slumping) D AT is:

DAT -- 1.8 Pp0.11 PT-113 g-0.22 DP0.l3 W 0.22 ,

(4.8)

where Dp and Pp are the projectile's diameter and density, g and PT are the target's
gravity and density, and W is the projectile's explosive energy (yield). I substitute Ida's
mean diameter (30 km) for the crater diameter and use a density of 2.7 g cm -3, Belton et
al. 's adopted size distribution for small bodies, and our mean collision velocity and
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(Pi)pop from Sec. 3.3.1, yielding a minimum disruptor diameter of about 2 km and a
1

lifetime of 2.64 Gyr (disruption frequency of 3.78X10- 10yr- ). Thus, these parameters
yield a lifetime nearly 3.5 times as long as estimated by Binzel. (Note: I also divided the
constant value of 1.8 by 2, due to an algebra mistake. However, I found that dividing this
constant by 2 actually helps us match Nolan's hydrocode results for several different target
sizes. Thus, for this chapter, I have left the algebra mistake in!)
When I properly account for the collisional cross-section, the lifetime becomes 2.27
Gyr (disruption frequency of 4.40xlO- 10yr- 1), a 14% change. When I use the velocity
distribution of Fig. 4.4, rather than its mean value, the lifetime is 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. I 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 distribution than I have assumed here.

4.5 Conclusions
In this chapter, I have investigated the distributions of collision velocities among
asteroids. I have shown that collisions in the main-belt occur over a wide and asymmetric
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, I can obtain a much broader understanding of the relationship between collision
velocities and physical processes such as asteroid spin evolution, ejecta removal, regolith
formation, and disruption events.
I 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, I obtained a velocity distribution for the main-belt
population. I find that summing large number of individual distributions smooths any
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spikiness in the main-belt distribution. There is a significant probability of impacts at
velocities greater than 10 lan/s. 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 orientations 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 elements often produces favored
collision geometries and velocities. These favored velocities may affect the collisional
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 ill sitll investigation of Koronis family member
243 Ida by Galileo gives us an opportunity to test this hypothesis.
I have also computed collisional 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 distribution of the impactor population.
For example, disruption lifetimes may vary significantly depending on what disruption
scaling relationships are adopted. Specifically, in the cases of Gaspra and Ida, numerical
hydro code models and corresponding modification of the gravity-scaling law of SchmidtHolsapple (Melosh 1989) produces significantly longer disruption lifetimes than strengthscaling 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
projectile size distribution.
However, I find that average collision velocities, as long as the latter are correct
averages, yield similar results to those obtained with complete velocity distributions.
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Velocity distributions do tend to change collisional lifetimes a bit, relative to lifetimes
computed from average velocities. It is also very important to con'ectly 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 example, asteroid rotation rates and spin axis orientations depend
on many factors: collision orientation, impact velocity, and the size and composition of
both the projectile and target bodies. Since many of these components are modelled in
generating velocity distributions and collisional lifetimes, I 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 regolith formation, is currently undergoing a revolution due to rapid
advances in many areas. The advent of numerical 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, I can model
the collision evolution of particular asteroids more accurately than ever before. Though
many questions need to be resolved, I continue to make progress in understanding the
nature of asteroids and their evolution.
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CHAPTERS:
COLLISIONAL LIFETIMES AND IMPACT STATISTICS OF NEAREARTH ASTEROIDS
5.1 Introductioll
In Chapter 4, I investigated the collision probabilities and impact velocity distributions
for main-belt asteroids and sUb-populations within the main-belt. I also computed
collisional lifetimes for various asteroids and made comparisons between our results and
the results in the previously quoted in the literature. In this chapter, I compute the collision
probabilities and velocity distributions for the near-Earth asteroids (NEAs) with various
populations, including other NEAs, main-belt asteroids, and terrestrial planets.
In addition, spectacular events such the impact of comet Shoemaker Levy-9 into
Jupiter have made many more aware of the hazards we face from asteroid impact. Thus, I
also compute the impact rate of NEAs onto the terrestrial planets, as a function of NEA
size, and the corresponding impact velocity distributions. An examination of terrestrial
impact hazards is a good example of an application that requires my improved calculation
procedures for impact velocities and collision frequencies.
Using particle-in-a-box methods, Wetherill (Wetherill and Williams 1968; Wetherill
1976) calculated the amount of collisional debris produced by the fragmentation of Apollo
asteroids and found it agreed with the estimated meteorite flux at Earth. Wetherill also
estimated the collisional lifetime of a typical Apollo object and compared its value to
dynamical lifetimes found using Monte-Carlo calculations. He found that most larger
Apollo asteroids (> 1 km), if they do not hit a terrestrial planet, dynamically evolve into
Jupiter-crossing orbits and are dispersed before a catastrophic disruption event can occur.
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Using our results from Chapter 3 and 4, I can now compute accurate velocity
probability distributions and impact rates for collisions among pairs of bodies in any
orbiting population. The algorithm presented in those chapters can be applied to collisions
(a) among asteroids in a given population, (b) between asteroids in two different
populations, or (c) between a given target planet and a population of bodies crossing its
orbit. Calculation (c) is directly applicable to determination of the planetary impact
hazard. However, results for impacts among asteroids [(a) and (b)] are equally important.
For example, they determine the lifetin1es of near-Earth asteroids, which along with the
statistics of craters on the Earth and Moon help us to compute the number of NEAs and
the flux of new bodies needed to maintain the popUlation. Assuming (as is often done, e.g.,
Wetherill 1979) that the NEA population is in a steady-state, the lifetimes determine the
flux of new bodies (from the main belt or from comets) needed to replenish the popUlation.

5.2 Impact Vt~locities Among Asteroids
5.2.1 Velocity Distribution among Main-Belt Asteroids
First, as a reference, I consider the probability distribution for collision velocities
among main-belt asteroids. In Chapter 4, I determined the velocity probability distribution
for each of the pairs of asteroids in the popUlation (there are 682 x 681/2 such pairs) and
then I summed those distributions to obtain the results shown in Fig. 4.7. Each of the
distributions for an individual pair has spikes and irregularities that are real and physically
meaningful, but in Fig. 4.7 the sum over many pairs smoothes out the distribution. (Other
cases with fewer samples, e.g., Fig. 5.1, are in fact spiky.) The distribution in Fig. 4.7 has
a median value of 5.025 km/s, close to the canonical value of 5 km/s used in most asteroid
collisional modeling. However, the distribution is quite broad and a single average value is
not a good representation. The mean value is 5.292 km/s the rms value is 5.769 km/s, and
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there is a significant probability of impacts at greater than 10 km/s. Note that the area
under this curve, divided by the number of pairs in the population, is equal to the mean
intrinsic

collision

probability

(defined

by

Wetherill

1967),

in

this

case

2.86xlO- 18 km- 2 yr- 1 .

5.2.2 NEAs Hitting Main-Belt Asteroids
Next I consider the velocity distribution for impacts between 224 known NEA orbits
and the 682 main-belt orbits described above. The 224 NEA orbits (Ire those of the known
Apollos and Amors as of January 1993 (from the database of D. Tholen). Only 182 NEAs
contribute; the others do not reach the main-belt. The tallest curve (Curve 3) in Fig. 5.1
represents the sum over all possible pairs consisting of one NEA and one main-belt
asteroid. This curve retains some spikes from the distributions of individual pairs. I
emphasize that these irregularities are real, not computational noise, although they would
be smoothed if I had a larger known sample of NEA orbits. The mean, nns, and median
values from this distribution are 10.238, 10.882, and 9.755 km/s, respectively, all about
twice as large as the main belt values in the previous section. The intrinsic collision
probability (the mean over the total number of pairs) is 2.18xl0- 18 km -2 yr -1, comparable
to that among main-belt asteroids (previous section).
Separate curves for impacts between Amors and the main-belt (Curve 1) and for
impacts between Apollos and the main-belt (Curve 2) are shown in Fig. 5.1. Note that of
the 114 Apollos, 92 reach the main-belt, so 22 have zero probability of collision. Similarly
of the 96 Amors, 6 do not contribute to the impact statistics. None of the Atens are
included in the calculations represented in Fig. 5.1, because as a population they do not
have a significant overlap with the main-belt. Impact velocities are significantly higher for
Apollos than for Amors.
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Figure 5.1: Probability distribution for impact velocities between main-belt asteroids
and NEAs. Curves 1 and 2 include only Amors and Apollos, respectively, while Curve 3
is for the combined population (the sum of Curves 1 and 2). The mean, rms, and median
values from Curve 3 are 10.238, 10.882, and 9.755 krn/sec, respectively. The mean
intrinsic collision probability (from the area under Curve 3) is 2.18x10- 18 km -2 yr -1.
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5.2.3 NEAs Hitting other NEAs
In Fig. 5.2 I show the velocity probability distribution for all possible pairs of NEAs
hitting other NEAs (Curve 4). The mean, rms, and median values from this distribution are
18.539,20.606, and 17.355 km/s, respectively, all much higher than velocities for impacts
involving main-belt bodies (previous sections). These high collision velocities (relative to
those in the main-belt) result from the large eccentricities present in the NEA population.
The intrinsic collision probability (the mean over the total number of pairs) is
15.34xlO-18 km -2 yr -l, much higher than for impacts with the main belt. These high
collision probabilities are produced through a combination of (a) high collision velocities
and (b) a smaller available volume. I also show the separate distributions for Amors, for
Apollos, and for Atens impacting all other NEAs (Curves 1,2, and 3, respectively).

5.3 Frequency Of Catastrophic Fragmentation
5.3.1 Background
Previous attempts to incorporate impact disruption into Monte-Carlo dynamical
evolution codes were made by Wetherill (1985; 1988). His model was based on the
assumptions that: (a) fragments from a steady-state population of large asteroids erodes
over time to form small asteroids, (b) the size-frequency distribution of the NEA asteroids
can be modeled as a power law, and (c) the erosion rate of the smallest bodies can be
estimated from the cosmic-ray exposure ages of meteorites, which date the last major
erosion event before planet fall. Other factors, such as the reduction in collision rate when
the parent body become collisionally decoupled from the main-belt, multiple collisions
and pre-exposure, and erosion of the bolide once it enters the Earth's atmosphere, were
estimated and included as well in his model. These assumptions and calculations allowed
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Figure 5.2:

Impact-velocity probability distributions for populations of known NEAs
impacting all other NEAs. Curves I, 2 and 3 are respectively for all known NEAs
impacting Amors, Apollos, and Atens. Curve 4 is the sum of the other three,
representing the distribution for impacts among all NEAs. The mean, nns, and median
values from this distribution are 18.539,20.606, and 17.355 km/sec, respectively. The
mean intrinsic collision probability is 15.34xlO-18 km -2yr-l.
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Wetherill to model the collisional lifetime of NEAs ('t) as a function of asteroid diameter

D:

(4)
Wetherill reduced this lifetime by a factor of 5 when the asteroid became collisionally
decoupled from the main-belt (i.e aphelion Q between 1.65 and 2.10 AU) and by a factor
of 20 when the aphelion of the asteroid grew small enough eliminate most collisional
partners (i.e .• aphelion Q < 1.65 AU).
5.3.2 Results
The information on collision probabilities and velocity distributions described in Sec.
5.2. combined with physical models of the outcomes of impacts. allows us to make
improved calculations of the frequency of collisional events that can catastrophically
fragment a given target asteroid.
Consider. for example. a hypothetical average NEA whose velocity distribution with
respect to the main-belt is identical to Curve 3 in Fig. 5.1. Suppose this NEA has a given
size (a "target diameter"). Further. assume that the main-belt size-frequency distribution
follows the distribution suggested by Belton et a1. (1992). specifically that it is
extrapolated as a power-law (incremental index -2.95) from the small asteroids of the
Palomar-Leiden survey (Van Houten et a1. 1970) and then steepens to an incremental
power-law index of -3.5 for asteroids smaller than 175 m in diameter:

dll = 2.7XlO12D-2.9SdD for D> 175 m

(5.1)

= 4.7XlO 13 D- 3.5 dD for D < 175 m.

(5.2)

dll

I also adopt the strength-scaling laws of Housen and Holsapple (1990) which give the
criteria (projectile size and impact velocity) for catastrophic disruption of the target. With
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all this infonnation, I can calculate the frequency (events per year) of all impacts into the
target NEA that result in catastrophic disruption.
The results for this example are shown in Fig. 5.3 ("Main-belt Hitting NEA Target").
For a steeper assumed main-belt power-law distribution (index -4.0 for the smaller
asteroids, as suggested by the Gaspra studies of Greenberg et al. 1993), I obtain the steeper
curve. I do similar calculations for a target asteroid in the main-belt (again, a hypothetical
asteroid with the same velocity distribution (Fig. 4.7) as the total population). These
results are also shown in Fig. 5.3. The lowest curve in Fig. 5.3 shows the rates for impacts
of NEAs (assuming they follow the "Spaceguard" size-distribution for Earth crossers
reported by Morrison 1992, and shown here as Fig. 2.6) into an NEA target, assuming the
velocity distribution of Fig. 5.2, Curve 4. The short disruption lifetimes for smaller
asteroids seems reasonable, given that typical chondrites show "orbital-immaturity"
among falls and short cosmic-ray exposure ages (See Chapter 2 for details).
The implications of Fig. 5.3 are significant:
(a) Compared with rates of disruption of main-belt asteroids by other main-belt asteroids,
I find that NEAs are disrupted twice as often by encounters with main-belt asteroids. This
result may seem surprising, given that the NEAs spend relatively little time in the mainbelt during their orbital periods. However, their relatively high impact velocities (compare
Fig. 5.1 with Fig. 4.7) mean that numerous, much smaller main-belt bodies can destroy
NEAs, which explains the higher frequency of catastrophic events. Note that this factorof-two result is insensitive to changes in the size distribution assumed for the main-belt,
unless it is very different from a power-law distribution for small bodies.
The disruption rates I find are within an order of magnitude of values estimated by
Wetherill (1985; 1988). Our result is more precise than the estimate by Greenberg and
Chapman (1983) that NEAs and main-belt asteroids are disrupted at roughly equal rates
by main-belt asteroids. It also tilts the balance in the opposite direction from that
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Frequency of catastrophic disruption based on strength-scaling laws for a
given target asteroid, which is assumed to be an average member of its orbital class,
where average means it has the velocity distribution (from Fig. 5.1, 5.2 or 5.3) for
impacts with another population. Each curve is labelled with the corresponding target
and impacting population. For the Main Belt, the size distribution of bodies with
D < 175 m has an incremental pow~r-law index of -3.5, or -4.0 in the "steep" case.
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suggested by Wetherill (1988), who estimated that NEAs would be disrupted slightly less
often by main-belt collisions.
(b) The lower curve in Fig. 5.3 shows that average NEAs are disrupted one to two orders
of magnitude less frequently once their aphelia become collisionally decoupled from the
main belt, which agrees well with Wetherill's collisional lifetimes for asteroids having
orbits between 1.65 AU < Q < 2.10 AU. At this point in their evolution, lifetimes of such
NEAs (e.g., Atens) become dominated by collisions with terrestrial planets instead of
catastrophic fragmentation by smaller projectiles. These longer lifetimes may help explain
the popUlation of small, Spacewatch-discovercd bodies with low eccentricities near the
Earth. It also explains why some meteorite types show evidence of "orbital-maturity" and
long cosmic-ray exposure ages (See Chapter 2 for details).
In Fig. 5.4 I show the disruption rates for average Arnor and Apollo targets. For
reference, the solid curves in Fig. 5.4, for an average NEA target, are the same curves as
the solid ones in Fig. 5.3. These results show that Apollo asteroids are disrupted more
frequently by the main belt than Arnors are, primarily due to the high collision velocities.
Also, the rate of catastrophic collisions for NEAs is highly dependent on the size
distribution of smaller bodies (D < 500 m) in the main-belt, but not on whether they are
Apollos or Arnors. The similarity between results for Apollos and Arnors indicates that
these results are probably not very sensitive to observational biases in NEA statistics.
The criteria for disruption used in Figs. 5.3 and 5.4 are based on the strength-scaling
laws of Housen and Holsapple (1990). This rate turns up for asteroids> 10 km because the
size-frequency distributions have more projectiles. However, note that strength-scaling
becomes inappropriate at some (unknown) size, probably between 1 and 10 km. Nolan et
al. (1992) and Greenberg et al. (1993) describe hydrocode modeling that shows that small
asteroids may resist catastrophic disruption more readily than suggested by strength
scaling, surviving impacts that create craters almost as large as the target body. Also, they
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found that crater sizes on asteroids greater than about 10 km in diameter are closer to the
values given by gravity-scaling formulations, even though gravity scaling had not been
originally thought to be applicable to such small target bodies. For example, in the case of
951 Gaspra, application of gravity scaling rather that strength-scaling nearly doubles the
asteroid's average lifetime against catastrophic disruption (1 Gyr vs. 500 Myr,
respectively) (Greenberg et al. 1993). If I adopt the gravity-scaling laws of SchmidtHolsapple (in Melosh 1989; see also Chapter 4) instead of strength-scaling, Figs. 5.3 and
5.4 are replaced by Figs. 5.5 and 5.6, respectively. The values in Figs. 5.3 and 5.4 are
probably relevant for targets smaller than a few hundred meters, and those in Figs. 5.5 and
5.6 are relevant for those greater than 10 km, with a gradual transition over the midranges. The lifetimes of main-belt asteroids are discussed further by Bottke et al. (1994).

5.4 Impacts With Terrestrial Planets
The probability distributions for impact velocities of planet-crossers hitting each of the
terrestrial planets are shown in Figs. 5.7, 5.8, 5.9, and 5.10. The orbits used for these
calculations are the set of all known planet-crossing NEAs. The velocities shown in these
plots have been augmented by the gravitational acceleration of the respective planets, so
they represent the actual velocity on impact. Mean, median, and

lIDS

impact velocity for

each distribution. as well as the average intrinsic collision probability (specifically the area
under the velocity distribution curve divided by the number of planet-crossers), are given
in the caption of each figure.
In general, the numbers of separate distributions that are summed to produce these
results are relatively small (equal to the number of known planet-crossers), so they are
quite spiky. This effect is minimal for Mars, with 205 crossers, but is dominant for Venus
and Mercury, with few crossers. Recall that these spikes are not computational noise, but
represent the actual irregular distributions of velocity probabilities for specific orbits. In
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Same as Fig. 5.3, except gravity scaling has been adopted. Gravity scaling
curves in Figs. 5.5 and 5.6 are probably appropriate for targets over 10 km, with a
transition between the two scaling laws occurring from 300 m to 10 km. The major
implications are unchanged from Fig. 5.3.
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addition, particular NEAs with small inclinations or nearly tangential orbits may
contribute disproportionately to the both the spikiness of the overall distributions as well
as the collision probabilities for each asteroid class (Milani et a1. 1990). However, it is not
clear that removing these anomalous asteroids from our calculation will increase our
accuracy, since the known population of NEAs mayor may not be a biased sample of the
total NEA population. Future asteroid discoveries should allow better statistics and
results.
I can use these results to estimate the lifetimes of planet-crossers. For example, for
Earth-crossers I multiply the mean intrinsic collision probability (units: 10- 18 km -2 yr- 1)
by the square of the gravitational cross-sectional radius (not by the cross-sectional area,
because the

Tt

is already included in the definition of the intrinsic collision probability) to

obtain the collision rate. The lifetime of a typical Earth-crosser is then the reciprocal of
that rate or about -100 Myr. Results for the other planets, including for subsets of the
crossing populations, are shown in Table 5.1.
In order to convert these results to the frequency of impacts of bodies of a given size
on each terrestrial planet, I need to know how many such impactors there are. If I assume,
for example, that all classes of planet-crossers have size distributions proportional to the
Earth-crossing population given by the Spaceguard Survey (Morrison 1992) as shown in
Fig. 2.6, I obtain the frequency of impacts on terrestrial planets as a function of impactor
size, shown in Fig. 5.11. I find agreement with earlier Monte-Carlo numerical experiments
(e.g., Wetherill 1979), in that planet-crossers are much more likely to hit the Earth

01'

Venus than the other planets.
Shoemaker et al. (1979; 1990) also obtained results for the frequency of Earth-impacts
from Earth-crossing asteroids. Shoemaker et al. (1990) estimated the mean collisional
lifetime for Earth-crossing NEAs, Atens, and Apollos to collide with Earth to be: 238, 93,
and 244 Myr, respectively. Our results (given in Table 5.1 as 134, 67, and 153 Myr,
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53.07
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11.05
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11.05
12.65

57.37
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5560
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3540

100.40
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90.42
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1740
3540
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14
114
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3
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12.48
11.48
13.54
10.65

23.03
9.24
28.43
18.63

3250
7900
269(}
3820

25.16
43.10
30.58
18.63

2970
169()
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382(}

3

60

Table 5.1. Mean intrinsic collision probabilities for various groufs of small bodies
whose members may impact various target planets (units: 1O-18 km - yr -1). The average
relative velocities (units: kmjs) shown do not include gravitation. Lifetimes are the mean
duration before impacting the target planet (units: Myr).
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respectively) differ with Shoemaker et a1. for at least a couple of reasons: (a) the NEA
population I use in our calculation is more complete than that of Shoemaker (1990), e.g., I
include the Spacewatch asteroids which tend to have large collision probabilities (see
chapter by Rabinowitz et al., this book), and (b) His calculations use Opik's method,
modified to include the secular variations of orbital elements due to Earth; our calculations
do not account for secular effects.
Shoemaker and Wolfe (1987) calculated the collision rate for Apollo and Aten
asteroids striking Venus and the Earth-crossing asteroids striking the Moon. For Venus,
they found the mean collisional lifetime of the 22 then-known Venus-crossers to be 127
Myr, similar to the value of 106 Myr in our Table 5.1 for 57 Venus-crossers. For the Moon,
they found the mean collisional lifetime of the 51 then-known Earth and Moon-crossers to
be 4150 Myr, comparable to the value 3180 Myr for 128 NEAs, as shown in Table 5.1. As
in the case of the Earth, the inclusion of recent Spacewatch asteroids lowers the total mean
collisional lifetime of the population.

5.5 Conclusions
The results given in this chapter for probability distributions for asteroidal impact
velocities may be applicable to problems regarding impact hazards in a variety of ways.
The impact rates in Fig. 5.11 are certainly directly applicable. Other results, such as the
frequency of disruption of NEAs, will also be useful components of evaluations of the
potential hazard.
These results have implications for other aspects of planetary science. For example,
impact records on terrestrial bodies are often used as benchmarks for estimating
populations of small bodies elsewhere in the solar system. The information about impact
velocity distributions may affect estimates of the size distribution of very small planet
crossers, and the comparative rates of collisional disruption of main-belt asteroids relative
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to NEAs will help provide an appropriate accounting as the targeted precision of
comparative impact-rate studies improves.
Estimates of the main-belt contribution to NEA populations may also be improved by
the use of the results in this chapter. For example, Wetherill (e.g., 1979; 1985; 1988)
treated the NEAs as a steady-state population. Removal from the NEA population was
found to be largely by ejection to Jupiter-crossing or impact with the Earth and Venus, at
rates consistent with our results in Figs. 5.7-5.10. The source of NEAs was assumed to be
broken pieces of main-belt asteroids that had been disrupted by impacts with other mainbelt asteroids and then evolved toward the terrestrial planets. To the extent that disruption
of main-belt asteroids was inadequate to maintain the steady-state population of NEAs,
Wetherill could estimate the fraction of NEAs that must have come from other sources.
This fraction varied in different papers by Wetherill as understanding of asteroid transport
processes improved.
In order to estimate the disruption rates for main-belt asteroids, Wetherill (e.g., 1985;
1988) first estimated the disruption rate for NEAs from cosmic ray exposure ages of
meteorites and other observational evidence (see Section 5.3.1). He then assumed that
frequency of such fragmentation for a main-belt asteroid would be comparable or even
somewhat greater. Here (Section. 5.3.2) I have shown that it would more likely be a factor
of two less. Modifying Wetherill's calculations accordingly would yield a requirement for
greater cometary component supplying NEAs, or, alternatively, additional main-belt
transport mechanisms, such as additional resonance routes (Froeschle and Greenberg
1989; Scholl et al. 1989).
The results reported here will thus be applicable in a variety of fields. They do
however remain subject to modification as additional statistics on continually discovered
NEAs become available and as models of the criteria for catastrophic disruption become
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increasingly sophisticated. Such information may then provide improved input for our
algorithms for impact velocity distributions and disruption frequencies.
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CHAPTER 6:
MAPPING THE EFFECTS OF DISTANT PERTURBATIONS ON
PARTICLE-PLANET INTERACTIONS
6.1 Introduction
The previous three chapters (Chapters 3, 4, and 5) of my dissertation discussed the
collisional evolution of asteroids through calculations of asteroidal collision probabilities,
impact velocities,' and catastrophic disruption and planetary impact rates. In Chapter 6, I
discuss the dynamical evolution of asteroids whose motion is dominated by planetary
perturbations. Then, in Chapter 7, I apply a Monte-Carlo dynamical evolution code to
investigate the origins of small Earth-approaching asteroids discovered by the Spacewatch
search program. To do this, I also apply my results on collisional statistics of asteroids to
treat asteroid disruption events in a realistic fashion. Thus, Chapter 7 integrates all of my
work early in this dissertation to create a model that accurately treats asteroid evolution in
the terrestrial planet region. Because the work described in Chapter 7 results depends so
strongly on Monte-Carlo code results (as does Wetherill's long-term near-Earth asteroid
evolution results (Wetherill 1985; 1988)), I feel I must investigate the accuracy of such
codes before proceeding. Specifically, in this chapter, I investigate the validity of the twobody dynamical model used to treat encounters in most Monte-Carlo evolution codes.
These codes are frequently used in the place of numerical integration for long-term
asteroid evolution (i.e., tens of millions of years).
Modelling the dynamical evolution of asteroids with numerical integration techniques
is often difficult, since most integration codes are slow for the required long tirnescales
and asteroid orbits can be modified by many factors: planetary (and asteroid) encounters,
distant planetary perturbations in the form of mean-motion and secular resonances,
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collisions, and non-gravitational forces. An added complication is that these forces work
over a range of timescales; planetary encounters and collision effects are nearly
instantaneous when compared to the long timescales needed for resonances and nongravitational forces effects. Even if these effects could all be modelled in a simple fashion,
their inclusion into numerical integration codes would make most long-telm dynamical
modelling computationally prohibitive.
To avoid the problems associated with numerical integration, several groups (Arnold
1965) and Wetherill 1985; 1988) have employed Monte-Carlo methods to treat these
forces in a more statistical way. These codes cut computation time by assuming that
asteroids always follow simple Keplerian orbits and that planetary encounters dominate
their motion. Thus, these codes are only applicable in regions where other potential
perturbing forces (Le., resonances, etc.) are weak or where they can be treated in a
statistical manner. In the case of planetary encounters, Monte-Carlo codes compute the
probability that a given test body will encounter a planet rather than directly integrating
that body's motion. If a planetary encounter occurs, it is assumed that the test body
follows a two-body encounter, where a

~V

kick is given to the asteroid to give it a new

orbit.
It follows that Monte-Carlo methods allow us to model dynamical evolution of a large

number of asteroids in a short amount of time relative to numerical integration. However,
we must ask whether Monte-Carlo results are sufficiently accurate when compared to
numerical integration codes. Is it reasonable for Monte-Carlo codes to apply two-body
encounters, or rather the two-body approximation, for all planetary encounters? Could this
introduce a source of error into these codes? And what exactly is the two-body
approximation as used in the literature? These questions will be addressed in the following
sections, where we discuss the accuracy of the Monte-Carlo codes and test the two-body
approximation vs. numerical integration for test bodies encountering a planet.
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6.1.1 The Two-Body Approximation: Definition
The two-body approximation is similar to Rutherford scattering, in that test bodies
approaching a planet from a great distance, or "infinity", follow hyperbolic paths upon
encounter (Fig. 6.1): Monte-Carlo codes assume that the distant approach velocity V and
00

the impact parameter define the outcome trajectory (<Jpik 1951), or alternatively that the
gravitational encounter begins once the test body enters the planet's "sphere of influence",
where the gravitational force of the planet dominates other gravitational perturbations
(Arnold 1965). This sphere of influence is most often defined by the Hill sphere R H :
RH

_ (IllPlallet)
- a ~

1/3

,

(6.3)

Sun

where a is the semimajor axis of the planet (though other spheres of influence of similar
size are often used). Test bodies outside the Hill sphere are assumed to be unperturbed,
such that they follow Keplerian orbits.

6.1.2 The Two-Body Approximation: Limitations
The linlitations of this approach have studied by several groups (Wetherill and Cox
1984; 1985; Henan and Petit 1986; Greenberg et al. 1988). Wetherill and Cox (1984;
1985) tested a Monte-Carlo model which simulated the motions of a large number of test
particles approaching a planet with similar runs made by a numerical integration code.
Their results indicated that the two-body approximation might be inaccurate in regimes
where low relative velocities (corresponding to low orbital eccentricities and inclinations)
dominate. Wetherill and Cox found that a velocity ratio of V /V ESC (relative velocity of
test body to escape velocity of the planet) less than 0.35 would cause individual test body
encounter results to diverge between the two models. This divergence implied that the
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(IIVII)
Figure 6.1: The two-body approximation. A test body with relative velocity V,
approaching a planet from "infinity", undergoes a hyperbolic encounter defined by the
impact parameter b. The close approach distance d and the deflection angle y are
functions of that hyperbolic encounter. The final velocity has the magnitude of V.

two-body approximation was not applicable in these low-velocity regimes, since
numerical integration results could not be readily duplicated.
In spite of this result, Wetherill and Cox found that the outcome statistics over many
test bodies were similar in the numerical integration model and in the Monte-Carlo model
even for much smaller values of V /V ESC ' In fact, they did not find significant
inaccuracies until V /V ESC ::;; 0.1. Thus, Wetherill and Cox concluded that their MonteCarlo code was accurate at low velocities, even though they did not address the reason for
having inaccurate individual test body-planet encounters and accurate outcome statistics
for large groups of test bodies. Moreover, proving these statistical numerical results in a
few test cases did not automatically validate the use of Monte-Carlo codes; we still need to
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understand why these models yield reasonable results in regimes where individual
encounters fail, and under what circumstances.
This issue was investigated by Greenberg et al. (1988), who found that the apparent
"failure" of the two-body approximation at low velocities stemmed from the two-body
approximation's inability to account for distant planetary perturbations outside the Hill
sphere prior to encounter. In low relative velocity regimes, planetary perturbations can
significantly modify the heliocentric orbit of a test body before it arrives at the Hill sphere.
Motion inside the Hill sphere still follows a two-body encounter, yet the test body's
slightly modified arrival geometry can grossly change its encounter trajectory. Thus, a test
body's modified approach orbit produces a different encounter than that predicted by
numerical integration, even though two-body motion is followed near the planet.
This explanation also suggested a solution for statistical reliability of results found by
Wetherill and Cox even where individual cases fail: Monte-Carlo results yield reasonable
outcome statistics (relative to numerical integration) because some test bodies, whose
approach orbit was shifted by distant planetary perturbations, were replaced by similarlyshifted nearby test bodies. Consequently, a population of test bodies could still preserve
outcome statistics if enough bodies (with a range of orbital parameters) were available to
encounter the planet.
To test this suggestion and to understand more about the role of distant planetary
perturbations on test bodies before planetary encounters, I have developed a model which
tracks the dynamical evolution of test bodies through the use of an innovative mapping
scheme. Using this model, I can monitor trajectory modifications within a particle
distribution at any moment up to encounter with a planet. These motions, shifting in
response to the effects of distant perturbations, are plotted as a series of darts hitting a
target plane. By testing a suite of particles over a wide range of initial parameters, I can
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show why the two-body approximation yields reasonable results in all but the most
pathological test cases when large numbers of test bodies are used.

6.2 Useful New Orbital Coordinates
In this study, I investigate two factors: (1) the range of validity of the two-body
approximation and (2) the role of distant perturbations in modifying the approach
trajectories of test bodies encountering a planet. To track both of these elements at the
same time, I define a new set of orbital elements based on the coordinate system of the
two-body approximation, which I call "b-plane coordinates". These coordinates are
conveniently centered on the planet, since I am only interested in test bodies which
encounter the planet.
These coordinates are defined as follows (Fig. 6.2): I first choose a test body which
would impact the "center" of the planet, i.e., its impact parameter b is equal to zero. The
vector velocity of this body at impact defines the - Y/J -axis. The plane perpendicular to this
Y/J-axis defines the "b-plane", a "viewing" plane where I can observe changes in the
orbits of test bodies encountering the planet. The origin of the b-plane is centered on the
center of the planet. Now, I define the Zb -axis of this plane as the intersection between the
b-plane and the plane containing both the direction of the test body's relative velocity and
the planet's tangential motion. Finally, the Xb-axis is perpendicular to both of these axes
in the right-handed sense. Once defined by the "test body",

th~se

coordinates move with

the planet and rotate with the planet's orbital motion.
Now, any keplerian orbit that encounters the planet must also intersect this b-plane. I
can represent that intersection geometry as a dart on a dartboard, where the orbital
intersection position is given by the tip of the dart on the b-plane, the intersection velocity
magnitude given by the length of the dart and/or by the size of a "dot" shown at that
intersection position, and the intersection velocity vector given by the direction and length
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Direction nonnal to
Sun-Planet plane
Test body's relative
velocity vector
(.1 to b-plane)

Yb

•

Test Body
(Plane intersecting)
(Yb and Y)

X
Direction radially away
from the sun
Direction of motion
for the planet
Figure 6.2: The b-plane coordinate system. The plane is centered on the planet and
oriented to be perpendicular to a test body impacting the planet with a b = 0 impact
parameter.

of the vector "dart's tail". Thus, each dart represents a test body's position and velocity
relative to the position of the planet at the origin. This "dart on the dartboard" plotting
scheme can be seen in Fig. 6.3. If I combine this position (2 coordinates) and velocity (3
coordinates) infonnation from the b-plane with the amount of "tin1e" each test body has
before reaching the b-plane (Le., planet encounter), I have a set of orbital elements which
are equivalent to a Keplerian osculating orbit (i.e., equivalent to all six orbital parameters:

a, e, i,

0),

n, v). Accordingly,

b-plane coordinates are applicable even if the test body is
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/3-D View: I
Velocity vector
Dot center: Orbital intersection position of
test body's orbit with b-plane

b-plane

/2-D View: I

Tail: Direction and tilt of
velocity vector

Dot center: Orbital intersection position of
test body's orbit with b-plane

Dot size: Velocity magnitude

Figure 6.3: "Darts on a dartboard": '!\va views showing how the test body's orbital
intersection with the b-plane is plotted. The length and direction of a dart show its
relative velocity with respect to the planet, while the tip represents its intersection, or
arrival, position.
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not at the b-plane. These elements are ideal for studying the effects of distant perturbation
on the test body's arrival trajectory.
It is possible to numerically integrate trajectories of test bodies on approach towards
the planet to model three-body behavior. The new coordinates defined above give a
sensitive representation of the effects of distant perturbations. Modifications to each test
body's Keplerian heliocentric orbit are represented by varying intersection positions of the
test body's orbit with the b-plane. They are viewed on the iJ-plane as shifts in the position
of the "dart" tip, enlargement/shrinking of the size of the velocity magnitude dot, or a
change in direction or length of the dart tail (or of its projection on the b-plane).
This coordinate system is more useful in mapping small perturbations than slowchanging Keplerian orbital elements, since I can display the effects of perturbations on
particles in a way that is (a) sensitive to small changes and (b) interpretable in telms of the
large effect they have on two-body scattering. Small changes in Keplerian orbital elements
are readily observable in the new framework, as are systematic shifts in motion of
approaching "beams" of particles.
A key concept is that the b-plane coordinates, as defined above, are well defined even
when a particle is far from the b-plane.

6.3 Tracking a Beam of' Planet-Approaching Test Bodies
6.3.1 Initial Conditions
Our test cases use distributions (or "beams") of test particles started initially far from
the planet (e.g., roughly at opposition or half a synodic period before encounter). I start
each test body with the same value of synodic time, so they will all "catch-up" to the
planet at the same time. Synodic time measures the time to planetary encounter in units
such that one planetary orbit sidereal period = 21t. Using synodic time means each test
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body will experience the gravitational perturbation of the planet for a similar amount of
time before encounter. For the test cases presented in this chapter, the one test body in the
beam with initial b

= 0 is started at opposition, and all the other bodies in the beam start

at the same synodic time.
I also start the test bodies on initial orbits with roughly parallel trajectories such that
their initial b-plane positions are uniformly distributed and their initial b-plane velocities
are parallel and equal (Le., their initial heliocentric keplerian orbits would intersect the bplane such their velocity magnitudes are equal to that of the test body impacting the planet
with b

= 0 (head-on approach) and their velocity vectors are all perpendicular to the b-

plane). Thus, in terms of the dart board analogy, all velocity vectors (e.g., darts) start with
equal lengths and they are all initially perpendicular to the target.
To make it easier to gauge distances on the b-plane, two circles are drawn in dashed
lines for each timestep. The inner circle corresponds to the planet's activity (Tisserand)
sphere (Roy 1988):
2/5

mplanet)
RT =a ( ~

,

(6.4)

Sun

while the outer circle corresponds to the planet's Hill sphere (Eq. 6.1). The Hill radius is
defined to be 0.0047 AU. We choose the mass of the planet for these test cases to be
ITlPlanet :::: 0.1 ITlEarth' such that the density of the planet is defined as p

= 4.0 g cm -3 at 1

AU. The scale of the velocity magnitudes on the b-plane are given to the right of each
plot; units are V IV ESC'

6.3.2 Orbital Evolution Viewed on the b-plane
Our test cases consist of numerically integrating the approach of particle beams
towards the planet (an cartoon showing a test body within our model is shown in Fig. 6.4).
Changes to their heliocentric orbital parameters during approach are recorded as continual
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Velocity vector
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'. . orbit
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• Time after
start

Numerical
integration
(perturbed orbit)

Figure 6.4: A test body, started from -opposition, is numerical integrated towards
encounter with the planet. At a given time after start, the intersection position and velocity
of that body's heliocentric orbit with the b-plane is determined and recorded.

changes to their b-plane coordinates. Recall that, according to the definition of b-plane
coordinates in Sec. 6.2., at any point during approach, these b-plane coordinates represent
the arrival paths of each test body if they were to proceed unperturbed to the planet. If the
mass of the planet were zero, the test bodies within the beam would all arrive at the planet
at the same time, with their velocity vectors all parallel to each other and their dart tips
uniformly spaced on the b-plane.
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I plot the changes in test body orbits (i.e., continual changes in b-plane coordinates)
by showing the changing dart pattern on the target. Both systematic and pathological
changes to a particle's orbit are easily observed by this method. The few failures found are
easily observed and documented; these bodies typically show off pathological orbital
behavior which has studied by other methods (e.g., horseshoe orbits)
The evolution of particle beam patterns on the b-plane can be further understood by
interpreting each "dart" in terms of changes to their Keplerian orbital elements. In the
. nominal no-perturbation case, the Keplerian heliocentric orbit of each test body intersects
the b-plane such that its velocity vector is perpendicular to the b-plane (i.e., the projection
of the velocity dart on the b-plane has zero magnitude). However, when planetary
perturbations modify the Keplerian orbits of these test bodies, it causes their b-plane
orbital intersection positions and velocities to change as well. When projected onto the bplane, these new positions and velocities take the form of shifted darts with changed
velocity-vector tails.

6.4 Results of Particle Beam Test Cases
In the following sections, I show test cases that explore the Wetherill and Cox limits
for "failure" of the two-body approximation for individual cases (V IV ESC
statistical results (V IV ESC

~

~

0.35) and

0.1) . I will show that for increasingly more circular cases,

pre-encounter perturbation effects become more significant (i.e., the test body
distributions in b-plane coordinates become more modified). In other words, as the
relative velocity of encounter decreases, we are more able to see the effects of distant
perturbations on particle distributions. These test cases (in the following sections) also
show why the two-body approximation yields incorrect results for individual test bodies in
low V IVESC regimes, why Greenberg et al.'s (1988) particle replacement hypothesis is
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viable in these same regimes, and why the V IV ESC relative velocities criteria may not tell
the entire story.

6.4.1 Moderate-Velocity Encounter (Case 1)
Our first test case (Case 1) uses a particle distribution constructed around a test body
that has a head-on collision trajectory with the planet (b = 0) with initial orbital
parameters (ao = 0.960 AU, eo = 0.05, io = 0.05 rad). By definition, the orientation
of the b-plane is perpendicular to the velocity vector of this test body impacting the planet
centered at the origin. Fig. 6.5 shows the heliocentric reference orbit for this test body as
well as the planet's circular orbit at 1 A.U. The starting position of the b = 0 test body is
10

= -50, where the time units are the planet's orbital period / 2n. The value of

10

= -50 is one-half a synodic period before arrival at the b-plane at

1

= O. Thus, this

test body would "catch-up" with the planet after nearly 8 (= 50/ 2n) orbits if it were
unperturbed. The other bodies in the "beam" are distributed near this body with the same
synodic starting time (Le., the bodies do not start in a plane)
Figs. 6.6.-6.9 shows the particle beam plotted as velocity-vector "darts" (described in
Sec. 6.2) intersecting the b-plane. The initial velocities of the test bodies in this beam are
near the Wetherill and Cox limit of V IV ESC = 0.35 (Le., the lowest value where they
claim that the two-body approximation matches numerical integration). Thus, I would
expect that the beam would not undergo significant modifications.
Fig. 6.6 shows an early timestep for this particle beam. Few modifications to the
particle distribution are seen, since planetary perturbations are quite distant. The velocity
vectors remain nearly parallel to the Yh-axis, and only slight changes occur in the beam's
b-plane positions. However, as the particle beam closes with the planet (Figs. 6.7, 6.8), we
see it become somewhat distorted. This distortion is caused by a slight decrease in the
semimajor axes of the particles (though small modifications to the other orbital elements
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CASE #1

Orbit Info:
D: 1.91 A.U.

ao : 0.960 A.U.
eo: 0.050
io: 0.050 rad.

Figure 6.5: Case #1 starting conditions and initial orbits. The heliocentric reference
orbit of the b = 0 test body and planet's circular orbit at 1 A.U are shown. The starting
time for these test bodies is to = -50, where the time units are the planet's orbital
period I 21t. This places the b = 0 test body at opposition (180 0 away). The remaining
test bodies are not at opposition but still far from the planet. The test bodies start with a
moderate relative velocity (V IVESC ~ 0.36) . Note that the vertical lines connected to
the b = 0 test body's orbit show the distance above (or below) the ecliptic plane.
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Figure 6.6: b-plane coordinates shortly after the start of numerical integration. Note
the regular distribution of projected arrival geometry. The velocity vectors of the test
bodies on the b-plane are nearly all perpendicular to plane. The inner circle shown is the
Tisserand sphere (R T ) and the outer circle is the Hill sphere (R H ).
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CASE #1
t: 25.0
to: -50.0
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Figure 6.7: After numerical integration 50% of the way to encounter, projected arrival
geometry at the b-plane is distorted slightly (due largely to changes in orbital energy).
Many of the test body's projected positions are shifting towards the (X b, -Zb) direction,
corresponding to a slight decrease in their semirnajor axes.
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Figure 6.8: After numerical integration 70% of the way to encounter, projected arrival
geometry at the b-plane is still distorted.
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Figure 6.9: Mter nwnerical integration 99% of the way to encounter, projected arrival
geometry at the b-plane is now restored to near initial conditions. Orbital perturbations
have been largely reversed.
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tend to be significant as well), such that the heliocentric orbits of these test bodies intersect
the b-plane at a lower angle and at lower velocities than shown in Fig. 6.6.
Correspondingly, we see the particle beam shift in the (X b, -Zb) direction while the tip of
the impacting "dart" vector decreases in size.
Interestingly, as the particle beam nears planetary encounter (Fig. 6.9), we see the
beam nearly restored to its original position on the b-plane. In this case, the semimajor
axes of the test bodies increased during final approach, such that their trajectories near
planetary encounter nearly matched their approach trajectories from "infinity". Moreover,
we see that the test bodies in the beam have remained relatively equidistant from each
other throughout their evolution. Thus, these results confirm the upper velocity limit of
Wetherill and Cox, in that the orbit of this beam is sufficiently elliptic (Le., its relative
velocity is high enough) that planetary perturbations do not appear to do permanent
"damage" to the particle beam. However, we do see that distant planetary perturbations
modify the beam's orbits by a significant amount before restoring them to their original
parameters.

6.4.2 Low-Velocity Encountel' (Case 2)
Our second test case (Case 2) uses a particle beam constructed around a b = 0 test
body with initial orbital parameters (ao

= 0.986 AU,

eo

= 0.02,

io

= 0.05 rad). Fig.

6.10 shows the heliocentric reference orbit for this test body as well as the planet's circular
orbit at 1 A.U. V /V ESC is now approximately 0.32, less than the value (0.35) at which
Wetherill and Cox found failure for individual test bodies using the two-body
approximation. Since this test body has a larger semimajor axis, the starting position of the
b = 0 test body is

to = -147, where the time units are again the planet's orbital period /

2n. Thus, this test body would "catch-up" with the planet after nearly 23 (= 147 / 2n)

orbits if it were unperturbed. This particle beam also has a lower eccentricity, which may
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CASE #2

t: 0.0

to:-147.0
Orbit Info:
0: 2.01 A.U.

ao : 0.986 A.U.
90 :

0.020

io: 0.050 rad.

Figure 6.10: Case #2 starting conditions and initial orbits. The heliocentric reference
0 test body and planet's circular orbit at 1 A.U are shown. The starting
orbit of the b
time for these test bodies is to = -147, where the time units are the planet's orbital
period / 21t. This places the b = 0 test body at opposition (180 0 away). The remaining
test bodies are not at opposition but still far from the planet. These test bodies start with
a lower relative velocity than those in Case #1 (V IVESe ~ 0.31) . Note that the v'ertical
lines connected to the b = 0 test body's orbit show the distance above (or below) the
ecliptic plane.

=
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make it more susceptible to planetary perturbations than Case 1. Once again, the other
bodies are distributed near this body with the same synodic starting time.
The earliest timesteps (Fig. 6.11) show the most particles shifting towards the
(X b• -Zb) and the (-Xli' Zb) directions, becoming more rhombus-shaped in the process.

This distortion only increases in Figs. 6.12, 6.13, where most of the distribution has
shifted in the -Zb direction. The shift corresponds to a decrease in the particles'
semimajor axes, which again produces lower relative velocities and lower impact angles
with the b-plane (e.g., smaller velocity magnitude dots and tilted velocity vectors,
respectively). As the semimajor axes change, the particles' heliocentric orbits also change,
producing a variety of different trajectories intersecting the b-plane. Moreover, the
initially square distribution has become significantly distorted, showing that many of the
orbits are becoming pathological.
As the beam moves closer to encounter (Fig. 6.14), we see the particles shift back in
the Zb direction, as in Case 1. However, in this case, the distribution remains significantly
distorted; the particles furthest in the X/J direction have been perturbed significantly away
from their original positions. Thus, Case 2 graphically demonstrates how the two-body
approximation breaks down for individual encounter when V /VESC

$;

0.35. Nevertheless,

despite the beam distortion and shifts, most of the particles in this distribution stay
equidistant from each other as they move back towards their former positions. Also, we
see that the density of particles filling the inner portion of the Tisserand sphere is roughly
the same as seen in Fig. 6.10. As such, Case 2 confirms the preservation of two-body
encounter statistics (and shows why they are preserved) despite the failure of the model
for individual test bodies (Greenberg et al. 1988).
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Figure 6.11: b-plane coordinates shortly after the start of numerical integration. Note
the regular distribution of projected arrival geometries are already somewhat distorted.
The inner circle shown is the TIsserand sphere (R T ) and the outer circle is the Hill
sphere (R H ).
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Figure 6.12: After numerical integration 48% of the way to encounter, projected arrival
geometry at the b-plane is significantly distorted. Note the further distortion and shift off
the target center.
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Figure 6.13: After numerical integration -75% of the way to encounter, projected
arrival geometry at the b-plane is still distorted. However, note the slight shift back
towards the target center.
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Figure 6.14: After numerical integration -99% of the way to encounter, projected
arrival geometry at the b-plane is still moderately distorted. However, note that the test
bodies entering the Tisserand sphere are distributed similarly to the original distribution
(see Fig. 6.6), though individual orbits have been shifted.
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6.4.3 Extremely Low-Velocity Encountm' (Case 3)
For our third test case (Case 3), I investigated a particle distribution constructed
around a b

eo

= 0.02,

= 0 test body with nearly circular orbital parameters (ao = 0.99 AU,
io = 0.01 rad). Fig. 6.15 shows the heliocentric orbit for this test body as

well as the planet's circular orbit at 1 A.U. V/VESC is now chosen to be approximately
OJ, such that we are at the limit of validity for the MonteMCarlo simulations found by
Wetherill and Cox. The starting position of the b

= 0 test body is to

= -207. Thus, this

test body would "catchMup" with the planet only after nearly 33 (= 207 / 27t) orbits if it
were unperturbed. The orbital parameters of this beam are near the "horseshoe" orbit
region, where planetary perturbations for test bodies on nearly circular orbits are
important. In the horseshoe orbit regime, the relative velocity of the test bodies can be so
low that the planet can perturb the test body from an orbit interior (a < 1 AU) to an orbit
exterior to the planet (a> 1 AU), or viseMversa (More background is given in Sec. 6.5.2).
Test bodies on these orbits are unable to encounter the planet, invalidating the assumptions
of the twoMbody approximation. Consequently, the particle beam in Case 3 shows extreme
enough distortion that the bMplane coordinate system ceases to be meaningful for some
orbits.
The beam initially shows moderate but uniform distortion (Fig. 6.16), but it again
shifts towards the (X/J' -Z/J) direction as the particles' semimajor axes decrease (Fig.
6.17). Note that one test body even breaks away from the rest of the beam. In this
situation, distant perturbations have so modified the approach trajectory of this test body
that the /JMplane coordinate system in no longer valid. (The code calculating the /JMplane
projection of the orbit essentially chooses a different b-plane with incorrect parameters;
this inaccuracy results from the violation of the two-body approximation basic
assumptions i.e., there is no fix). However, in Fig. 6.18, the test body's semimajor axis has
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CASE #3
t: 0.0
to:-207.0
Orbit Info:
D: 1.97 A.U.

ao : 0.990 A.U.
90 :

0.020

io: 0.010 rad.

Figure 6.15: Case #3 starting conditions and initial orbits. The heliocentric reference
orbit of the b = 0 test body and planet's circular orbit at 1 A. U are shown. The starting
time for these test bodies is to = -207. where the time units are the planet's orbital
period / 21t. This places the b = 0 test body at opposition (180 0 away). The remaining
test bodies are much closer to the planet but still well outside the planet's Hill sphere.
They all start with an extremely low relative velocity (V IVESC:S;; 0.12) . Note that the
orbits of the test body are nearly the same as the planet's orbit.
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Figure 6.16: b-plane coordinates shortly after the start of numerical integration. Note
the regular distribution of projected arrival geometries is already somewhat distorted.
The inner circle shown is the TIsserand sphere (R T ) and the outer circle is the Hill
sphere (R H ).
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Figure 6.17: Mter numerical integration -40% of the way to encounter, projected
arrival geometry at the b-plane is significantly distorted. Note the further distortion in
both Z directions and the shift off the target center. The dart separated from the
distribution has had its orbit so modified by distant perturbations that its approach
trajectory in the b-plane coordinate system in no longer valid.
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Figure 6.18: Mter numerical integration -70% of the way to encounter, projected
arrival geometry at the b-plane is still distorted. However, the beam is slowly being
shifted back towards the target center. Note that the strange dart from Fig. 6.17 is now
back in the distribution of darts.
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Figure 6.19: After numerical integration -99% of the way to encounter, projected
arrival geometry at the b-plane are still highly distorted. Compare particles entering the
Tisserand sphere (which have not already departed on horseshoe orbit trajectories) with
the original distribution (see Fig. 6.6). This b-plane test body distribution is consistent
with the expected breakdown of the two·body approximation near V IVESC '" 0.1.
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decreased enough to bring it back within the range of applicability of the b-plane
coordinate system. Thus, we see that the current choice of coordinates is not valid
everywhere; caution must be applied when nearing the regime of pathological orbits.
As the particles close with the planet (Fig. 6.19), the beam slowly shifts back as the
test body's semimajor axes increase again. In this later timestep, we see the test body's
furthest on the Xb axis begin to shift towards the Zb regions of the b-plane, implying a
significant increase in semimajor axis. These particles are beginning to be perturbed into
orbits with semimajor axes larger than the planet. However, even in this highly perturbed
case, we see a significant portion of the particle beam move back to the proximity of the
Hill sphere. Thus, our results show visual proof of the breakdown of two-body outcome
statistics near Wetherill and Cox's limit of V IV ESC ..... 0.1, since Monte-Carlo codes are
unable to treat objects on horseshoe orbits (see Sec. 6.5.2 for details about horseshoe
orbits).
6.4.4 A Peculiar High-Velocity Encounter (Case 4)
The final test case I investigate (Case 4) uses a particle distribution constructed around
ab

= 0 test body with initial orbital parameters(ao = 0.99, eo = 0.30, io = 0.30 rad).

Fig. 6.20 shows the reference orbit for this test body as well as the planet's circular orbit at
1 A.U. I chose the initial orbital parameters to be highly eccentric and inclined, such that
the relative velocity of the beam would be high compared to the planet's escape velocity

(VIV ESC -2.53). Consequently, based on previous studies of particle perturbations with
high V IV ESC' I did not expect this case to be pathological. However, I chose the
semimajor axis of the beam's central particle to be that used in Case 3, such that the
starting position of the b = 0 test body is again to = -207. Thus, this test body would
again "catch-up" with the planet only after nearly 33 (= 207 / 27t) orbits if it were
unperturbed.The starting position of the b

=0

test body is to

= -207. Thus,

this test
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CASE #4
t: 0.0
to :-207.0

Orbit Info:
D: 1.71 A.U.

ao : 0.990 A.U.
9 0 : 0.300

io: 0.300 rad.

Figure 6.20: Case #4 starting conditions and initial orbits. The heliocentric reference
orbit of the b = 0 test body and planet's circular orbit at 1 AU are shown. The starting
time for these test bodies is to = -207 (Le., the same as Case #3), where the time units
are the planet's orbital period / 27t. The remaining test bodies are much closer to the
planet but still well outside the planet's Hill sphere. The test bodies start with a high
relative velocity (V IVESC ~ 2.53) . Note that the vertical lines connected to the b = 0
test body's orbit show the distance above (or below) the ecliptic plane.
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body would "catch-up" with the planet after nearly 33 (207 / 2n) orbits if it were
unperturbed.
What we notice immediately upon observation of the beam (Fig. 6.21-6.24) is that it
has been distorted in a different manner than seen in Cases 1-3. Figs. 6.22-6.23 continue
the trend, with orbit modifications increasing some particles' semimajor axes (on the left
side of the beam) but decreasing the other particles' semimajor axes (on the right side of
the beam). I note that though planetary perturbations produce distortion, the beam itself
remains nearly centered on the target center. The final timestep shown (Fig. 6.24) is highly
distorted, showing that high eccentricities and inclinations can also create interesting
effects at encounter.
It is interesting to note that particles with high relative velocities can still experience

quite profound trajectory modifications during their approach towards encounter. In fact,
even when encounter is imminent, the perturbed beam remains highly distorted.
Therefore, the ratio V/ VESC is obviously not the only important parameter to consider
when investigating the effects of planetary perturbations on approach geometries.

6.5 Thcorctical Discussion
6.5.1 Orbital Evolution of' Test Bodies: Theory
The evolving particle pattern seen on the viewing b-plane in Cases 1-4 can be
understand in terms of planetary perturbations on test body orbits. The dominant motion
seen is (a) a gradual decrease in each particle's semimajor axis from the starting position
to approximately 90 0 behind the planet (Le., half the way to encounter) and (b) a gradual
increase in each particle's semimajor axis from 90 0 behind encounter position up to
encounter. The orbital changes during interval (a) may seem counter-intuitive, since any
increase in tangential velocity should increase the energy of the orbit; an orbit with
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Figure 6.21: b-plane coordinates shortly after the start of numerical integration. Note
the regular distribution of projected arrival geometry is already somewhat distorted. The
inner circle shown is the Tisserand sphere (R T ) and the outer circle is the Hill sphere
(R H ) .
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CASE #4
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Figure 6.22: After numerical integration -40% of the way to encounter, projected
arrival geometry at the b-plane is significantly distorted. Note the further distortion in
both Z directions.
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CASE #4
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Figure 6.23: After numerical integration -70% of the way to encounter, projected
arrival geometry at the b-plane is still distorted. Note that the test bodies are
significantly distorted even though relative velocities are high.
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CASE #4
t: 204.9
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Figure 6.24: After numerical integration -99% of the way to encounter, projected
arrival geometry at the b-plane is still highly distorted. The moral of the story is that
relative velocities do not always tell the entire story.
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increasing energy should increase its semimajor axis a as well. The orbital energy for an
ellipse in given by E:

Il
E=-2a'

(6.5)

where Il is G (MSun + MPlnnct) . So why does a decrease over this interval? To resolve
this paradox, we need to realize that, in this case, the energy equation is useful but slightly
misleading; we need to allow for the perturbing forces of the planet on the Sun.
If we examine the equation of motion for the three-body problem i.e., taking a body of
negligible mass, using r as its position vector, and placing the origin at the center of the
Sun, we get (Roy 1988):
(6.6)

where k is a constant of the motion,

11Ij

is the mass of the planet, and

rj

is the position

vector of the planet. The "indirect" portion (last term) of the equation of motion is
significant when the particle is far from the planet; since the system's center of mass is not
at the origin, it moves slightly as the planet goes around the Sun. This movement, though
slight, removes energy from the test body's orbit. However, the direct term (planet on test
body) again dominates when the test body gets close enough to the planet, such that
energy is restored to the test body's orbit. Thus, for the first 90° of synodic motion, the
indirect part of the gravitational potential dominates and decreases a. After that, the direct
pull of the planet on the test body increases orbital energy and increases a.

6.5.2 "Horseshoe" orbits
The horseshoe orbit regime describes a family of orbits in the three-body problem
where the relative velocity of the particle is so low that the planet can perturb the particle
from an orbit interior to the planet (a < 1 AU) to one exterior to the planet (a> 1 AU), or
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visa-versa. Goldreich and Tremaine (1982) approximate the maximum radial distance
where "horseshoe" orbits occur (~aMax):
113

/lIPlnnct)

~aMn" :::: a ( p,;r-

(6.7)

Sun

= 3.03xlO-7 (relative to the mass of the sun),
~llMax = 0.0067 AU, so the horseshoe regime

In the cases described in Sec. 6.4, /lIPlnnct
MSun

= 1.00,

and a

= 1 AU.

Thus,

near our hypothetical planet ranges from 0.993 AU to 1.007 AU (basically the same result
found in Greenberg et al. 1991).
Since, for Case 3, the initial reference orbit for the b = 0 central particle had a
semimajor axis a of 0.99 AU, several particles with large Xb axis values were within the
horseshoe orbit regime. Two-body encounter statistics certainly fail in a regime where
planetary encounters are no longer possible, in part explaining the Wetherill and Cox
results.

6.6 Conclusions
In this chapter, I have investigated the limitations of the two-body approximation by
numerically modeling the orbital dynamics of test bodies encountering a planet. Our
results were based on a new set of orbital elements (called "b-plane coordinates") which
projected a particle's position and velocity forward along an heliocentric Keplerian orbit
until they intersected a "b-plane" centered on the planet. The velocity, impact parameter,
and planetary position at the particle's projected closest approach form a set of elements
completely equivalent to Keplerian elements. Using b-plane coordinates, I was able to
numerically integrate the dynamical behavior of whole distributions (or beams) of test
bodies and show graphically where and how each test body's arrival geometry was
modified by the effects of distant planetary perturbations.
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I found that a single test body approaching a planet may have its heliocentric orbit
modified in such a way that its arrival geometry at the planet and gravitational scattering
by the planet are significantly different from results given by the two-body approximation.
Moreover, I verified the results of Wetherill and Cox (1985), who showed that two-body
encounters fail to estimate the change in approach trajectory when a test body's relative
velocity V :5: 0.35 VESC'
However, I found that the apparent breakdown in the two-body approximation was
produced by distant planetary perturbations modifying the approach geometry before
encounter, rather than failure of the model at encounter; test bodies follow Ruthelford
scattering at encounter even at low relative velocities. My results showed that the
projected arrival geometries of a uniform beam of particles would become more distorted
as the starting synodic times were increased.
I also found that particle distributions, started with uniform distributions, return to
uniform distributions for almost all chosen orbital parameters, other than the
"pathological" cases, and that "replacement" particles taking the place of other particles
which have been significantly perturbed away from their initial orbital trajectories. This
result verifies the particle replacement hypothesis of Greenberg et al. (1988) and shows
that particle replacement applies over a wide range of orbital parameters. Breakdown
below the Wetherill and Cox lower velocity limit (V /V ESC :5: 0.1) occurs once many test
bodies enter the horseshoe orbit regime. However, I also found that relative velocity may
not be the discriminating factor for describing Monte-Carlo code failure: synodic period
may be the controlling factor.
Thus, I have shown that Monte-Carlo codes are applicable to most dynamical
problems where encounters between small bodies and planets dominate, as long as
significant numbers of test bodies are used. However, in regions of the main-belt and the
near-Earth asteroid popUlation, secular and mean motion resonances dominate; Monte-
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Carlo codes may fail there. These studies of ensembles of particles are helpful in exploring
systematic behavior and should help lay the groundwork for a statistical mechanics of
small body encounters with planets.
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CHAPTER 7:
PROVENANCE OF THE SPACEWATCH SMALL EARTHAPPROACHING ASTEROIDS

7.1lntroductiol1
7.1.1 Application of Previous Results
Chapter 3 rederived and improved the methodology for determining collision
probabilities for two bodies on crossing orbits. Chapters 4 and 5 applied these results to
determine the collision probabilities for asteroids crossing the main belt and near Earth
asteroid popUlations, respectively. Chapter 6 showed that Monte-Carlo codes yield
accurate outcome statistics for dynamical studies of asteroids as long as (a) a statistically
large number of asteroids are used and (b) dynamical evolution does not take place near
any resonance zones. Finally, this chapter pulls all these threads together to investigate the
source of the small Earth-approaching asteroids (diameter D < 50 m) discovered by the
0.9 m Spacewatch telescope (these objects will be referred to here as S-SEAs, although
sometimes referred to as Rabinowitz objects 01' Rabino-bits). Approximately half of the 16
objects discovered lie in a region where few large near-Earth asteroids are found: perihelia
(q) and aphelia (Q) near 1 AU, e < 0.35, and i from 0 0 to -30 0 • Given these size and

dynamical constraints, I assess the possible origins for these objects by tracking the orbital
evolution of test bodies from several possible source regions using a Monte-Carlo
dynamical evolution code. The code was developed by Melosh and Tonks (1993), which I
modified to include the collision probability and impact velocity results from Chapters 4
and 5 (as well as fragmentation and observational selection effects). Our results show that
these asteroids may come from an unexpected source, and that our collision probability
results may help explain the peculiar meteorite record associated with this source.
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Modeling of asteroid evolution necessitates an understanding of both collisional and
dynamical processes.

7.1.2 The Spacewatch Small Earth Approaching Asteroids
Near-Earth asteroids (NEAs) are thought to be fragments from main-belt asteroid
collisions which reach Earth-crossing or near Earth-crossing orbits via a chaotic resonance
zone (e.g., the 3:1 mean-motion resonance with Jupiter, the v6 secular resonance).
Furthermore, dynamical and collisional models show the main-belt can replenish and
maintain the NEA population over the age of the Solar System (Wetherill 1985; 1988).
However, some meteorites (i.e., the Antarctic lunar meteorites and the SNCs) appear to be
derived from terrestrial planets (the Moon and Mars, respectively). In that case at least
some NEAs must be collisional ejecta from planets. This hypothesis raises several
questions: Can we detect planetary derived asteroids among the rest of the NEA
population, or are they too small or too far away? Are they dynamically distinctive? And
what is the size-frequency distribution of these objects?
Rabinowitz has suggested that there appears to be an anomalous SUb-population of
NEAs (Rabinowitz et al. 1993). As part of the Spacewatch project, he has discovered 16 of
the smallest NEAs (diameter D

~

50 m) ever observed. The location of all 16 objects in

orbital element space is plotted in Fig. 7.1. Half of these bodies lie in a region where few
larger NEAs have been found, specifically perihelia «q) ) near 1 AU, eccentricity e <

0.35, and inclinations i from 0 0 to -30 0 • Rabinowitz believes there is an excess of small
bodies relative to expectation based on the small number of larger bodies (D> 100 m)
there. The reality of the excess has been debated. However, if real, this excess has
important implications for the provenance of NEAs and meteorites. Thus, I explore the
possibility that bodies in this region can come from the main belt or from other sources.
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Spacewatch Small Earth-Approaching Asteroids (S-SEAs)
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Figure 7.1: Plot showing the positions of the small Spacewatch Earth'approaching
asteroids (S·SEAs) in (a, e) space (shown by the crosses). The objects characterizing
the excess population have low eccentricity orbits (e < 0.35) and perihelia (q) which
barely cross the orbit of the Earth. The dotted lines show where the asteroids have
perihelia (q) or aphelia (Q) crossing the orbits of Jupiter or the terrestrial planets.
Thus, asteroids with (a, e) positions between those lines cross that planet's orbit.
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7.2 Possible Sources
Assuming that the observed S-SEAs represent a significant population of small bodies
in low-to-moderate e orbits near the Earth, what could produce them? There are several
potential candidate sources: impact ejecta from one (or more) terrestrial planets,
collisional fragments from the main-belt, or collisional break-up of a larger Earth-crossing
asteroid or comet. Any potential source must be consistent with the following constraints:
(1) the known S-SEA orbits, (2) S-SEA spectra (3) the paucity of special meteorites (e.g .•

SNCs or lunar meteorites) relative to the overall meteorite record, and (4) the frequency of
impact events that could create the observed S-SEAs. However, since the quality of SSEA spectra is quite poor at the time of this writing, it is not currently a useful constraint.

7.3 The Model
7.3.1 The Monte-Carlo Code
To determine which of the above sources is viable, I track test bodies as they
dynamically evolve from each source by using the Monte-Carlo dynamical evolution code
of Melosh and Tonks (1992), which was based on the earlier work of Opik (1951), Arnold
(1965), and Wetherill (1985; 1988). This code computes the probability that a given test
body will encounter one of the terrestrial planets, but does not actually integrate the orbit
each body. It assumes the two-body encounter model discussed in Chapter 6. Specifically,
both the planets and the test bodies are on independent keplerian orbits with uniformly
precessing apsides and nodes around the Sun. They are considered unperturbed unless
they enter a planet's sphere of influence, where they either (a) collide with the planet, or
(b) experience a

~V

based on a two-body encounter model, which alters the orbit of the

test body. This process is repeated until the test body impacts a planet, is disrupted by an
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asteroid collision, or is ejected from the system through a close approach with a Jovian
planet.
This model also makes several assumptions to speed computation time. First of all, it
assumes that particle-in-a-box approximations and random scatterings, based on gas
dynamics, can give approximate collision frequencies. Wetherill (1967) first compared the
particle-in-a-box method with a calculation method based on earlier work by Cpik (1951)
(Note: both versions are discussed in Chapter 3). He showed that the particle-in-a-box
method was a reasonably accurate approximation for most applications, although errors
could be a factor of two or more.
Second, this model assumes that two-body scattering is applicable to all encounters.
Chapter 6 shows that the outcome statistics of Monte-Carlo codes yield reasonable
outcome statistics (relative to numerical integration) even in low velocity regimes where
the two-body approximation appears to break down. I find in numerical tests that some test
bodies, whose approach orbits were shifted by distant planetary perturbations, were
replaced by similarly-shifted nearby test bodies. Consequently, a population of test bodies
still preserves outcome statistics as long as a large number of bodies (with a range of
orbital parameters) are available to encounter the planet. Milani et al. (1990) found similar
agreement when he compared the numerically integrated orbits of the known NEAs with
the encounter statistics of Wetherill's (1967) "particle-in-the-box" model, as did Gladman
(1994, personal communication).
Finally, the Monte-Carlo code assumes that multiple distant encounters within the
sphere of influence can be combined into a small number of large encounters through the
use of a so-called "K" factor defined by Arnold (1965). The factor K is chosen such that
only encounters within a target circle of radius K T. are considered direct encounters

(T.

is

the gravitational cross-section radius of the planet). Encounters on the outer half of the
target circle (Le., at distances greater than (KT.) 12), are weighted differently from those
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on the inner half, in order to simulate the effects of more distant encounters which fall
outside the target circle but inside the sphere of influence. Encounters on the inner half of
the target circle are chosen randomly, with close approaches producing a larger

~V

or

even an impact with a planet. Thus, the K value allows one to balance computational
expediency with accuracy. The value used in these simulations, K = 10, was found to be
satisfactory by both Arnold (1965) and Melosh and Tonks (1993). The K factor
approximation was also tested by Nolan (1994), who detetmined that a finite interaction
zone approximation from the sphere of influence and Arnold's K factor introduced errors
on the order of 20-40%. Though such errors could necessitate the use of direct numerical
integration for some dynamical problems, they should not significantly affect the results
presented in this chapter.

7.3.2 Disruption Frequency
I have modified this code to account for catastrophic disruption by collisions between
asteroids. My method for computing the frequency of such events uses the following:
1. The intrinsic collision probabilities and mean impact velocities between a target
asteroid (at a given position in (a, e, i) space) and projectiles from both the
main-belt and near-Earth asteroid popUlations (Computed as described in
Chapters 4 and 5).
2. Criteria for disruption as a function of (a) target size, strength, and mass, (b)
impactor size and mass, and (c) the relative collision velocity.
3. The number of bodies in the impacting population as a function of size.
In order to determine (1), I map (in orbital a, e, i space) the collision probabilities and
mean impact velocities of test asteroids encountering both the 682 largest main-belt
asteroids (D > 50 km) (Fig 7.2 and 7.3, respectively) and the 224 known near-Earth
asteroids using the method of Chapter 4 (see also Bottke et a1. 1994; 1995) (Fig. 7.4 and
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Collision Probabilities for Main-Belt Asteroids
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Figure 7.2: Map showing the intrinsic collision probabilities for test bodies with an
inclination 10° crossing the orbits of 682 main-belt asteroids with D > 50 km . Contour
18
spacing is in units of 1xlO- km -2 yr -1. The dotted lines show where the asteroids have
perihelia (q) or aphelia (Q) crossing the orbits of Jupiter or the terrestrial planets (see
Fig. 7.1).
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Mean Impact Velocities for Main-Belt Asteroids
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Figure 7.3: Map showing the mean impact velocities for test bodies with an
inclination 10° crossing the orbits of 682 main-belt asteroids with D > 50 km . Contour
spacing is in units of 2 krn/s . The dotted lines show where the asteroids have perihelia
(q) or aphelia (Q) crossing the orbits of Jupiter or the terrestrial planets (see Fig. 7.1).
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Collision Probabilities for Near-Earth Asteroids
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Figure 7.4: Map showing the intrinsic collision probabilities for test bodies with an
inclination 10° crossing 224 near Earth asteroids. Contour spacing is in units of
lOX10- 18 km- 2 yr-l. The dotted lines show where the asteroids have perihelia (q) or
aphelia (Q) crossing the orbits of Jupiter or the terrestrial planets (see Fig. 7.1).
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Mean Impact Velocities for Near-Earth Asteroids
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Figure 7.5: Map showing the mean impact velocities for test bodies with an
inclination 10° crossing the orbits of 224 near-Earth asteroids. Contour spacing is in
units of 5 km/s. The dotted lines show where the asteroids have perihelia (q) or
aphelia (Q) crossing the orbits of Jupiter or the terrestrial planets (see Fig. 7.1).
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7.5, respectively). The 224 NEA orbits are those of the known Apollo, Amor, and Aten
asteroids as of January 1993 (from the Minor Planet Center via the database of D. Tholen).
The sets of orbits used in these calculations are assumed to be representative of the smaller
main-belt and NEA asteroid popUlations, even though I know that the sample is
incomplete. By choosing test bodies at regularly spaced intervals in (a, e, i) space and
computing the mean collision probability and impact velocities between these test bodies
and the impacting populations, I can create a "look-up" map describing collision
characteristics anywhere in the terrestrial planet region. Asteroids with orbits between the
regularly spaced intervals can obtain their collision parameters by interpolation, since both
the impact probability and impact velocity maps typically change slowly as a function of
position.
Once I obtain the collision probabilities and velocities for a given target asteroid, I
need to know the size of the projectile required to produce a catastrophic disruption.
Catastrophic disruption is defined as an collision energetic enough to launch half the
fragmented target mass away at escape velocity. Since most NEAs are a few km in size or
smaller, I can assume that asteroid fragmentation will depend on the physical strength of
the target body. Thus, I adopt the strength-scaling laws described in Petit and Farinella
(1993), which are similar to the results of Housen and Holsapple (1990), to simulate
catastrophic disruption of the target body. Then, by applying the impact velocity computed
previously and the physical parameters of the target body, I obtain the size of the projectile
needed to produce a catastrophic disruption.
Finally, I need to know how many projectiles capable of disrupting the target body
exist in either impacting population. I assume a size-frequency distribution for both the
main-belt and near Earth asteroid populations. In the case of the main belt, I assume that
the size-frequency distribution follows the distribution implicitly suggested by Belton et
al. (1992), which is extrapolated as a power-law (incremental index -2.95) from the small
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asteroids of the Palomar-Leiden survey (Van Houten et al. 1970) and then steepens to an
incremental power-law index of -3.5 for asteroids smaller than 175 m in diameter:
dll = 2.7x1012D-2.95dD for D> 175 m

(7.1)

13 3 5
dll = 4.7x10 D- . dDforD<175m.

(7.2)

In the case of the NEA population, I assume it follows the "Spaceguard" sizedistribution for Earth crossers reported by Morrison 1992 (Fig. 2.6). The cumulative size
distribution is estimated to have the following power-law exponents at various size ranges:
-2.6 (D < 0.25 km), -2.0 (0.25 km < D ~ 2.5 km), and -4.3 (D

> 2.5 km) .

With this information, I calculate the frequency (events per year) of all impacts from
both populations into the target body that result in catastrophic disruption of a target body.
NEAs are much less numerous than the main-belt population, so catastrophic collisions
from NEA projectiles are relatively rare. Moreover, I can map these results as a function
of target size and position in (a, e, i) space. A i = 10° "slice" of this mapping space is
shown in Fig. 7.6. I find that:
(a) Asteroids with high eccentricities are disrupted more frequently than bodies with low
eccentricities, due to high projectile impact velocities and the large amount of time they
spend near aphelion among main-belt projectiles. In fact, asteroids exiting the 3: 1 or v 6
resonance into Earth-crossing orbits continue to cross into the main-belt, and as such are
susceptible to an enhanced likelihood of catastrophic disruption relative to asteroids that
remain in the main-belt. Qualitatively, this enhanced collision rate can be seen in the
orbital distribution of fireballs observed on Earth (Fig. 7.7). Fireballs are small asteroidal
fragments that enter the Earth's atmosphere and are heated to fiery incandescence. These
small fragments are believed to be fresh collisional debris from asteroid impacts, created
either before, during, or after injection into resonance. Their trajectories can be tracked
back into space (e.g., Wetherill and ReVelle 1981). Comparing Figs 7.7. with 7.6 shows
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Figure 7.6: Map showing frequency of catastrophic disruption based on strengthscaling (Petit and Farinella 1993) for a 100 m target asteroid at an inclination of 10°
(Contour spacing is 1x10- 9 yr -1). We see that asteroids with higher eccentricities which
cross the main-belt population are much more likely to experience a catastrophic
disruption. Asteroids which are collision ally decoupled from the main-belt (e.g., the
low- e S-SEAs popUlation) catastrophic disrupt infrequently.
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that the greatest number of observed fireballs correspond to regions where catastrophic
events (creating small asteroidal fragments) are frequent.
(b) An asteroid's frequency of disruption drops dramatically when it becomes collision ally
decoupled from the main-belt (i.e., for aphelion Q < 1.7 AU). In fact, the popUlation of
observed S-SEAs resides where catastrophic disruptions are infrequent. Again, this
paucity of fresh collisional debris can be seen qualitatively in Fig. 7.7: few observed
fireballs come from low-eccentricity orbits.
7.3.3 Fragmentation Distribution

Our Monte-Carlo model also includes fragmentation after a collisional disruption, as
modeled by Petit and Farinella (1993). When an asteroid disrupts, numerous fragments are
created, most of which leave the scene of the disruption at velocities greater than escape
velocity (by definition of "disruption"). The sizes of the fragments, their relative numbers,
and their ejection velocities depend on many factors: the various model parameters, the
amount of collision energy pa11itioned into fragmentations and ejection, and the size,
strength, and self-gravity of the target. The size distribution of the fragments is assumed to
follow a power-law distribution similar to what one would find if you were to smash a
rock with a hammer and then count the number of pieces and their sizes. In terms of the
model parameters of Petit and Farinella, the mass distribution function of the ejecta is
N(>m) = Bm-0.8 for barely catastrophic collisions, where B is a constant.

The fragments themselves are tracked in our Monte-Carlo model simulation until they
collisionally evolve below a pre-selected cutoff size

01'

are spatially removed from the

system. For these runs in this paper, I set the cutoff diameter to 50 m for computational
expediency, while being small enough not to affect our results. Ejection velocities from
barely-catastrophic disruptions of small km and sub-km sized NEA asteroids are thought
to be between -10-100 m/s (Petit and Farinella 1993), so I do not expect that asteroid
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fragments larger than the cutoff diameter will have significantly different orbits than the
original target body. As such, I give each new fragment the same orbit as the parent body.

7.3.4 Observation Selection Efl'ects
Finally, observational selection effects from Rabinowitz (1994) are included into our
model, which allows us to compare our results directly with the observations of the SSEAs. Selection effects influence the likelihood of discovering a given size object on a
particular orbit, since telescopes can only detect objects within a finite volume of space at
specific times during the year. For example, asteroids with orbits which allow them to
spend a great deal of time within the search volume (Le., slow-moving objects or objects
which do not spend a great deal of time in the search volume but return frequently) are
more likely to be discovered than other asteroids. Thus, these "special" asteroids will
dominate the observed population, making it necessary to account for these biases when I
match our dynamical results to the observations.
In order to compute the severity of these biases in the Spacewatch telescope and
search program, Rabinowitz creating a program called the Earth-approacher Simulation
Program (ESP), which modelled the effects of observational bias on a fictitious population
of Earth-crossing asteroids (ECAs) detected by a simulated telescopic search. By
determining which asteroids would be discovered as a function of several detection factors
(e.g., limiting magnitude, minimum angular rate, etc.), he computed bias (and inverse
"debias") functions which would simulate actual observational selection effects.
His latest results (Rabinowitz 1994) show that there is a strong bias to detect S-SEAs
in low-eccentricity Earth-crossing orbits (with q often between 0.9 and 1.1 AU) and Atentype orbits for which a < 1 AU . Asteroids in these orbits move slowly through the search
volume, giving them an enhanced opportunity to be discovered. I apply these bias
functions to our results. Thus, our Monte-Carlo model results show what a telescopic
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search program should detect if a population of asteroids from given source resides in a
specific region of space.
7.3.S Experimental Procedure
I inject all test particles from a given starting point (or points) at the same time rather
than as a steady-state production, since both models are equivalent for our purposes of
determining evolutionary paths. (i.e., bodies injected into the same time start model create
a "road-map" showing their most probable evolutionary paths; bodies injected into the
steady-state model must follow the same "road-map", which would lead to similar
results). I let those bodies (and their fragments) dynamically and collision ally evolve until
they hit a terrestrial planet, collisionally evolve below the arbitrary cutoff diameter of 50
m, or are ejected out of the system, most often by Jupiter. To track the evolutionary paths
of the test bodies, I record the total amount of time spent in a given bin of (a, e, i) space
by each asteroid. The bins with the most recorded time, modified by observational
selection effects, correspond to the most likely location for detection. To display this
information, I use contour plots which show the residence time of these bodies in (a, e)
space (Fig. 7.8). The contours show where the asteroids (and their fragments) from a given
source are statistically most likely to spend their time (i.e., where they are most likely to
be observed). A high contour may correspond to one body spending a great deal of time in
a particular region or 100 bodies spending relatively little time there. Either way, the
probability of seeing an object from a given source in that position is high.

7.4 Results
7.4.1 Fragments from the Main-Belt
One possible source for the S-SEAs is collisional debris exiting the 3: 1 or v 6
resonances once they become Earth crossing (at q

= 1 AU) (Wetherill 1985; 1988). To
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test this hypothesis, I examine the orbital evolution of test bodies (D = 1 km) with initial
orbits of a = 2.5 AU, e = 0.6 and i = 5° (for the 3: 1 resonance) and a = 2.1 AU,

e = 0.524 and i = 5° (for the v 6 resonance) (Fig. 7.8). Our results show that main-belt
objects, starting from either of the 3: 1 or v 6 resonances transport orbits, are unlikely to
dynamically evolve into S-SEAs. Objects from these sources frequently disrupt or impact
the Earth before reaching the low.. e orbits seen among the S-SEAs. They do show high
residence times in the high- e orbits along q = 1 AU where collisions are frequent.
However, even accounting for the strong observational biases towards low-e orbits neal'
the Earth, I should not see these objects evolving into these orbits. Furthelmore, though
frequent impacts with the main-belt would produce fresh collisional debris, there is no
reason for this debris to create the clear excess of small bodies seen in low-e as S-SEAs. If
anything, I should see a hierarchy of debris stretching from the given source to the S-SEA
orbits and a steep power-law size-frequency distribution for the entire population, which is
not observed.
Objects started with deeper Earth-crossing orbits (Le., e

= 0.65,0.70)

do not

dynamically evolve into low-e orbits. For example, Fig. 7.9 shows a test case where I
started many 1 km test bodies with initial orbits a = 2.5 AU, e = 0.65 and i
These objects evolve into orbits with are consistent with some of the

= 5°.

higher-eCCl~ntricity

S-

SEAs and can evolve (with time) into orbits consistent with Aten asteroids (i.e., asteroids
having a semimajor axis (a) smaller than 1 AU and a aphelion distance (Q) greater than
0.983 AU). However, neither endstate is close to the observed distribution of low-e SSEAs. Objects started on these types of orbits follow different Jacobi constant contours
than those tested previously, allowing them to transition into Aten orbits more readily.
Thus, Aten asteroid production may require that I start with asteroids on shallow or
moderate Earth-crossing orbits rather than barely Earth-crossing orbits.
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Figure 7.8:

Contour plot in (a, e) space showing the "relative" residence time of 1
km bodies exiting the 3: 1 resonance where they first encounter the Earth (i.e., at
q = 1 AU). The individual contours show where the asteroids from this source are
statistically most likely to spend their time. Thus, high contours show where it is
probable to observe objects from a given source. The highest point on this contour plot
was given a value of 1000. The contour increment was set at 50 (on this relative scale).
In this case, we see that these objects are unlikely to reach the low·e orbits seen for the
S-SEAs, making the 3: 1 resonance an unlikely source for these objects. Test bodies
exiting the v Ii resonance as they become Earth-crossing yield similar results.
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It is important to emphasize that the relative residence time contour plots presented in

this chapter show where asteroids are most likely to be observed if they start from a given
source, which can be very different from results showing the complete evolutionary paths
followed by those asteroids. For example, Figs. 7.107.11, 7.12, and 7.13 show the (a, e)
positions of 1 km test bodies at various times after their initial injection into an orbit of

a = 2.5 AU, e = 0.6 and i = 5° (Le., the same run shown in Fig. 7.8). For this run, I
start with only 1000 test bodies, through disruption events, fragmentation, ejection events,
and planetary impacts modify this number. No observational biases are used. The results
of this run indicate that a few test bodies reach orbits consistent with S-SEA orbits (Le.,
the low-e range) after a few million years of evolution, which would appear to contradict
the results of Fig. 7.8. However, only a small fraction « 1%) of the objects make it to that
region. Of that fraction, very few spend any significant time there; many more objects stay
at higher- e, where they persist long after initial injection. Furthermore, fragmentation
events create many new objects in that region. Fig. 7.14 shows the residence time contour
plot for this run, though this time no observational biases are included. It verifies that most
test bodies spend their time in high-e orbits. If we compare these results to Fig 7.8, which
used more bodies and included observational selection effects, we find little difference.
Thus, as stated earlier, if the main-belt is the primary source for the S-SEAs, one must
also explain why the Spacewatch telescope isn't finding large numbers of small asteroids
with high-e orbits; they should be there in large numbers if they exist. In addition, we
would expect to see by-products of asteroid comminution all along the q = 1 AU line.
The plots shown in Figs 7.10-7.13 are applicable for single events (say, the breakup of
Ceres) since all test bodies are starting at the same time and place. However, a steady-state
injection model should yield results very similar to those seen in the residence time plot
(Fig. 7.14, or, with observational biases, Fig. 7.8).
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Figure 7.10: Plot in (a, e) space showing the evolution of 1 km bodies (and their
fragments), with initial orbits of a = 2.5 AU, e = 0.6 and i = 5°, 1 Myr after
injection into the system. Most bodies stay close to the q = 1 AU line.
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Figure 7.12: Plot in (a, e) space showing the evolution of 1 km bodies (and their
2.5 AU, e
0.6 and i
5°, 10 Myr after
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Figure 7.14: Contour plot in (a, e) space showing the "relative" residence time of 1
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7.4.2 Ejecta from Mars
Another possible source for the S-SEAs is small-body ejecta from Mars. To test Mars
as a source, I start with 100 m bodies which are given a random direction and a velocity of
1 km/s once they have cleared the gravitational well of Mars (Le., V

00

= 1 km/s). I

arbitrarily chose my starting particle size to be an order of magnitude smaller than the
main-belt case, since it is likely that even large planetary ejecta fragments are much
smaller than large NEAs. (Note: these asteroid sizes mayor may not reflect reality; they
are chosen to allow a meaningful comparison between different asteroid sources with
different evolutionary paths and comminution rates. By choosing a small planetary ejecta
size, I imply that these bodies may disrupt below the Spacewatch detection limit more
quickly than larger asteroids evolving from main-belt. However, if comminution rates are
low or unimportant for planetary ejecta, the starting size will not make much of a
difference.)
Mars ejecta do not appear to dynamically evolve into the low-e orbits necessary to
match S-SEA dynamical constraints either, though the data is somewhat ambiguous (Fig.
7.15). Asteroids dynamically evolve very slowly in this region, due to the weak
gravitational force of Mars relative to the Earth. Once the ejecta reaches the q

= 1 AU

line, they still do not appear to evolve into low-e orbits, though a case could be made that
some of the moderate- e S-SEAs could be from Mars. Only the lowest Mars ejecta
residence time contours coincide with the low-e S-SEAs, though the match in this region
is sufficiently large that a Mars-ejecta source for the S-SEAs, though unlikely, cannot
completely be ruled out. However, if this is the case, the large peak of Mars ejecta just
beyond the q

= 1 AU line should also be observable, unless the observational biases used

for this run are incorrect. It is also possible that Mars ejecta, given a high enough initial
velocity, could reach the q

= 1 AU line almost immediately. However, the overall flux of
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Figure 7.15: Contour plot in (a, e) space showing the "relative" residence time of

=

ejecta starting from the Mars. The initial ejecta fragments (D
100 m) are given a
velocity of 1 km/s after they leave the gravitational well of Mars (V",,=l km/s). The
highest point on this contour plot was given a value of 1000. The contour increment was
set at 50 (on this relative scale). Mars ejecta do not appear to evolve into the low-e orbits
necessary to produce the observed S-SEAs.
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these high velocity fragments almost certainly be small, unless Mars ejection velocities
are higher than expected.

7.4.3 Ejecta from the Earth-Moon System
Next, consider planetary ejecta from either the Earth-Moon system or Venus
producing the S-SEA population. As in the Martian test case, I started with 100 m bodies
which were given a random trajectory and a velocity of 1 km/s once they had cleared the
gravitational well of either planet (Le., V00

= 1 km/s). This velocity makes the Earth and

Moon indistinguishable from each other in this model, though it is likely that ejecta from
the Moon, with its lower gravitational acceleration, would more readily achieve this
velocity. Also, I again tracked the ejecta's evolutionary paths until they exited the system
or collision ally eroded below the arbitrary cutoff diameter of 50 m. The relative residence
time for this ejecta can be seen in Fig. 7.16.
The highest contours near the q = 1 AU line correlate well with the positions of the
known S-SEAs. Ejecta residing in these low-e orbits are collisionally decoupled from the
main-belt, allowing it to survive and maintain its steep size-frequency distribution. The
dynamical lifetimes of the objects in this region are only -10-20 Myr after ejection
(Vickery and Melosh 1993), so these objects must be the result of an event within this
time. Thus, model ejecta from the Earth-Moon system do fit the observed excess
population at small eccentricities. Test runs using Venus as the source body yield very
similar results to the Earth-Moon system, so Venus cannot be ruled out either.
One problem with choosing Earth-Moon system ejecta as a source for the low-e SSEAs is that my model runs predict high relative residence times for asteroids with aphelia
near Q - 1 AU, where few objects are actually observed. Those high values are primarily
due to the bias correction factors of Rabinowitz (1994), who reported that objects on those
orbits have extremely high biases towards detection. Only three Atens (objects near Q

=1
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Figure 7.16: Contour plot in (a, e) space showing the "relative" residence time of
ejecta starting from the Earth· Moon system. The initial ejecta fragments (D = 100 m)
are given a velocity of 1 km/s after they leave the gravitational well of the Earth or Moon
(V00=1 km/s). The highest point on this contour plot was given a value of 1000. The
contour increment was set at 100 (on this relative scale) rather than 50 for better
visibility. Note that the higher contours correlate well with the positions of the low-e SSEAs. Test bodies starting from Venus give similar results.
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AU of any size have been found since Spacewatch started operation back in 1990 (Jim
Scotti, personal communication). The relative paucity of Aten discoveries is sUlprising,
since even near-Earth asteroids derived from main-belt sources should dynamically evolve
into Atens if they can survive collisions or planetary impacts (see Figs. 7.9-7.13). There
are several possible explanations which may explain the lack of S-SEA discoveries in this
region, all of which will require further study beyond the scope of this dissertation:
(a) Small asteroids may be removed from Aten orbits on short times cales by chaotic
resonance phenomena or by a drag mechanism: Mean-motion and secular resonances
caused by planetary perturbations may cause S-SEAs to evolve in complicated ways
which Monte-Carlo codes cannot predict. Durda and Jayaraman (1994) found that many
S-SEAs are near various planetary mean-motion resonances. It is possible that these
resonances might prevent S-SEAs from following the dynamical paths suggested by
Monte-Carlo models or they might help trap S-SEAs into when they enter low-e orbits.
Near-Earth resonances may even help Aten asteroids to scatter on a short timescale. A
second possible mechanism for removing small Atens is the thermal drag force
(Rubincam 1994). This variant of the Yarkovsky effect, which is not dependent on rotation
direction, may cause small bodies (up to tens of meters in diameter) to be dragged towards
Sun as they absorb sunlight over the visible wavelengths and reradiate that energy over the
infrared wavelengths in the direction opposite orbital motion. Since thermal drag forces
become more effective near the Sun, this mechanism could preferentially pull small Aten
asteroids into the sun or into close encounters with planets while having negligible effect
on most Apollos and Amors. However, little quantitative work has been done with either
mechanism; more work is needed to understand the relative importance of each effect
when compared to planetary close encounters.
(b) Observational selection effects computed for the Aten region may be too high i.e.,
detection of Aten asteroids may be more difficult than believed by Rabinowitz.
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Rabinowitz (1994) reports extremely high biases favoring discovery of Aten asteroids.
Observational selection effects are proportional (to first order) to the ratio of an asteroid's
encounter probability with Earth over its encounter velocity with Earth (because the
probability of a test body undergoing a close approach with Earth is the same as that
body's collision probability with Earth, except that a larger cross-sectional radius (.2) is
used). Thus, I can use my model from Chapter 3 to calculate my own observational
selection effects (neglecting effects such as albedo, asteroid diameter, etc.). I find
comparable results to that of Rabinowitz (1994), including observational selection
favoring for Atens by nearly an order of magnitude higher than those for Apollos (except
for asteroids on low-e orbits). The large biases favoring Aten asteroid discovery in my
discovery-bias model were almost entirely due to high Earth-encounter probability results;
encounter velocities change too slowly over the Aten/Apollo region to contribute
substantially to the Aten biases. It is possible that both Rabinowitz and myself have
weighted collision probabilities too heavily in these bias calculations
neglected

01'

01'

that we have both

improperly weighted some other factor. If so, our results would yield a more

moderate correction factor which, if used, would remove the strong residence time feature
seen in Fig. 7.16 near the Q = 1 AU line. Further study of observational selection effects
may be needed to clarify the issues raised here.
(c) Earth-Moon system ejecta may not be the source of the S-SEAs: If true, Mars
ejecta (or even main-belt material) may playa more important role than first thought.
However, the relative paucity of Aten discoveries over any size range argues that the high

Q - 1 AU residence time values us most likely an artifact of having neglected the above
effects in my model.
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7.4.4 Stochastic Break-up of a Near-Eat'th Asteroid
Next, consider the possibility that a stochastic break-up of a NEA in a low-e orbit
could produce the observed popUlation of S-SEAs, I find that test asteroids started in
regions near the current positions of the S-SEAs can match their (a, e) orbital
constraints. However, the inclinations of fragments from a given parent body remain
correlated with the inclination of that parent body. Observations of the S-SEAs show that
their inclinations are well distributed between 0° and 30°, similar to the inclination of
asteroids from the main-belt. Furthermore, our collisional model shows that catastrophic
disruptions in this region of space are extremely unlikely. Thus, it seems unlikely that a
single catastrophic disruption of a NEA could produce the observed population.

7.5 Discussion
The results of this study, namely that S-SEAs could be planetary ejecta from the
Moon, Earth, or Venus, imply that a collisional event must have occurred within the
dynamical lifetime given for the S-SEA population (-10-20 Myr) to create the observed
population. I estimate that the largest impactor likely to have hit the Moon in that time
would be a

D~l

km asteroid, while a

D~3

km asteroid should hit Earth or Venus within

that same time on average (see Chapter 5). Unfortunately, it is not known what size crater
and impact parameters would be sufficient to eject 10-50 m objects from any of the
terrestrial planets. The escape velocity of the Moon (V ESC = 2.4 km/s) is significantly
lower than that of either the Earth (V ESC = 11.2 km/s) or Venus (V ESC = 10.2 km/s) ,
which could enhance that body's ability to eject fragments. More work in this area is
clearly needed.
Our results are also constrained by the meteorite record, which shows that only -1 % of
all meteorites that have been discovered on the Earth are of lunar origin. How could these
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objects be under-represented in the meteorite record if so many potential parent bodies
orbit near the Earth as S-SEAs? Our results show that relatively few catastrophic
disruptions occur in the region of space occupied by the S-SEAs. Thus, the flux of fresh
collisional debris needed to form meteorites in this region is small compared to the flux of
material obtained from higher-e regions collisionally coupled to the main-belt (e.g., NEAs
exiting the 3: 1 and v 6 resonances as they become Earth-crossing). Therefore, the overall
meteorite flux seen today should then consist two components: a larger flux of meteorites
from regions where fresh debris is readily created and a lesser flux from "more protected"
regions near the Earth.
Other model constraints may be found by using the lunar and SNC meteorite record:
Warren (1994) found most of the eight lunar meteorites, composed of weak regolith
breccias, have cosmic ray exposure (CRE) ages less than 1 Myr, while the nine SNCs,
composed of stronger mafic material, have ages which cluster into four main groups (0.8,
3.1, 13, and 15 Myr). Since SNC meteorites are stronger than lunar meteorites, it is not
surprising that they are also tend to be several times larger as well. SNC meteorites may be
strong by necessity, since they (or their parent bodies) must survive collisional erosion for
a much longer transit time to reach Earth-crossing orbit than lunar ejecta. Neither
meteorite type shows signs of significant shock, implying that these objects (or their
parent bodies) were spalled off by near-surface shock wave interference during a impact
cratering event (Melosh 1989). However, their specific exposure histories do vary: lunar
meteorites were exposed to both hemispheric (2n) radiation (Le., exposure within a few
meters of the surface of the parent body) and isotropic (4n) radiation, while SNCs were
only exposed to isotropic (4n) radiation. These results imply that lunar meteorites
resided near the surface of the Moon (or its parent body) before a cratering event sent
them to Earth, while the SNCs came from greater depths within their parent bodies. In
addition, the petrology of the lunar meteorites suggests that they may have come from a
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variety of impact sites around the Moon, while the SNC data is more suggestive of a
common provenance.
Two possible scenarios exist for bringing planetary ejecta meteorites to Earth: (1) A
large cratering event on a planetary surface (either the Moon or Mars) launches several
large chunks of ejecta at velocities greater than the planetary escape velocity. These
ejected meteorite parent bodies are large enough that interior material is protected from
most isotropic (4rr) cosmic ray hits and from space erosion during their dynamical
evolution to an Earth-crossing orbit. However, -material close to the surface will receive
(2rr) radiation damage; smaIl 5-10 m asteroids might receive (2rr) radiation damage
throughout its interior. Finally, a impact event on the parent body liberates the meter-sized
proto-meteorites, which then fall to Earth. The transit time spent between liberation and
Earth impact is measured by the (4rr) CRE age. Weaker material is more susceptible to
space erosion and ablation during atmospheric re-entry, so their CRE ages tend to be
shorter than that of stronger material. (2) Small cratering events on a planetary surface
launch meter-sized proto-meteorites towards Earth. They impact the planet after spending
a short time in transit. For this scenario, any hemispheric (2rr) radiation damage detected
among the meteorites had to come from exposure near the top of a planetary surface.
Scenario (1) is favored for the SNC meteorites, since they are unlikely to immediately
evolve into Earth-crossing asteroids, they are all composed of igneous mafic material, and
the CRE ages for these bodies clusters into several different groups (Le., possible impact
liberation events). Scenario (2) may be more likely for the lunar meteorites, but the data is
ambiguous enough to permit (1) as well. Gladman et al. (1995) found that most lunar
ejecta falls to Earth within a short time after ejection, which could explain the short CRE
ages among lunar meteorites. Applying scenario (2) to the remaining constraints suggests
that frequent impact events by small (-100 m) bodies would be needed to maintain the
current lunar meteorite flux and explain the diverse petrology of these objects. However,
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scenario (1) can also fit the data: impact events on 10-50 m asteroids composed of lunar
regolith (low-e S-SEAs) could also provide a similar CRE record as scenario (2) while
eliminating the need to derive meter-sized ejecta from small lunar impact events. The
problem with scenario (1) is that it requires a large impact event to launch 10-50 m objects
into heliocentric orbit. Since large impact events on the Moon occur infrequently, these
events would be unlikely to sample a diverse collection of lunar regolith within the 10-20
Myr dynamical lifetime of low-e S-SEAs, unless these differences are more related to
regolith depth rather than sutface location. A combination of scenarios (1) and (2) might
also be possible, though detelmining the specific flux from (1) or (2) is beyond the limited
constraints of the data.
Given the current state of asteroid studies, I add several caveats to this work. First of
all, the size-frequency distribution of both the main-belt and NEA populations are not well
constrained at smaller sizes. Furthelmore, the orbital distribution of the NEA population is
poorly determined. Our calculations for the catastrophic disruption frequency of those
asteroids are based on the current best estimates of both populations. Second, note that
calculating correction factors against observational selection effects is complicated and
difficult to do accurately. The corrections I used (from Rabinowitz) may distort the
distriblJtion. (see Sec. 7.4.3 for details) Thus, I emphasize caution in interpreting the final
results of this study. Finally, note that recent results from Farinella et a1. (1994) show that
secular resonances can raise eccentricities of many NEAs so significantly that they
become "sun-grazing" (e approaching unity) over extremely short times cales (-1 Myr).
This newly discovered track for NEA dynamical evolution can not currently be simulated
by this type of Monte-Carlo simulation, making predictions more difficult. However,
though such secular effects are evidently important for a part of the NEA popUlation, a
significant fraction of NEAs likely follow the evolution paths considered here. The low
and moderate-e S-SEAs appear to be on a slow evolutionary track, allowing us to simulate
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their orbital evolution with Monte-Carlo codes. Thus, the results presented in this paper
remain valid, though further tests by other integration techniques are needed to examine
the implications of Farinella et al. 's remarkable discovery.

7.6 Conclusions
Our results show that ejecta from the Earth-Moon system and Venus best fit the
dynamical and size constraints of the S-SEAs. Collisional fragments from the 3: 1 or v 6
resonances do not evolve into the low-e orbits needed to produce the S-SEAs, nor does
ejecta from the planet Mars. The stochastic break-up of a near-Earth asteroid near the
region of the observed S-SEAs would give a narrow range of orbital inclinations
inconsistent with the observed S-SEAs. The dynamical lifetime of the S-SEAs is short,
requiring a population-forming event or events within the last 10-20 Myr. A large
impactor is likely to have struck the Earth, Moon, or Venus within those time constraints,
though it is not clear whether such an impactor could launch 10-50 m fragments to escape
velocity. However, the escape velocity of the Moon is low enough that ejecta may escape
from it more readily than from the other two bodies. More information is needed 011 the SSEA size-frequency distribution, their spectra, and their orbits to further constrain source
models.
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CHAPTER 8:

CONCLUSIONS
8.1 Summary of' Thesis Results
My thesis produced a number of interesting results which help explain the collisional
and dynamical evolution of asteroids:
• An improved methodology for detelmining collision Fobabilities between pairs of
asteroids which (in principle) should be accurate even where earlier methods fail
(Chapter 3).
• A methodology for producing probability distributions of impact velocities between
single pairs of asteroids (Chapter 4). I applied these results to compute impact velocity
distributions for:

1. Single asteroids (Gaspra, Ida, and Pallas) (Chapter 4).
2. Asteroid families (the Eos, Themis, Eunomia, and Koronis families) (Chapter 4).
3. Asteroid populations (the main-belt and the near-Earth asteroid population)
(Chapters 4 and 5, respectively).
4. The terrestrial planets (Chapter 5).
• Results showing the frequency of catastrophic disruption for asteroids within the mainbelt and near-Earth asteroid populations (Chapter 5).
• Results showing the rate of near-Earth asteroids impacting the terrestrial planets
(Chapter 5).
• Verification that Monte-Carlo codes yield accurate results (compared to numerical
integration) when large numbers of test bodies were used (Chapter 6).
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• Maps showing collision probabilities and impact velocities (in a, e, i space) for test
bodies crossing the main-belt and near-Earth asteroid populations. These results were
integrated to create a map showing the frequency of catastrophic disruption for any
given size asteroid on a given orbit (Chapter 7).
• Identification of lunar ejecta as the probable source for the low eccentricity asteroids
D < 50 m found by the Spacewatch telescope and search program. Higher eccentricity
Spacewatch objects in this same size range are likely to come from the main-belt or
Mars (Chapter 7).

8.2 Review of Thesis Results
My thesis investigated the collisional and dynamical evolution of asteroids by
examining and calculating several key parameters used to determine collision rates, by
investigating the theoretical underpinnings of a commonly-used dynamical evolution
model, and by integrating my asteroid disruption rate results into this dynamical model to
determine the source of a low-eccentricity SUb-population of the near-Earth asteroid
population. As a consequence, this modified dynamical model and its results are the
cumulation of all the work presented in my thesis. As described in Chapter I, my thesis
was broken down into two sections:

The Collisional Evolution of Asteroids: This section (Chapters 3, 4, and 5) investigated
and calculated the collision probabilities, disruption rates, and impact velocities
distributions for asteroids impacting individual asteroids, asteroid families, the main-belt
population, and near-Earth asteroid population. This section also computed the impact
statistics and velocity distributions for near-Earth objects impacting the terrestrial planets.
My results showed that previous models calculating collision probabilities between
asteroids were inconsistent and sometimes in error. Consequently, I proposed a corrected
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methodology to calculate collision probabilities between any pair of asteroids on a
crossing orbit. This methodology avoided singularities in the collision probability
integrand while correcting other geometrical errors previously introduced. Results from
this new fOImalism were accurate for all the benchmark cases I tested.
I also found that previously computed mean impact velocities, used to determine
asteroid cratering and dislUption events, often did not accurately represent the range of
velocities over which asteroids collide, since each possible orbital collision geometry was
not weighted according to its probability. Accordingly, I developed a new methodology
(using my previously described collision probability methodology) to calculate impact
velocity distributions between any pair of asteroids on a crossing orbit. I found that the
probability distribution for impact velocities between two given asteroids is wide, nongaussian, and often contains spikes; an average value would only give a good
representation if the distribution were smooth and narrow. Therefore, the complete
velocity distribution I obtained for various asteroid populations differed significantly from
published histograms of average velocities. For all pairs among the 682 asteroids in the
main-belt with D > 50 km, I found that my computed velocity distribution was much
wider than previously computed histograms of average velocities. In this case, the most
probable impact velocity is ~4.4 km/s, compared with the mean impact velocity of 5.3 km/
s. For cases of a single asteroid (e.g., Gaspra or Ida) relative to an impacting population,
the distribution I found yielded 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 dislUption rate may be
balanced somewhat by an apparent increase in the frequency of high velocity impacts
between asteroids.
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I also applied my methodologies to compute collision probabilities and impact
velocity distributions between near-Earth asteroids (NEAs) and various populations,
including other NEAs, main-belt asteroids, and the terrestrial planets. I found that a typical
NEA is twice as likely as a main-belt asteroid to be disrupted by impact with a main-belt
body, contrary to current meteorite delivery models (Wetherill 1985; 1988). Lifetimes of
NEAs against collision with terrestrial planets were found to be similar to results found by
previous studies (Shoemaker et a1. 1979; 1990). These impact rates on the terrestrial
planets, as a function of NEA size, and the corresponding impact velocity distributions are
important for consideration of impact hazards.
The application of both these methodologies gives us a good first-order estimate of the
cratering and catastrophic disruption rates within the main-belt and near Earth asteroid
populations. These results also help up constrain the amount/type of ejecta available for
meteoritical delivery to the Earth and the geology and evolution of specific asteroids like
Gaspra and Ida (Greenberg et a1. 1994; 1995).

The Dynamical Evolution of Asteroids: In this section (Chapters 6 and 7), I
investigated:
(a) The applicability of Monte-Carlo dynamical evolution codes (Arnold 1965; Wetherill
1985) in the terrestrial planet region (i.e where asteroid motion is dominated by planetary
perturbations rather than mean-motion or secular resonances associated with Jupiter and
the other Jovian planets). These codes are frequently used in the place of numerical
integration for long-term asteroid evolution (i.e., tens of millions of years), and
(b) The use of a Monte-Carlo code (and my previous results which dealt with mutual
asteroid collisions) to determine where the small Earth-approaching asteroids discovered
by the Spacewatch search program could have originated.
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Most researchers have used Monte-Carlo codes to model the dynamical evolution of
near-Earth asteroids, since numerical integration for long time periods in the terrestrial
planet region (Le., - tens of millions of years) are computationally prohibitive. However,
the accuracy of these codes has often been questioned, since they treat asteroid planet
encounters by using two-body scattering techniques (Le., Ruthelford scattering): the twobody approximation has been shown to yield results inconsistent with numerical
integration results for individual asteroid-planet encounters when an asteroid encounters
the planet at low velocity (Le., near the planet's escape velocity) (Wetherill and Cox
1985). Thus, to assess the accuracy of Monte-Carlo results, I developed a model to track
test bodies encountering a planet such that their approach trajectories could be observed
using a unique set of planetocentric coordinates defined by the geometry of the two-body
approximation (impact parameter b, relative velocity, etc.). The results of that model
showed that the failure of the two-body approximation at low relative velocities was
caused by distant planetary perturbations modifying the approach geometry of the test
bodies; behavior at encounter followed two-body scattering even at low relative velocities.
Moreover, by testing large particle swarms encountering a planet, I found that some test
bodies, whose approach orbit was shifted by distant planetary perturbations, were replaced
by similarly-shifted nearby test bodies. This type of "particle replacement" by a
population of test bodies preserves outcome statistics in a Monte-Carlo model relative to
numerical integration results. Thus, my results verify that Monte-Carlo codes yield
accurate results in regions dominated by planetary perturbations, provided that a large
number of test bodies (with a range of orbital parameters) are used.
Using these results, I applied a Monte-Carlo dynamical evolution code, modified to
include impact disruption, based on a map in orbital (a, c, i) space of collision
probabilities and mean impact velocities determined using actual main-belt and near-Earth
asteroid orbits, fragmentation, and observational selection effects, to determine the origin
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of the small (-50 m or smaller) near-Earth asteroids found by the Spacewatch program.
Nearly one-half of these objects (out of the 15 total objects observed so far) lie in a region
unpopulated by large near Earth asteroids: perihelia (q) and aphelia (Q) neal' 1 AU,

e < 0.35, and i from 0 0 to -30 0 ). To determine the origin of these objects, I tracked the
orbital evolution of test bodies from several possible source regions, using the special size
and dynamical parameters of the Space watch objects to set constraints on our results. I
found that only planetary ejecta from either the Earth-Moon system or Venus is consistent
with the observed low-eccentricity S-SEA orbits. Moreover, since the Moon has the
lowest escape velocity of those three bodies, it is likely that ejecta will more readily
escape from its surface than from Earth or Venus. Asteroidal fragments from the other
sources I considered (e.g., the main-belt, Mars, near-Earth asteroids) do not achieve low-e
orbits before ejection, planetary impacts, or comminution remove them from the system;
these sources seem more likely to produce the other observed Spncewatch objects with
moderate-to-high eccentricities.

8.3 Hazards from Impacting Comets and Asteroids
The issues addressed in my thesis are beginning to effect government policy as the
public's appreciation of the hazard faced by Earth from impacting comets and asteroids
steadily increases. Most in the scientific community now acknowledge that a 12 mile-long
asteroid impacted the Earth 65 million years ago, causing global devastation and mass
extinctions. Moreover, impact events this century (e.g Tunguska, Shoemaker-Levy 9)
show that the threat to life on Earth has not receded with time; we are in as much danger
today as the dinosaurs were in their time. One harbinger of this threat is Carl Sagan, who
devotes nearly two chapters of his new book, "Pale Blue Dot" to the impact of Comet
Shoemaker-Levy 9 on Jupiter, the terrestrial impact hazard, and the ethical dilemma faced
by deflecting asteroids with high-yield nuclear weapons. To emphasize the danger, Sagan
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told the Reuters news service in a recent interview that "The probability that the Earth will
be hit by a civilization-threatening small world in the next century is a little less than one
in a thousand. The probability of dying on a random commercial airline flight is one in two
million. We live amidst a swarm of comets and asteroids and sooner or later one of them is
going to hit us."
In reaction to this threat, the House of Representatives' science committee has
proposed that NASA map all Earth-approaching comets and asteroids by the year 2005.
The military is also becoming interested in the impact hazard and its mitigation. Excerpts
from a recent Air Force Document (SPACECAST 2020, U. S. Air Force Air University,
1994) state: "Recent years have witnessed an expansion of research and discovery of
objects from space that potentially may strike the Earth. Collisions with objects larger than
a few hundred meters in diameter could threaten global civilization and as such the means
to mitigate them are worth considering. To have the vision and ability to prepare to defend
the planet from natural danger and not to do so may be viewed as irresponsible by our own
citizens. Although not a traditional "enemy," the asteroids are nonetheless a threat that the
Department of Defense should evaluate and prepare to defend against. The role of the
military has traditionally been to operate in and expand the frontier of space. This role will
remain constant as humankind stretches to new frontiers. Provisions for defense of the
planet, as far away from the planet as possible, need to begin." Edward Teller, the "father
of the hydrogen bomb", even advocates near-telm nuclear testing in space to prepare for a
possible future deflection/disintegration effort against a threatening comet or asteroid.
Though the proposition of orbiting nuclear weapons rightfully frightens most individuals,
these suggestions are slowly becoming part of our national defense policy as we struggle
to cope with the implications of this previously unknown threat.
What should be done today to reduce the risk and mitigate the threat from comets and
asteroids impacting the Earth? The NASA Near-Earth Object Detection Workshop
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suggested a program called the Spaceguard Survey which could detect nearly all
potentially threatening asteroids and short-period comets large enough to produce a global
catastrophe (Morrison 1992). This same survey would also be able to detect long-period
comets several months before impact, hopefully allowing enough lead time to deflect the
threatening body away from Earth. The Spaceguard Survey would consist of a network of
six specially constructed telescopes capable of cataloging nearly all asteroids larger than 1
km with threatening orbits within the next 20 years. The cost of this network would be
relatively inexpensive ($50 million for capital construction and $10 million / year in
operation costs) compared to the costs of a mitigation program designed to deflect or
destroy an incoming body (estimates range from $10 billion or more / year, depending on
the size/nature of the threat) (Morrison et al. 1993). Thus, the Spacegunrd Survey would
serve as a fOlm of inexpensive "life insurance", where the principal policy holders would
be the current (and future) residents of Earth.
The next few years will bring about several interesting policy issues related to impact
hazard. Statistically, the threat is real, but it is not clear whether we need to spend large
amounts of our current resources to prepare to mitigate such a threat. If the Spaceguard
Survey is funded, it could inventory the large asteroids of the NEA population and assess
the hazard level from any threatening objects relatively inexpensively. However, what
happens if the Spaceguard Survey finds a asteroid or comet on an impact trajectory with
the Earth? Common sense dictates that we attempt to deflect/destroy the body, but how
should we prepare in the interim? Should we start a crash program to create high-yield
weapons or other mechanisms capable of deflecting km-sized asteroids? What are the
implications of such a program, both ethically and financially? Could the threat from
accident or misuse of such a deflection-weapons program be more dangerous than the
threat from asteroid and comets themselves? Are large "civilization-busting" asteroids the
only threat we should prepare for, or should we also try to mitigate the threat from smaller
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(and more numerous) asteroids as well? Is it also worth the expense to prepare to deflect
the rare km-sized comet which can be only be detected a few months before impact?
These questions have no easy answers. Moreover, the call to anns from various circles
(self serving or not) will steadily grow as additional asteroid detections and "near misses"
are reported in the media. As the public becomes more aware of this issue, we can expect
that our current policy decisions will receive increased interest and scrutiny. We can also
expect that various mitigation programs will be proposed to protect us from this threat.
Recent reports to Congress (Morrison et al. 1993) show that several government weapons
labs have showed increased interest in the impact hazard issue, though a cynical individual
might point out that this increased interest comes about at roughly the same time as the
end of the Cold War and a decreasing federal defense budget. Nevertheless, the hazard
from comets and asteroid is one of the few natural disasters we can prevent, assuming we
have the wisdom and foresight not to make the cure worse than the disease.
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