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Abstract

The main belt is believed to have originally contained an Earth mass or more of material, enough to allow the asteroids to a
relatively short timescales. The present-day main belt, however, only contains∼5× 10−4 Earth masses. Numerical simulations suggest
this mass loss can be explained by the dynamical depletion of main belt material via gravitational perturbations from planetary emb
newly-formed Jupiter. To explore this scenario, we combined dynamical results from Petit et al. [Petit, J. Morbidelli, A., Chambers,
The primordial excitation and clearing of the asteroid belt. Icarus 153, 338–347] with a collisional evolution code capable of track
the main belt undergoes comminution and dynamical depletion over 4.6 Gyr [Bottke, W.F., Durda, D., Nesvorny, D., Jedicke, R., M
A., Vokrouhlický, D., Levison, H., 2005. The fossilized size distribution of the main asteroid belt. Icarus 175, 111–140]. Our resu
constrained by the main belt’s size–frequency distribution, the number of asteroid families produced by disruption events from
D > 100 km parent bodies over the last 3–4 Gyr, the presence of a single large impact crater on Vesta’s intact basaltic crust, and th
constant lunar and terrestrial impactor flux over the last 3 Gyr. We used our model to set limits on the initial size of the main belt a
Jupiter’s formation time. We find the most likely formation time for Jupiter was 3.3±2.6 Myr after the onset of fragmentation in the main be
These results are consistent with the estimated mean disk lifetime of 3 Myr predicted by Haisch et al. [Haisch, K.E., Lada, E.A., L
2001. Disk frequencies and lifetimes in young clusters. Astrophys. J. 553, L153–L156]. The post-accretion main belt population, in
of diameterD � 1000 km planetesimals, was likely to have been 160± 40 times the current main belt’s mass. This corresponds to 0.06–0.1
Earth masses, only a small fraction of the total mass thought to have existed in the main belt zone during planet formation. The
mass was most likely taken up by planetary embryos formed in the same region. Our results suggest that numerousD > 200 km planetesimal
disrupted early in Solar System history, but only a small fraction of their fragments survived the dynamical depletion event describ
We believe this may explain the limited presence of iron-rich M-type, olivine-rich A-type, and non-Vesta V-type asteroids in the m
today. The collisional lifetimes determined for main belt asteroids agree with the cosmic ray exposure ages of stony meteorite
consistent with the limited collisional evolution detected among large Koronis family members. Using the same model, we investi
near-Earth object (NEO) population. We show the shape of the NEO size distribution is a reflection of the main belt population, with
asteroids driven to resonances by Yarkovsky thermal forces. We used our model of the NEO population over the last 3 Gyr, which is
with the current population determined by telescopic and satellite data, to explore whether the majority of small craters (D < 0.1–1 km)
formed on Mercury, the Moon, and Mars were produced by primary impacts or by secondary impacts generated by ejecta from lar
Our results suggest that most small craters formed on these worlds were a by-product of secondary rather than primary impacts.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The collisional and dynamical history of the main belt
strongly linked with the growth and evolution of the plane
with the events occurring during this primeval era recor
in the orbits, sizes, and compositional distributions of
asteroids and in the hand samples of meteorites. Like
chaeologists working to translate stone carvings left beh
by ancient civilizations, the collisional and dynamical clu
left behind in or derived from the main belt, once prope
interpreted, can be used to read the history of the inner
lar System. From a practical standpoint, this means we
only have to understand how asteroids have been scarre
fragmented over time by hypervelocity impacts but also h
gravitational perturbations from planets, planetary embr
and the solar nebula have affected the orbital distributio
the survivors.

The foundation for the work presented in this pape
Bottke et al. (2005)(hereafter B05), who used numeric
simulations to track how the initial main belt size–frequen
distribution was affected over time by collisional evo
tion. The constraints used in their modeling work, nam
the wavy-shaped main belt size–frequency distribution,
quantity of asteroid families produced by the disruption
D > 100 km parent bodies over the last 3–4 Gyr, the crate
surface of Asteroid (4) Vesta, and the relatively cons
crater production rate of the Earth and Moon over the
3 Gyr, were wide ranging enough for them to estimate
shape of the initial main belt size–frequency distribution
well as the asteroid disruption scaling lawQ∗

D, a critical
function needed in all codes that include fragmentation
tween rocky planetesimals. In contrast to previous eff
(e.g., Durda et al., 1998), B05 demonstrated that theQ∗

D
scaling laws most likely to produce current main belt c
ditions were similar to those generated by recent smoo
particle hydrodynamic (SPH) simulations (e.g.,Benz and
Asphaug, 1999). They also showed there was a limit to t
degree of main belt comminution that could have taken p
over Solar System history; too much or too little would p
duce model size distributions discordant with observatio
In fact, they suggested that if the current main belt were
backward in time, it would need the equivalent of roug
7.5–9.5 Gyr of “reverse collisional evolution” to return to
initial state, a time interval roughly twice as long as the
of the Solar System (4.6 Gyr).

To explain this puzzling result, B05 argued the extra co
minution had to come from a collisional phase occurr
early in Solar System history (∼3.9–4.5 Ga) when the pr
mordial main belt held significantly more diameterD <

1000 km bodies than it contains today. The extra mate
in this population would have been removed by dynam
rather than collisional processes. What B05 left out of th
simulations, however, was a way to account for the e
tation and elimination of main belt material by dynamic
processes. They did this for two reasons. The first was
including dynamical processes into their simulations wo
d

have increased their number of unknown parameters, en
that obtaining unique solutions forQ∗

D and the initial shape
of the main belt size distribution would have been impo
ble. The second is that they wanted to avoid locking th
selves into a dynamical evolution scenario that would lik
become obsolete as planet formation models increase
sophistication (e.g., next generation models will likely
clude the effects of dynamical friction between planet
embryos and planetesimals, gas drag on planetesimals,
etary migration, and the nature and effects of the so-ca
Late Heavy Bombardment;Hartmann et al., 2000; Gome
et al., 2005; see Section2.2.4). Instead, B05 used a mo
approximate approach that retained the essential aspe
the problem but made simplifying assumptions (e.g., t
assumed that most main belt comminution occurred w
collisional probabilities and impact velocities were com
rable to current values; a massive population experien
comminution over a short interval is mathematically equi
lent to a low mass population undergoing comminution o
an extended interval). Thus, rather than modeling the c
sional and dynamical history of the main belt over 4.6 G
B05 instead tracked how a population comparable in m
to the current main belt would evolve over timescales lon
than the age of the Solar System, with the extra simula
time compensating for a (putative) early phase of comm
tion occurring when the main belt was both excited and m
sive.

Using insights provided by B05, we are now ready to
a more ambitious model that directly accounts for both c
lisional and dynamical processes over the last 4.6 Gyr. H
we combine results from the best available dynamical mo
of early main belt evolution(Petit et al., 2001)with the colli-
sion code and best fit results of B05. As we show below,
results from this hybrid code can be used to estimate the
tial mass of theD < 1000 km population in the primordia
main belt, constrain the formation timescale of Jupiter,
produce a more refined understanding of the nature o
dynamical depletion event that scattered bodies out of m
belt population early in Solar System history. Thus, we ar
the main belt provides us with critical clues that can help
probe the nature of planet formation events in the inner S
System.

To verify our results, we made numerous comparisons
tween our model’s predictions and the available constra
with our results showing an excellent match between
two. These predictions include estimates of: (i) the p
accretion size distribution found among main belt plane
imals, (ii) the disruption scaling law controlling astero
breakup events, (iii) the collisional lifetime of main be
asteroids, and (iv) the main belt and NEO population s
distributions over a size range stretching from centimete
Ceres-sized objects over the last 4.6 Gyr. Using our N
population model, we also investigated the nature of sm
craters on the terrestrial planets and whether they w
formed by primary impacts or by secondary impacts p
duced by ejecta from large craters. For those wishing to
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a detailed summary of our results before reading the pa
please turn to our conclusions in Section6.

Here we provide a brief outline for this paper. In Se
tion 2, we discuss the current state of the art in main b
dynamical evolution models, and closely examine the
sults described byPetit et al. (2001), whose model doe
the best job thus far of explaining the available dynam
constraints. In Section3, we show how the dynamical exc
tation and depletion of the main belt, as well as the effe
of Yarkovsky thermal forces, are included in our model.
also review our principal model constraints. In Section4, we
discuss several trial runs of our model while also pres
ing our large-scale production runs. In Section5, we discuss
the numerous implications of our results, which extend i
many issues of main belt and NEO evolution. Finally, in S
tion 6, we present our conclusions.

One additional comment should be made here. In B05
reviewed the history of main belt collisional evolution mo
els. Since that time, an additional model has been sub
ted (O’Brien and Greenberg, 2005)and another publishe
(Cheng, 2004). Between the two, theO’Brien and Greenberg
(2005)model is more similar to one presented here, tho
there are several distinct differences in the choices m
for initial conditions, model components and constrain
methods, and in the treatment of the dynamical evolu
of the primordial main belt. The most important differen
between these two papers and ours, however, is tha
results were constrained by the observed distribution of
teroid families formed over the last 3.5 Gyr whose par
bodies had diameterD > 100 km (see Section3.4and B05).
We were literally driven to the results described below
these data, which allowed us to eliminate many unreal
input parameters. We believe any future models of main
evolution will need to be similarly tested in order to obta
unique solutions.

2. Models for the dynamical evolution and depletion of
the main belt

2.1. Previous work

To determine the nature of the dynamical excitation
depletion event that affected the main belt, we first n
to understand the dynamical constraints provided by m
belt asteroids (a recent review of this issue can be fo
in Petit et al., 2001, 2002). One powerful constraint con
cerns the putative depletion of material in the main b
zone. While the main belt only contains∼5 × 10−4M⊕ of
material today, it may have once held anM⊕ or more of ma-
terial (Weidenschilling, 1977; Lissauer, 1987). The fate of
this missing mass is uncertain, but numerical models s
gest most of this mass was ejected from the main belt z
shortly after the end of the accretion phase (e.g., seePetit et
al., 2002, for a review).

A second constraint comes from the current dynam
excitation of the largest main belt bodies. The 682 aster
,

r

with diameterD > 50 km have eccentricitiese and incli-
nations i spread between 0–0.3 and 0◦–30◦, respectively.
These values are large enough that collisions produce
mentation rather than accretion(Farinella and Davis, 1992
Bottke et al., 1994a; Petit et al., 2001). Because this could
not have been true when the asteroids were accreting, s
dynamical mechanism must have modified their orbits fr
low (e, i) values to the excited and widely distributed valu
seen today.

Finally, the distribution and (partial) radial mixing o
taxonomic classes found among the largest asteroids (D >

50 km) provides a third dynamical constraint.Gradie and
Tedesco (1982)showed that large S-type asteroids do
inate the inner belt (semimajor axisa between 2.1 and
2.5 AU) while C types dominate the central belt (2.5 <

a < 3.2 AU and D/P types dominating the outer main b
(a > 3.2 AU). The boundaries between these groups, h
ever, are not sharp, with some C and D asteroids foun
the inner main belt and some S types found in the o
main belt. It is unlikely that thermal evolution alone pr
duced this configuration (Grimm and McSween, 1993; see
review byMcSween et al., 2002). Instead, it is plausible tha
some process (or processes) partially mixed the taxono
types after accretion. Note that we exclude from our disc
sion the semimajor axis distribution trends forD < 50 km
asteroids(Mothé-Diniz et al., 2003), partly because man
of them are fragments produced by large-scale disrup
events (B05) but also becauseD � 20–30 km asteroid
are susceptible to significant semimajor axis drift via
Yarkovsky effect (e.g.,Farinella and Vokrouhlický, 1999
Bottke et al., 2002a).

To explain these features, several research groups
investigated dynamical mechanisms capable of exciting
teroidal eccentricities/inclinations and potentially remov
primordial asteroids from the main belt. Some of the e
liest work on this issue was described bySafronov (1969),
who suggested that Jupiter-scattered protoplanets durin
planet formation epoch could have interacted with and
persed numerous primordial asteroids. Ideally, this scen
could explain the termination of accretion in the main b
the onset of fragmentation, why main belt asteroids ar
a dynamically excited state and why the largest aster
show signs of limited radial mixing. Numerical results, ho
ever, indicate that Jupiter-scattered protoplanets would
duce an excitation gradient in the main belt, with bod
between 2< a < 3 AU far less excited than those wi
a > 3 AU (Petit et al., 1999; see alsoDavis et al., 1979
Ip, 1987; Wetherill, 1989). Because this excitation gra
dient is not observed, it appears unlikely the primord
main belt lost a significant amount of mass in this m
ner.

Another potential way to dynamically excite and d
populate the main belt is by sweeping secular resonan
They can be launched by a uniformly decaying solar n
ula (Ward 1979; 1981; Heppenheimer, 1980; Ida and L
1996; Liou and Malhotra, 1997; Franklin and Lecar, 20
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Nagasawa et al., 2002), a non-uniformly decaying nebul
(e.g.,Nagasawa et al., 2002; seePetit et al., 2002, for a short
review of various nebular depletion mechanisms), or by
grating planets(Gomes, 1997; Kortenkamp and Wether
2000; Kortenkamp et al., 2001; Levison et al., 2001). For the
nebular case, interactions between newly formed giant p
ets and a massive solar nebula produce secular reson
fixed to particular orbital positions. As the solar nebula d
perses, these secular resonances gradually move to ne
bital positions and sweep through regions that may con
planetesimals. For migrating planets, secular and mean
tion resonances can change positions if planets like Jupit
Saturn take on newa, e, and/ori values. Objects encounte
ing these resonances can have their own(e, i) values mod-
ified. Thus, in an idealized scenario, sweeping resona
would scatter most of the bodies out of the primordial m
belt, leaving behind a small remainder with the main be
observed range of(e, i) values.

Current numerical modeling work, however, indica
these scenarios cannot yet satisfy the main belt constr
described above.Nagasawa et al. (2002)show that sweeping
secular resonances acting on test bodies with circular, loi

orbits can be depleted from the main belt, but at the cos
leaving the survivors with a narrow ranges ofi values; such
values are not observed. They also tend to remove too m
of the main belt’s mass from the wrong places(Levison et
al., 2001). In addition, sweeping secular resonances do
affect semimajor axis values and therefore cannot exp
the mixture of taxonomic types seen among the larges
teroids. Models where Jupiter and Saturn form and mig
very early in Solar System history also appear to prev
the formation of large asteroids like Ceres(Kortenkamp and
Wetherill, 2000; Kortenkamp et al., 2001). With this said, it
is possible that secular resonances, driven by the migra
of the jovian planets, did sweep across a main belt that
already dynamically excited, but perhaps not until the L
Heavy Bombardment epoch∼3.9 Ga (Levison et al., 2001
Gomes et al., 2005; see also Section2.2.4).

Finally, some have investigated the idea that plane
embryos grown inside the main belt not only produced
dynamically excited state but also contributed to its
namical depletion. This scenario, which was originally
veloped byWetherill (1992)and further pursued by sev
eral other research groups(Chambers and Wetherill, 1998
Chambers and Wetherill, 2001; Petit et al., 2001), arguably
provides the best match at present with main belt dyna
cal constraints among existing models (seePetit et al., 2001
2002, for details). For this reason, we describe this scen
in greater detail below.

2.2. Dynamical excitation and depletion of the main belt
planetary embryos

The dynamical history of the main belt via planetary e
bryo evolution can be divided into three somewhat broa
defined phases that we describe below.
s

r-

-
r

2.2.1. Phase 1: Dynamical excitation of the primordial
main belt

According to the core-accretion model, runaway grow
among planetesimals should produce Moon- to Mars-
planetesimals throughout the inner Solar System (e
Safronov, 1969; Greenberg et al., 1978; Wetherill and St
art, 1989; Weidenschilling et al., 1997; Kokubo and I
2002). The timescale of embryo growth throughout the
ner Solar System is unknown, though it is believed Moon
Mars-sized objects could have grown in less, perhaps m
less, than a few Myr. This would explain how Jupiter a
creted a severalM⊕ core capable of amassing its atmosph
before the solar nebula was eliminated(Pollack et al., 1996
Wuchterl et al., 2000; Inaba et al., 2003; Podolak, 20
Hubickyj et al., 2003; Alibert et al., 2004). The estimated
lifetime of protoplanetary disks, according to an analy
of dust emission around objects in various star cluster
1–10 Myr, where approximately half of the stars lose th
disks in�3 Myr (Haisch et al., 2001).

Models describing the evolution of planetary embry
and planetesimals in the inner Solar System have been
scribed by several groups(Agnor et al., 1979; Chamber
and Wetherill 1998; 2001; Chambers and Cassen, 20.
Here we focus on the results provided byPetit et al. (2001),
who investigated the dynamical excitation of the aster
belt by both planetary embryos and Jupiter (see alsoMor-
bidelli et al., 2000, 2001). Petit et al. (2001)first tracked
the evolution of 56 embryos started on circular, sligh
inclined orbits (0.1◦) between 0.5 and 4 AU using th
MERCURY integration package(Chambers and Migliorini
1997). The total mass of these embryos was 5M⊕, consistent
with the expected primordial mass of solids in that reg
(Weidenschilling, 1977). The masses of the individual em
bryos were increased from the inner (1/60 Earth mass) to
the outer edge (1/3 Earth mass) of the disk according
∝ a3σ−3/2, whereσ is the surface density of the protoplan
tary disk. In this formative stage, the embryos were separ
by a fixed number of mutual Hill radii. The increase in ma
was chosen such that the surface densityσ was proportiona
to a−1.

Fig. 1 shows the dynamical evolution of the embry
prior to the formation of Jupiter, which was set somew
arbitrarily to 10 Myr. The embryos are represented by
large gray particles. The approximate region represente
the current main belt in(a, e, i) space is shown by the sol
black lines. We see that the embryos gravitationally per
one another enough over 10 Myr to initiate some me
ers and moderately excite themselves (e values reach∼0.4;
i values reach∼30◦. The innermost embryos are the dyna
ically “hottest,” while those beyond 4 AU remain relative
“cold.”

Using this embryo evolution dataset,Petit et al. (2001)
created several simulations where the recorded positions
masses of the embryos were used to gravitationally per
test bodies initially placed on circular, zero-i orbits.Fig. 1
also shows the evolution of 100 test bodies started with s
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Fig. 1. Three snapshots from a representative run inPetit et al. (2001), where the dynamical evolution of test bodies and planetary embryos were track
10 Myr prior to the formation of Jupiter (Phase 1; see Section2.2.1). The first timestep,t = 0 Myr, shows the initial conditions. The large gray dots repres
56 Moon- to Mars-sized embryos started on circular, slightly inclined orbits (i = 0.1◦) between 0.5 and 4 AU. The masses of the individual embryos w
increased from the inner (1/60 Earth mass) to the outer edge (1/3 Earth mass) of the disk according to∝ a3σ−3/2, whereσ is the surface density of th
protoplanetary disk. Their total mass was set to 5M⊕. The smaller black dots represent 100 test bodies stared on circular, zero-inclination orbits b
2.0 < a < 3.5 AU. The approximate orbital properties of the current main belt (i.e., the main belt zone) are shown as solid black lines. As time evolve
the embryos increasingly excite the test bodes and one another. Aftert = 10 Myr, some particles have reacheda ∼ 1 and 5 AU,e ∼ 0.6, andi ∼ 40◦. Only 17
test bodies are left in the main belt zone at this time.
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major axes equally spaced between 2 and 3.5 AU. These
bodies are designed to represent asteroids in the primo
main belt that failed to accrete with various planetary e
bryos during runaway growth. The dynamical evolution
the test bodies was tracked using the numerical integr
SWIFT-RMVS3(Levison and Duncan, 1994), with pertur-
bations of the planetary embryos included using techniq
described byPetit et al. (1999). Snapshots of their(a, e, i)

values at 0, 3, and 10 Myr are shown inFig. 1as small black
dots. By 10 Myr, thee values of some test bodies reach∼0.6,
while theiri values extend up to∼40◦. The consequences o
this, as we will describe below, are to increase collision
locities enough to initiate fragmentation during impacts.

2.2.2. Phase 2: Dynamical depletion of the main belt
At some time during Phase 1, runaway growth produ

a severalM⊕ core near Jupiter’s current location(Wuchterl
et al., 2000; Inaba et al., 2003). Modeling results sugges
this planetary embryo was massive enough to accrete
from the solar nebula(Pollack et al., 1996; Podolak, 200
Hubickyj et al., 2003; Alibert et al., 2004). Because Jupite
formed before the gaseous component of the disk was
its formation age was approximately 1–10 Myr after the f
mation of the first solids(Haisch et al., 2001).

The introduction of Jupiter (and Saturn) into the So
System, which we mark as the beginning of Phase 2,
a dramatic effect on the dynamical structure of the prim
t
l

,

dial main belt. To simulate this,Petit et al. (2001)introduced
Jupiter and Saturn into the evolving system of embryo
10 Myr, assuming they had their present-day masses
(a, e, i) values.Fig. 2shows how these bodies affect plan
tary embryos in the main belt. Close encounters with Jup
quickly throw several embryos out of the inner Solar Syst
Gravitational perturbations from Jupiter and Saturn also
troduce a secular oscillation into the embryos’ eccentricit
When combined with the mutual gravitational perturbatio
from the embryos and the addition of Jupiter/Saturn’s m
motion/secular resonance structure, the net effect is to
cally increase the dynamical temperature of the system
the embryos obtain largere, i values). In this simulation
embryos push one another out of the main belt, explain
why none are seen there today (e.g.,Chambers and Wethe
ill, 2001).

The embryos continued to merge until they formed a s
tem similar to that of our terrestrial planets.Fig. 3 shows
all of the unstable embryos have been eliminated byt =
100 Myr. The planets remaining have a mass of 1.3M⊕ (a =
0.68 AU, e = 0.15, andi = 5◦) and 0.48M⊕ (a = 1.5 AU,
e = 0.03, andi = 23◦).

This simulation illustrates the success and failures of
current generation of late-stage planet formation models
can see that it is possible to generate terrestrial planet
tems reminiscent of our Solar System, but the planets
dynamically hotter than the Earth and Venus. The timesc
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Fig. 2. Three snapshots from a second representative run inPetit et al. (2001), where the dynamical evolution of test bodies and planetary embryos
tracked for more than 100 Myr just after the formation of Jupiter (Phase 2; see Section2.2.2). The first timestep,t = 10 Myr, shows the initial conditions
The gray dots are planetary embryos whose orbital parameters were taken directly from the last frame ofFig. 1. The black dots represent two sets of t
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zone. Att = 15 Myr, nearly all of the test bodies have been pushed out of the main belt onto highe, i orbits. Perturbations from Jupiter have eliminated
forced the merger of many embryos. Byt = 20 Myr, only a third of the original test bodies are still in the system. Some black square test bodies can b
outside the main belt zone during this time period.

Fig. 3. Three more snapshots from the run described inFig. 2 (Phase 2; see Section2.2.2). Here we see the embryos merging to form two terrestrial pla
after 100 Myr, one with a mass of 1.3M⊕ (a = 0.68 AU, e = 0.15, andi = 5◦) and a second with 0.48M⊕ (a = 1.5 AU, e = 0.03, andi = 23◦). Neither planet
crosses into the main belt region, though both are dynamically hot compared to our system of terrestrial planets. Att = 60 Myr, all 5 of the black square tes
bodies have become trapped in the main belt zone. Beyond these objects, only a few test bodies are left att = 100 Myr. These survivors are cloned and track
for an additional 400 Myr.
nge ch
see
needed to complete the terrestrial planets are also lo
than suggested by the Moon-forming impact on Earth (∼25–
r30 Myr after the formation of the Solar System), whi
likely marked the end of significant accretion on Earth (
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review byCanup, 2004). We suspect that to create syste
closer to our own, next-generation codes will need to
count for important physical processes such as dynam
friction between the large and small bodies, gas drag, gr
tational interactions with the gas component of the disk,
fragmentation. Despite these limitations, however, the
restrial planets produced inPetit et al. (2001)do not cross
into the main belt zone, making them comparable enoug
our own system that we can use them to probe the evolu
of the primordial main belt.

To determine what happened to the main belt after
formation of Jupiter,Petit et al. (2001)inserted 100 tes
bodies on circular orbits between 1.0 and 2.0 AU (sim
lation A4) and 1000 test bodies between 2.0 and 2.8
(simulation A3) into the embryo/Jupiter/Saturn system
scribed above. The initial conditions are shown inFig. 2.
The test bodies were tracked for 100 Myr, with their
bits modified by the combined perturbations of the e
bryos and Jupiter/Saturn. Details of the integration can
found in Petit et al. (2001). We show the results as a s
ries of snapshots inFigs. 2 and 3. The test bodies ar
shown as small black dots. The objects left behind an
dynamically trapped on stable orbits in the main belt h
black/gray squares around them (gray was used for
15 Myr timestep so the square could be seen agains
black dot background). Note that several black square
jects spend time outside the main belt zone before pertu
tions from planetary embryos capture them in the main
once again.

The simulations show that the eccentricities and incli
tions of test bodies from both populations become hig
excited over just a few Myr, with most objects eliminat
by striking the Sun or being thrown out of the inner So
System via a close encounter with Jupiter. For the 1000 b
ies started between 2.0 and 2.8 AU, five objects survive
reach the asteroid belt: one in the inner belt (2.0–2.5 A
three in the central belt (2.5–3.28 AU), and one in the ou
belt (>3.28 AU). All the survivors started witha between
2.5 and 2.8 AU. These results imply that the main belt m
have dynamically lost�99% of its primordial material via
dynamical excitation. We will refer to this in this paper
the “dynamical depletion event” (DDE).

For the 100 bodies started between 1.0 and 2.0 AU, m
reach extremely highe (0.6–1.0) andi values (>40◦). If col-
lisions were included here, these objects would be abl
collide with the main belt survivors (black squares) at h
impact velocities over a time span of tens to hundreds of
(see Section3.2).

At 100 Myr, nearly all the test bodies are gone; only
objects remain from the 1000 test body set started betw
2.0 and 2.8 AU (5 in the main belt), while 3 remain from t
100 test body set started between 1.0 and 2.0 AU. To s
their evolution,Morbidelli et al. (2001)created 200 clone
of these particles and continued their integrations for an
ditional 400 Myr. They found the high inclination populatio
had a median dynamical lifetime of 60 Myr, roughly a fac
Fig. 4. The decay rate of test bodies from thePetit et al. (2001)simu-
lations shown inFigs. 2 and 3. We assume that few particles are lost
Phase 1 prior to the formation of Jupiter. Here Jupiter enters the syst
tJup= 10 Myr, though our CoDDEM runs (see Section3) allow tJupto vary
between 1 and 10 Myr. The decay rate was estimated by tracking the
ber of surviving test bodies over time. Particles are eliminated by striki
planetary embryo, the Sun, or being thrown out of the inner Solar Sy
via a close encounter with Jupiter. The decay rates of test bodies be
1.0 < a < 2.0 AU (e.g.,Fig. 2) were normalized in order to merge the
with the number of particles used in the 2.0 < a < 2.8 AU runs.

of 10 longer than typical near-Earth objects (e.g.,Gladman
et al., 1997, Bottke et al., 2000a, 2002b).

We combined the results of these simulations to estim
the decay rate of excited planetesimals in the inner S
System. Runs between 0 and 10 Myr result in virtually
loss of material. To get the decay rate for test bodies
tween 10 and 100 Myr, we multiplied the results of the 1
test body run started between 1.0 and 2.0 AU by a fa
of 10 in order to equate them with the 1000 test body r
started between 2.0 and 2.8 AU runs. These results were
merged with the 100–500 Myr runs described above.Fig. 4
shows that the excited planetesimal population drops ste
once Jupiter enters the system at 10 Myr. By∼15 Myr, half
of the population has been eliminated. Only 10% are le
50 Myr, while 2% are left at 100 Myr. Finally, at∼400 Myr,
the last excited (cloned) test body was eliminated, leav
behind a population of main belt survivors comprising 0.
of the initial population.

2.2.3. Phase 3: Collisional evolution in a depleted main
belt

Phase 3 begins when the population described in Pha
has been depleted of material. Here gravitational inte
tions between asteroids and embryos have not only lef
main belt in a dynamical state comparable to the cur
population, but the semimajor axis distances traversed
the survivors is of the same order as the S- and C-
mixing observed among large main belt asteroids(Petit et
al., 2001). These interactions have also scattered any
teroid families produced in Phases 1–2. This leaves
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Phase 3 main belt as a tabula rasa for new family for
tion.

The loss of main belt material in Phase 3 is produ
both by collisions and the Yarkovsky effect, which driv
D � 30 km asteroids into mean motion and secular
onances that can pump up their eccentricities to pla
crossing values(Farinella and Vokrouhlický, 1999; Bottk
et al., 2000a, 2001, 2002a, 2002b). The relatively constan
loss of material during this phase is believed to explain
steady state population of the near-Earth object popula
as well as the nearly constant crater production rates
served on the lunar maria over the last 3 Gyr (within a f
tor of 2 or so)(Grieve and Shoemaker, 1994; Shoema
and Shoemaker, 1996; McEwen et al., 1997; Shoema
1998; Morbidelli and Vokrouhlický, 2003; Bottke et a
2005).

2.2.4. Caveats and model limitations
The principal unknown quantity to understanding m

belt evolution during Phase 3 is the nature of the Late He
Bombardment (LHB) that occurred∼3.8–4.0 Ga (e.g.,Tera
et al., 1974; Hartmann et al., 1981, 2000). It was during the
LHB that the lunar basins with known ages were form
(e.g., the diameterD = 860 km Nectaris basin forme
3.90–3.92 Ga; theD = 1200 km Imbrium basin forme
3.85 Ga; theD = 930 km Orientale basin formed 3.82 G
Wilhelms et al., 1987). Some argue the LHB was produc
as part of the tail end of accretion (e.g.,Hartung, 1974;
Hartmann, 1975; Grinspoon, 1989; Neukum and Ivan
1994) while others say it was a terminal cataclysm produ
by a “spike” in the impact rate at∼3.8 Ga (e.g.,Ryder et al.,
2000).

Although the LHB’s origin and length are unknown, r
cent numerical studies have suggested an intriguing p
bility: the LHB may have been caused by a sudden dyn
ical depletion of small bodies in the primordial outer So
System∼3.9 Ga (e.g.,Levison et al., 2001). For example,
Gomes et al. (2005)examined the migration of the 4 out
planets interacting with a planetesimal disk of 10–50M⊕
truncated at 30 AU. In their simulations, all the planets w
initially set on nearly circular, co-planar orbits, but we
given a more compact configuration (within 15 AU), pr
sumably to allow Uranus and Neptune to accrete over s
timescales(Thommes et al., 1999, 2002; Levison and Ste
art, 2001). Slow planetary migration was induced by bod
leaking out of the disk and encountering Neptune. These
teractions slowly but steadily stretched the system of plan
Eventually, after a delay of several hundred Myr, Jupiter
Saturn crossed their 1:2 mean motion resonance, whic
turn caused theire and i values to jump from near zero t
their current values. At the same time, Uranus and Nep
were scattered outward, allowing them to penetrate the d
migrate through it, and send numerous comets toward
inner Solar System.

With Jupiter and Saturn shifting to new orbits, inner S
lar System resonances like theν6 andν16 secular resonance
,

-

would have also been forced to move to new locations.
merical simulations suggest they may have swept acros
main belt region, which would have ejected numerous as
oids from that stable zone. Thus, if this scenario is realis
the LHB may be a combination of cometary bodies scatte
by Uranus/Neptune and asteroids ejected from the main
reservoirs.

A Gomes et al. (2005)type LHB would have several im
portant consequences for the work presented here. The
is that projectiles from the LHB could have disrupted m
belt asteroids. The second is that the migration of the jo
planets may have caused numerous asteroids to have
dispersed, trapped, excited, or even ejected from the m
belt zone. Finally, if the main belt did lose a significant fra
tion of its mass 3.9 Ga, it would imply that the populati
surviving the first DDE in Phase 2 was perhaps∼10 times
larger than the current population for 3.9–4.5 Ga. This e
material would produce an elevated interval of comminut
lasting∼600 Myr.

Because B05 showed the main belt can only susta
limited degree of collisional evolution, it is unclear to
whether the model presented here can accommodat
large number of “bonus” collisions produced in aGomes
et al. (2005)scenario. In fact, to match main belt co
straints, we would likely need to decrease comminu
during Phases 1–2 in some fashion. Interestingly, more
vanced planet formation models could work in this directi
For example, the inclusion of gas in the disk might h
damp the(e, i) values of planetesimals excited by gravi
tional interactions with embryos. In turn, dynamical fricti
between planetary embryos and damped planetesimals
keep the dynamical temperature of the embryos lower
described inPetit et al. (2001). Gas in the disk might also in
duce migration among the embryos, which in turn could l
to more reasonable terrestrial planet formation timesc
(McNeil et al., 2004).

Although these issues are thought provoking, we cons
it premature to include them into our model at this time. T
Gomes et al. (2005)scenario, while interesting, is current
in its infancy, while no one knows precisely how the
clusion of gas and dynamical friction into planet formati
models will affect the main belt. Nevertheless, we beli
the history of the main belt (and the Solar System) is i
mately linked to our understanding of planet formation a
the LHB, such that we may need to revisit this topic in
near future.

3. Modeling the collisional evolution of the main belt
size distribution

To model the evolution of the main belt as complet
as possible, we integrated the dynamical results describ
Section2.2 (Petit et al., 2001)with the collisional evolution
code CoEM-ST (B05). Our modified code, called CoDDE
(for collisional and dynamical depletion model), is describ
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below in two parts. In the first part, we briefly describe o
nominal model (CoEM-ST). In the second part, we desc
the modifications needed to allow our model to account
the dynamical ejection of�99% of the main belt’s primor
dial mass.

3.1. Nominal collisional model

Our nominal model is called CoEM-ST, which stan
for collisional evolution model, stochastic breakup versi
a full description of this code can be found in B05.
takes as input an initial size–frequency distribution wh
the population (N ) has been binned between 0.001< D <

1000 km in logarithmic intervals d logD = 0.1. The par-
ticles in the bins are assumed to be spherical and ar
to a bulk density of 2.7 g cm−3; modest changes to th
value do not affect our results. CoEM-ST then computes
time rate of change per unit volume of space over a
range between diameterD andD + dD (Dohnanyi, 1969;
Williams and Wetherill, 1994):

(1)
∂N

∂t
(D, t) = −Idisrupt+ Ifrag − Idyn.

Idisrupt is the net number of bodies that leave betweenD and
D + dD per unit time from catastrophic disruption.Ifrag is
the number of bodies entering the size bin per unit time
were produced via the fragmentation of larger bodies. N
that main belt cratering events are not included in our mo
because they produce significantly less ejecta over time
catastrophic collisions (e.g.,Dohnanyi, 1969; Williams and
Wetherill, 1994). Idyn is the number of bodies lost from th
size bin via dynamical processes. Note thatIdyn was not used
in CoEM-ST (B05) but it will be here.

We defineIdisrupt as:

(2)Idisrupt= N

τ
,

where τ is the collisional lifetime of a body betweenD
andD + dD. Assuming a projectile of diameterDdisrupt can
barely disrupt a target asteroid of diameterDT (see below),
the lifetime of the target body (τ ) becomes:

(3)
1

τ
= Pi

4

DT∫
Ddisrupt

(DT + D′)2N(D′, t)dD′,

wherePi is the “intrinsic collision probability,” the prob
ability that a single member of the impacting populat
will hit a unit area of the target body in a unit of tim
(Öpik, 1951; Wetherill, 1967; Greenberg, 1982; Farine
and Davis, 1992; Bottke and Greenberg, 1993).1 The effects
of gravitational focussing are neglected here.

The projectile capable of disruptingDT is:

(4)Ddisrupt=
(
2Q∗

D/V 2
imp

)1/3
DT.

1 An asteroid’s cross-section is usually defined as(π/4)D2
T, but here the

π value is included inPi .
t

Fig. 5. The critical impact specific energy,Q∗
D, is defined as the energy p

unit target mass delivered by the projectile required for catastrophic
ruption of the target (i.e., such that one-half the mass of the target
escapes). TheQ∗

D functions used in CoDDEM were the best-fit cases
fined byBottke et al. (2005). Using their numbering scheme, we test th
Q∗

D functions #7–#14. For reference, theQ∗
D function computed byBenz

and Asphaug (1999)for projectiles striking undamaged basaltic target b
ies atV = 3 kms−1 is #13 (red curve). The most successfulQ∗

D function
used in this paper is #10 (gold curve). All the functions pass through
normalization pointQ∗

D = 1.5× 107 ergg−1 andD = 8 cm, a value deter
mined using laboratory impact experiments (e.g.,Durda et al., 1998).

The impact velocity isVimp, while Q∗
D is the critical impact

specific energy, or the energy per unit target mass ne
to disrupt the target and send 50% of its mass away a
cape velocity. In this paper, we examine theQ∗

D functions
derived by B05 that provide excellent fits to the main be
constraints. They are defined as a rotated and translate
perbola in logQ∗

D and logD space:

(5)E�x2 + F�x�y + G�y2 + H = 0,

whereE, F , G, andH are constants,�x = x − x0, x =
logD (km), �y = y − y0, y = logQ∗

D (erg g−1), x0 =
−0.753, andy0 = 2.10 (Fig. 5). Note that ourQ∗

D func-
tion passes through the normalization pointQ∗

D = 1.5 ×
107 ergg−1 andD = 8 cm, a value determined using la
oratory impact experiments (e.g.,Durda et al., 1998).

In this paper, we use many of the best-fitQ∗
D functions

identified by B05 (Fig. 5). More specifically, using the B0
numbering scheme, we testQ∗

D functions #7–14. Our result
indicate thatQ∗

D functions outside the #7–14 range are u
likely to produce results superior to those discussed be
The Eq.(5) parameters for #7 areE = 0.895,F = −0.782,
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G = −0.455, andH = −0.276 and those for #14 areE =
0.864, F = −0.904, G = −0.499, andH = −0.305. For
reference, the red curve onFig. 5, labeled as #13, is th
Q∗

D function predicted by the hydrocode modeling resu
of Benz and Asphaug (1999).

Once Ddisrupt is known, the number of objects wit
Ddisrupt< D < DT is computed from the input size distrib
ution. If Ddisrupt is smaller than the smallest bin available
CoEM-ST, the number of projectiles is estimated by extr
olating the shape of the small end of the size distributio
the required value ofDdisrupt. With all components in hand
CoEM-ST computes the collisional lifetimeτ for each size
bin. The timestep for the evolution model is automatica
set to be 10 times smaller than the minimumτ value.

To remove disrupted bodies from our size–freque
distribution, CoEM-ST treated breakup events as rand
events, with integer numbers of particles removed (or
removed) from a size bin within a timestep according
Poisson statistics(Press et al., 1989). Because this procedur
is not deterministic, different seeds for the random nu
ber generator may produce different outcomes. There
to get a quantitative measure of how good a given set o
put parameters reproduces observations, we need to pe
numerous CoEM-ST trial cases.

To determineIfrag, and to keep things as simple
possible given our unknowns in this area, B05 assu
the fragment size distribution (FSD) produced by e
catastrophic disruption event was similar to those obse
in asteroid families like Themis (super-catastrophic) or Fl
(barely catastrophic) (Tanga et al., 1999; see B05 for de-
tails). Here we assume the differential FSDs have the f
dN = BDp dD, with dN the differential number of frag
ments betweenD and D + dD, B a constant, andp the
power-law index (e.g.,Colwell, 1993). Themis-like FSDs
were developed forD > 150 km disruption events. We a
sumed the largest remnant was 50% the diameter of
parent body. The differential power-law index between
largest remnant and fragments 1/60th the diameter of th
parent body was−3.5. Fragments smaller than 1/60th the
diameter of the parent body follow a power-law index
−1.5. Flora-style FSDs were developed for breakups am
D < 150 km bodies. Here the diameter of the largest r
nant is set to 80% the diameter of the parent body. We g
these FSDs power-law indices, from the large end to
small end, of−2.3, −4.0, and−2.0, with transition points
at 1/3 and 1/40 the diameter of the parent body. Note th
in both cases, we assume that some material is locate
low the smallest size used by CoDDEM (D = 0.001 km) in
the form of small fragments or regolith. Accordingly, ma
is roughly but not explicitly conserved. Additional detail o
these values, as well as their effect of main belt evolut
can be found in B05.

Finally, CoDDEM does not track how putative effec
like embryo–embryo collisions or tidal disruption betwe
embryos and planetesimals could change the main b
size–frequency distribution (e.g.,Agnor and Asphaug, 2004
-

Asphaug et al., 2005). We leave these interesting issues to
ture work. At present, we can only say that, based on spe
scopic and mineralogical studies of asteroids and meteo
it seems unlikely that fragments from Moon- to Mars-siz
planetary embryos make up a significant fraction of the
rent main belt (e.g.,Gradie and Tedesco, 1982; Keil, 200
Scott, 2002; H. McSween, personal communication).

3.2. Including dynamical depletion into the nominal
collisional model

3.2.1. Methodology
To account for dynamical depletion in CoEM-ST, w

start with the assumption that asteroid collisions occur in
quently enough during the post-accretion phase that the
not significantly damp the(e, i) values of asteroids excite
by any dynamical mechanism. This means our collisio
and dynamical evolution results are decoupled, such tha
can simulate the dynamics first, characterizing those re
using parameters likePi andVimp, and then include them i
our collisional model. We justify this using results from B0
who showed that the main belt only experienced a lim
degree of comminution throughout Solar System history

Using this idea, we, like B05, divide our initial main be
population into two components, a small component of m
belt asteroids that we know will survive the DDE describ
in Phase 2 (Nrem, where “rem” stands for remnant popul
tion) and a much larger component that will be ejected fr
the main belt during Phase 2 (Ndep, where “dep” stands fo
dynamically depleted population). Thus, our initial popu
tion isN = Nrem+Ndep. For CoDDEM, this means separa
ing Idisrupt into two components:

(6)I rem
disrupt=

Nrem

τrem
+ Ndep

τcross
,

(7)I
dep
disrupt=

Ndep

τdep
+ Nrem

τcross
.

Hereτrem andτdep describe the collisional lifetimes of ob
jects against disruption events produced by objects in t
own respective populations, whileτcross describes the life
time of objects inNrem against disruption from objects i
Ndep (and vice versa). ForIdyn, we also define two compo

nents:Idep
dyn, which describes the loss of bodies produced

Ndep during the DDE, andI rem
dyn , which defines the loss o

bodies produced inNrem over Solar System history by th
Yarkovsky effect/resonances.

Finally, for Ifrag, we assume that ejecta produced
breakup events inNrem and Ndep stay within their source
populations. This approximation keeps things simple,
it does prevent us from tracking what happens when f
ments from a disrupted object inNdep mix with Ndep dur-
ing Phases 1 and 2. This issue is important if one wan
constrain the quantity of highly distinctive taxonomic typ
found in the main belt (e.g., V, M, and A types; see S
tion 5.1). This problem will be addressed in the near fut
using a more specific set of numerical runs.
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3.2.2. Computing collision probabilities and impact
velocities for CoDDEM

To determineτrem, τdep, and τcross over time, we need
to compute the time-varying values ofPi andVimp for the
Nrem andNdep populations in each of the dynamical phas
described in Section3 (see Eq.(3)). These values were in
cluded in CoDDEM in the form of look-up tables where,
every timestep, they were used to solve Eqs.(6) and (7).

Our procedure was as follows. To compute charac
istic Pi and Vimp values for bodies within a single pop
ulation at a single moment in time, or for bodies fro
two populations crossing one another, the standard t
nique is to select a representative sample of test bo
from each small body population of interest and then
culate collision probabilities and impact velocities betwe
all possible pairs of asteroids using their osculating(a, e, i)

values. In CoDDEM, we did this using the method d
scribed byBottke et al. (1994a)(see also,Greenberg, 1982
Bottke and Greenberg, 1993). The possible orbital crossin
positions were integrated over uniform distributions of lo
gitudes of apsides and nodes for each projectile–target
This approximation is considered reasonable because
lar precession randomizes the orientations of asteroid o
over short timescales (∼104 year). To account for the time
varying (a, e, i) values of the asteroids in our population
we computed new values ofPi andVimp across our integra
tion time.

For Phase 1, which extends from the end of accretio
the time of Jupiter’s formation, we first needed to extr
from the numerical runs described in Section2.2a test body
sample representingNrem andNdep. We did this by defining
a “main belt” zone that roughly corresponds to the(a, e, i)

location of the observed main belt: 2.0< a < 3.5 AU, e val-
ues below those needed to reach crossing orbits with
current orbital location of Mars (perihelionq > 1.66 AU) or
Jupiter (aphelionQ > 4.5 AU), andi < 15◦. Objects evolv-
ing out of this zone were considered part ofNdep, while those
inside were considered part ofNrem. Note that our main bel
zone parameters exclude some minor parts of the main
(e.g., the high inclination region that contains Asteroid 2 P
las).

We find that 16 of the original 100 test bodies from S
tion 2.2.1remain in the main belt zone after 10 Myr (Fig. 1).
To get ourNrem sample for Phase 1, the(a, e, i) values of
these objects are recorded in a separate file between 0
10 Myr (in 1 Myr increments). The same procedure is f
lowed to get ourNdep sample, except here we use the
bodies outside the main belt zone after 10 Myr. Using th
values and the code inBottke et al. (1994a), we computePi

andVimp for the Nrem sample against themselves, theNdep
sample against themselves, and forNrem sample that crosse
Ndep. The results for each are shown as gray dots inFigs. 6,
7, and 8, respectively.

We follow the same procedure for Phase 2 (Section2.2.2).
Here 5 of the original 1000 objects between 2 and 4
were in the main belt zone on stable orbits after 100 M
.
-

t

d

Fig. 6. The intrinsic collision probabilities (Pi ) and impact velocities (Vimp)
for bodies in the remnant main belt populationNrem (i.e., the planetesi
mals remaining in the main belt zone) colliding amongst themselves. T
values are computed using the(a, e, i) values of the test bodies shown
Figs. 1–3. Details on our procedure are given in Section3.2.2. The large
impact velocities seen between 0< t < 20 Myr are produced by test bod
ies that temporarily escape the main belt zone only to return at a later
The values ofPi andVimp used in our code are represented by the s
line segments, which were computed using least squares fits to the p
points.

they comprise our sample forNrem. Even though this sam
ple size is small, we found it did a reasonably good job
reproducing thePi andVimp values found in the observe
main belt (see below). The remaining objects, including
100 objects started between 1 and 2 AU, make up our s
ple forNdep. Note that because 10 times fewer particles w
used in the 1–2 AU run, the(a, e, i) values of the test bodie
in this sample were cloned 10 times for use in our collis
probability/impact velocity code. Our results forPi andVimp
between 10 and 100 Myr are shown inFigs. 6–8.

The initial conditions for the 100–500 Myr runs we
cloned from the survivors of theNdep sample that laste
100 Myr (Section2.2). Tests indicate that test bodies in th
set producePi and Vimp values similar to those found a
100 Myr. For this reason, we assume the values comput
100 Myr extend to the time range between 100 and 500 M
This also explains why we restrictFigs. 6–8to values be-
tween 0 and 100 Myr.

An examination ofFigs. 6–8shows some jitter in thePi

andVimp values; this is an unavoidable artifact of the limit
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Fig. 7. The intrinsic collision probabilities (Pi ) and impact velocities (Vimp)
for bodies in the remnant main belt population (Nrem) colliding with bodies
in the dynamically depleted population defined byNdep (i.e., those bodies
ejected from the main belt zone). Here the impact velocities are high
cause the portion of theNdep population crossing theNrem population has
high e, i values.

number of test bodies in our sample. To compensate for
effect, we have fit line segments to the trends shown in
data. ThePi andVimp values used in CoDDEM are take
from these line segments.

For Phase 3, whereNdep= 0, we use for ourNrem sam-
ple the set of 682 asteroids withD > 50 km (Farinella and
Davis, 1992; Bottke et al., 1994a). We justify this on the
premise that dynamical conditions in the main belt h
been essentially unchanged for billions of years.Bottke et
al. (1994a)found this set of objects yieldsPi = 2.86 ×
10−18 km−2 yr−1 andVimp = 5.3 kms−1, values that have
been verified by many groups (e.g.,Farinella and Davis
1992; Vedder, 1998).

The results inFigs. 6–8can be understood by examinin
the dynamical behavior of the test bodies described in S
tion 2.2. ForFig. 6, we find theNrem sample produced value
of 6 < Vimp < 8 kms−1 between 0 and 20 Myr; they corre
spond to collisions with the ‘square’ particles that wande
to high (e, i) values during this interval. Once those pa
cles returned to the main belt zone,Pi andVimp returned to
values consistent with those described in Phase 3. ForFig. 8,
we find the evolvedNdep particles undergo a substantial i
crease inPi andVimp. This trend is explained by the fate
Fig. 8. The intrinsic collision probabilities (Pi ) and impact velocities (Vimp)
for bodies in the dynamically depleted population (Ndep) colliding amongst
themselves. The values ofPi andVimp become extremely high over tim
because the bodies that survive the longest have lowa and highe, i orbits.

the surviving sample, many which have similarly lowa and
high (e, i) values. The comparable values mean higher c
sion probabilities; as these particles are eliminated,Pi moves
to lower values.Fig. 7 shows the results ofNrem striking
Ndep. As Ndep moves to higher(e, i) values,Vimp increases
as well.

As a caveat, we should point out that we do not kn
whether theQ∗

D functions used in the paper are appropri
for high velocities (Vimp � 5 kms−1). At present, there ar
no laboratory shot experiments or hydrocode modeling
sults available to constrain our results. We leave this is
for future work. The interested reader is encouraged to
at the Appendix in B05 for additional details.

3.3. Computing loss rates produced by dynamical
processes

The loss rate described byIdep
dyn during the DDE was

found using the data described inFig. 4. At every timestep
we removed a fraction of theNdep population across all siz
bins based on the number of bodies lost from thePetit et
al. (2001)simulations (Section2.2). These bodies were a
sumed to be lost by falling into a “sink,” namely striking
planet (or planetary embryos), impacting the Sun, or be
ejected from the inner Solar System via a close encou
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with Jupiter(Farinella et al., 1994; Gladman et al., 199.
This was continued until theNdeppopulation was eliminate
∼4.2 Ga.

For I rem
dyn , we assumed that objects were lost via the co

bined perturbations of Yarkovsky thermal forces and re
nances (e.g.,Bottke et al., 2002a).2 The Yarkovsky effect is
a thermal radiation force that causes asteroids with diam
betweenD = 0.01 m and 30 km to undergo semimajor a
drift as a function of their spin, orbit, and material prop
ties. This process drives some of these objects into pow
resonances produced by the gravitational perturbation
the planets (e.g., the 3:1,ν6 resonances). Numerical stu
ies show that test objects placed in such resonances
their eccentricities pumped up to planet-crossing orbits (e
Wetherill and Williams, 1979; Wisdom, 1983), where they
eventually become part of the near-Earth object (NEO) p
ulation.

For CoDDEM, we need to determine a Yarkovsky
moval rate function representative of the entire main
population. The structure, nature, and location of the m
belt, however, make this challenging work. For examp
Bottke et al. (2000a, 2002b)showed that the inner and ce
tral main belt populations (a < 2.8 AU) provide>80% of
the observed NEOs, while the outer main belt has rem
rates twice as high as the inner main belt (570H < 18 ob-
jects lost per Myr in the outer main belt vs 220H < 18
objects lost per Myr from the inner/central main belt).3 Com-
parable differences also show up in the main belt size
tribution. Observations fromYoshida and Nakamura (2004
indicate that inner main belt asteroids over a broadH range
(15 < H < 20) have a slightly steeper power-law slo
than those in the outer main belt (defined in their pa
as a > 3.0 AU). This slope difference could be a fun
tion of several factors: the non-uniform removal rate fu
tions described above, different population sizes, with m
large families located in the outer main belt, and/or d
ferent asteroidal physical properties, with the inner m
belt dominated by S-type asteroids and the outer main
by primitive C/D-type bodies(Gradie and Tedesco, 198
Britt et al., 2002).

To resolve this issue for our 1-D model, we focus
the nature of the constraints used by CoDDEM, namely
main belt size distribution reported byJedicke et al. (2002
(see B05 and Section3.4 for details). For the smallest aste
oids, this distribution was computed by debiasing aste
detection statistics. The results, however, can become
avoidably skewed toward easy to detect bodies (e.g.,

2 We consider the loss of material produced by the Yarkovsky eff
resonances onNdep to be negligible.

3 Caution should be used when applying theBottke et al. (2002b)outer
main belt loss rates to CoDDEM-like codes because no one, as of ye
realistically quantified the population of dormant comets residing nea
in this region. Thus, it is plausible that some of the outer main belt a
oids tracked in theBottke et al. (2002b)simulations were actually dorman
comets.
e

-

albedo S-type asteroids in the inner/central main belt) o
hard to detect bodies (e.g., low albedo C-type asteroids in
outer main belt); see also,Jedicke and Metcalfe (1998). The
shape of the size distribution for small asteroids is there
more likely to be a reflection of the inner/central main b
than the outer main belt. For this and other reasons, we u
removal rate function geared toward inner/central main
values. This is probably the best we can do until CoDDE
is modified to track the evolution of the inner and outer m
belt separately. The interested reader should seeO’Brien and
Greenberg (2005)for an alternative view of this issue.

The actual values in our Yarkovsky removal rate funct
for D > 1 km bodies compare well with numerical resu
fromMorbidelli and Vokrouhlický (2003)(hereafter MV03).
MV03 modeled the dynamical evolution of asteroids dr
ing via the Yarkovsky effect all the way from source regio
in the inner/central main belt to resonant escape hatche
pable of producing NEOs (e.g.,ν6 secular resonance; 3
mean motion resonance with Jupiter). They included fac
such as collisional disruption, collisional spin axis reorie
tation events, and the effects of YORP (Rubincam, 2000;
see also,Bottke et al., 2002a). Like MV03, we assumed
size-dependent removal rate for main belt asteroids in e
size bin, with a linear decrease from 0.03% per Myr
D = 1 km bodies to 0.008% per Myr forD = 10 km bod-
ies. This trend continues to 0.005% per Myr forD = 20 km
bodies and 0.0002% per Myr forD = 30 km bodies. Beyond
this point, we assume little escapes the main belt.

For D < 1 km bodies, our removal rate model is unc
tain, with little trustworthy numerical work done on th
issue to date. To glean insights into plausible values,
compared the main belt population from B05 betweenD =
10 cm to 1 km to the known NEO population (and vario
constraints) over the same size range (Stokes et al., 2003
Stuart and Binzel, 2004; see Sections5.2 and 5.4). Remark-
ably, we found both populations shared the same esse
shape.

How realistic is this match, and can the main belt at sm
asteroid sizes be significantly shallower or steeper than
dicted by B05? For the NEO population, we now have r
sonable constraints over a range of sizes down toD ∼ 10 cm
(see Section5.4). For the main belt, the shape of its size f
quency distribution forD < 0.2 km asteroids is a function o
the slope ofQ∗

D in the strength regime(O’Brien and Green-
berg, 2003). The more shallow/steepQ∗

D is in the strength
regime, the more shallow/steep the slope forD < 0.2 km
asteroids. B05 found only a small number ofQ∗

D shapes
could reproduce both main belt and laboratory shot exp
ment constraints, with the shape ofQ∗

D in the gravity-regime
producing most of the uncertainty. In the end, B05’s bes
Q∗

D model was found to be an excellent match with th
found in hydrocode experiments (e.g.,Benz and Asphaug
1999); this suggests their estimate of the main belt size
tribution from D = 10 cm to 0.2 km was also reasonab
Thus, unless our interpretation of laboratory shot data is
accurate and/or our understanding of small body disrup
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events are faulty, we can only infer that the similarity b
tween the main belt and NEO populations is no accident

This affinity between these two size distributions h
consequences for our Yarkovsky loss rates. To reprod
the NEO population (see Sections5.2 and 5.4), we were
forced to adopt the same removal rate for sub-kilometer
teroids (10 cm< D < 1 km) asD ∼ 1 km asteroids (0.03%
per Myr). These values assume the average NEO has a
idence time of∼4 Myr. The lifetime was computed us
ing the average lifetimes of test bodies in each main
source region combined with the relative importance of e
source(Bottke et al., 2002b). Note that our computatio
did not use theBottke et al. (2002b)flux rates from each
source(O’Brien and Greenberg, 2005), so our NEO life-
time, like our main belt population, is skewed toward
inner/central main belt region where most observable NE
originated.

Our Yarkovsky/resonance loss rates differ from res
one might expect from more idealized estimates (e
Farinella et al., 1998; Bottke et al., 2000b). We caution that
idealized Yarkovsky drift rates may not be appropriate in
context, because they do not account for (i) how astero
thermal conductivity changes with asteroid size, (ii) how
teroid lifetimes change with size, (iii) how YORP affects t
spin vectors and thus the Yarkovsky drift rates of small as
oids(Rubincam, 2000; Vokrouhlický anďCapek, 2002), and
(iv) how the small body population bordering main belt re
nances changes with time. Much work on this topic rema
to be done.

We assume our NEOs undergo zero comminution, a s
ple approximation we believe reasonable given the dyna
cal structure of the NEO population. Most NEOs fresh fr
the main belt have short dynamical lifetimes (�1 Myr), with
only a small fraction ever making it toa < 2 AU (Bottke et
al., 2002b). Long-lived NEOs (dynamical lifetimes of ten
of Myr), however, tend to have orbits that keep them aw
from the main belt. Thus, for the former, collisional lifetim
are of reduced importance, while for the latter, collisio
lifetimes are several orders of magnitude longer than
ical main belt asteroids(Bottke et al., 1994b). As before,
the greatest uncertainty in our approximation is at sm
sizes.

3.4. Model constraints

The primary constraints used in CoDDEM are descri
in B05. We briefly review them below.

3.4.1. Constraint #1: The main belt size–frequency
distribution

The first CoDDEM constraint comes from the observ
main belt size–frequency distribution. As described in B
we derive this function using the absolute magnitudeH

distribution provided byJedicke et al. (2002), who com-
bined results from the Sloan Digital Sky Survey (SDSS)
H > 12 (Ivezić et al., 2001)with the set of known main be
-

asteroids withH < 12. To transform theH distribution into
a size distribution, we use the following relationship betw
asteroid diameterD, absolute magnitudeH , and visual geo-
metric albedopv (e.g.,Fowler and Chillemi, 1992):

(8)D = 1329√
pv

10−H/5,

wherepv was set to 0.092. The only other change m
to theJedicke et al. (2002)distribution was to include th
observed asteroids forD > 300 km using the IRAS/color-al
bedo-derived diameters cited inFarinella and Davis (1992).
The cumulative number of asteroids withD > 1, 50, and
100 km obtained from our population was 1.36 × 106,
680, and 220, respectively, in agreement with several p
lished population estimates (e.g.,Farinella and Davis, 1992
Tedesco and Desert, 2002; Morbidelli and Vokrouhlic
2003).

We see that the main belt size–frequency distributio
wavy, with “bumps” nearD ∼ 3–4 km and one nearD ∼
100 km. Several groups have shown that the second bum
a by-product of collisional evolution, with a wave launch
by a change in slope nearD = 200 m between strength- an
gravity-scaling disruption regimes (Campo Bagatin et al.
1994; Durda et al., 1998; O’Brien and Greenberg, 2003; see
Davis et al., 2002, for a recent review). As asteroids increa
in size, changes from negativeQ∗

D slopes in the strengt
regime to positive slopes in the gravity regime mean tha
teroids just beyond the inflection point become more diffic
to disrupt. Because these objects live longer, more of t
survive, which in turn creates an excess number of pro
tiles capable of disrupting larger asteroids. This perturba
launches a wavy pattern into the size distribution and
ates a bump nearD ∼ 3–4 km. B05 show the larger bum
nearD ∼ 100 km is likely a by-product of accretion in th
primordial main belt.

3.4.2. Constraint #2: Asteroid families
A second set of constraints was provided by asteroid f

ilies, which are the remnants of catastrophic collisions in
main belt (e.g.,Zappalà et al., 2002). They are identified by
their clustered values of proper semimajor axesa, eccen-
tricities e, and inclinationsi (Milani and Kneževíc, 1994;
Bendjoya and Zappalà, 2002; Knežević et al., 2002). B05 fo-
cused on families produced by the disruption ofD > 100 km
parent bodies. These families have members that are
large to be dispersed by the Yarkovsky effect or ground a
by comminution over several Gyr(Nesvorný and Bottke
2004; Nesvorný et al., 2005).

To determine how many families fit this criteria, B05 us
hydrocode simulations of asteroid collisions(Durda et al.,
2004) to estimate the amount of material in each fam
located below the observational detection limit. They th
used their results to compute the parent body diamete
each family. B05’s results suggest that∼20 families have
been produced by the breakup ofD � 100 asteroids over th
last ∼3.5 Gyr. The value 3.5 Gyr was used as an age l
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because the dynamical instability that produced the L
(Levison et al., 2001; Gomes et al., 2005)would have also
scrambled our ability to compute useful proper(a, e, i) el-
ements beyond this epoch (see B05 and Section2.2.4 for
details). Note that changing this value to 4.6 Ga would o
introduce a∼20% error into our estimate. Accordingly, w
assume that the incremental size bins inNrem centered on
D = 123.5, 155.5, 195.7, 246.4, 310.2, and 390.5 km ex
rienced 5, 5, 5, 1, 1, and 1 breakups over the last 3.5
respectively. Given the width of these bins, our CoDDE
runs should produce reasonable results even if there are
erate uncertainties in the size of each family’s parent bo

3.4.3. Constraint #3: The intact basaltic crust of (4) Vest
Asteroid (4) Vesta (D = 529± 10 km; Thomas et al.

1997; Standish, 2001; seeBritt et al., 2002), is the only
known differentiated asteroid in the main belt. Eviden
from the HED meteorites indicates Vesta differentiated
formed its 25–40 km crust∼6 Myr after the formation of
the first solids (i.e., CAIs) (e.g.,Shukolyukov and Lug-
mair, 2002). The surface of Vesta is dominated by the pr
ence of aD = 460 km impact basin. This basin is believ
to have formed from the impact of aD ∼ 35 km projec-
tile and is likely the source of the Vestoids, V-type m
tikilometer asteroids that populate the inner main belt
share the same inclination at Vesta(Marzari et al., 1996
Thomas et al., 1997; Asphaug, 1997). The singular nature
of this crater can be used to set limits on the frequenc
impacts in both the primordial and present-day main bel

3.4.4. Constraint #4: The lunar and terrestrial impactor
flux over the last 3 Gyr

A fourth constraint comes from the estimated lunar a
terrestrial cratering rates, which appear to have been
tively constant (within a factor of 2) over 0.5–0.8 to 3 G
(e.g.,Grieve and Shoemaker, 1994; Shoemaker and S
maker, 1996; McEwen et al., 2005; Shoemaker, 19).
Because most NEOs come from the main belt via
Yarkovsky effect(Bottke et al., 2000a, 2002b), the impactor
flux on the Earth and Moon provides information on h
the main belt size distribution has changed over time. T
result implies the NEO population over theD < 30 km
size range (and thus the main belt population) has b
in a quasi-steady state over this time period. Some gro
claim there has been a factor of 2 increase in the impact
over the last 120 Ma (e.g.,Grieve and Shoemaker, 199
Neukum and Ivanov, 1994; S. Ward, personal commun
cation). Others claim this change occurred over the
400–800 Ma(McEwen et al., 2005; Culler et al., 2000,
though this is considered controversial (Hörz, 2000; Grier
et al., 2001; see B05 for details).

3.4.5. Additional constraints
Our estimated collisional lifetimes for main belt ast

oids can also be tested against the cosmic ray exposure
of stony meteorites (e.g.,Marti and Graf, 1992; Eugste
-

-

s

2003), fireball data(Morbidelli and Gladman, 1998), and
collisional activity within the Koronis family(Vokrouhlický
et al., 2003). These issues are discussed in Section5.2.

One potential constraint we do not use is the NEO pop
tion, mainly because our Yarkovsky removal rate model
designed to reproduce it from the observed population. N
ertheless, we can use our results to gain several impo
insights into the shape and nature of the NEO populat
These issues are discussed in Section5.4. We also do not
test our results against the crater histories of the observe
teroids at this time. A few of our reasons are as follows:
the cratered surfaces of (243) Ida, (253) Mathilde, and (4
Eros are close to saturation equilibrium (e.g.,Chapman,
2002); (ii) “old” and “new” craters on (951) Gaspra sho
different power-law slopes; (iii) the crater scaling relatio
ships needed to convert projectiles into craters on aste
surfaces, let alone planetary surfaces, is not well unders
(see Section5.5); and (iv) crater records on asteroid surfac
have probably been influenced by crater erasure mechan
and the stochastic nature of large impact events (e.g.,Green-
berg et al., 1994, 1996; Richardson et al., 2004).

4. Model runs

4.1. Initial conditions

In this section, we describe the input parameters nee
by CoDDEM to track the evolution of the main belt. Th
principal unknowns affecting the DDE in our model are
timescale of Jupiter’s formation and the initial size distrib
tion of the main belt population. Using results from B05,
assume the shape of the latter is constrained to a fairly
row range of values, though its magnitude is treated as a
parameter. Another important unknown extensively inve
gated by B05 is the asteroid disruption scaling lawQ∗

D. We
limit our tests ofQ∗

D to a range of functions around B05
best fit values (e.g.,Fig. 5).

Our initial size–frequency distribution is defined in term
of Nrem andNdep. We assume the startingNrem population
is similar to that described by B05. ForD > 200 km, we use
the same number of objects as the observed main belt a
oids, with a few objects added in to account for the brea
of large asteroids over 4.6 Gyr (e.g., parent bodies of
Eos and Themis families). ForDx < D < 200 km, where
Dx is an inflection point, the population follows a differe
tial power-law index of−4.5, a value close to the observ
slope of asteroids in this size range. ForD < Dx , we follow
a shallow slope of−1.2. We treatDx here as an unknown
B05 testedDx = 80, 100, and 120 km, with the best fit
main belt constraints found forDx = 120 km. Here we limit
our search to values close to the best fit case of B05, na
Dx = 100, 105, 110, 115, and 120 km (Fig. 9). Our size
range of interest extends from meter-sized bodies to Ce
sized objects.
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Fig. 9. The initial main belt size distributions forNrem. We assumed the
number ofD > 200 km asteroids mimicked the observed main belt beca
very few of these object ever disrupt. ForD < 200 km objects, we use
a differential power-law index of−4.5 until an inflection pointDx was
reached (Dx = 100, 110, and 120 km). ForD < Dx , the size distribution
was given a shallow slope (−1.2) (for additional discussion, seeBottke et
al., 2005). Also plotted is the main belt size–frequency distribution, wh
was computed from a parametric representation of the absolute magn
H distribution(Jedicke et al., 2002). TheH bins were transformed intoD
bins using the geometric albedopv = 0.092. The dots show the positio
of each incremental bin. The main belt size–frequency distribution is w
with “bumps” nearD ∼ 100 km andD ∼ 3–4 km. Using this population
the cumulative number ofD > 1, 50, and 100 km asteroids is 1.36× 106,
680, and 220, respectively.

We setNdep = f Nrem, wheref is an integer betwee
50 and 600. This range brackets the removal rates foun
Petit et al. (2001). BecauseNrem is comparable to the curren
main belt’s mass (∼5× 10−4M⊕), f can also be thought o
as the number of main belt masses inNdep. As a handy rule-
of-thumb, one can assume that 100Nrem is approximately the
same as 4 lunar masses, 0.5 martian masses, or 0.05M⊕. The
remaining mass in the primordial main belt population is
sumed to be contained in Moon-to-Mars-sized embryos.

The time of Jupiter’s formation relative to the onset
fragmentation in the main belt (tJup) is assumed to be be
tween 1 and 10 Myr(Haisch et al., 2001). As shown in
Section2.2, a full-grown Jupiter has a dramatic effect on t
values ofPi , Vimp, and the dynamical removal rateNloss in
the main belt. Hence, when CoDDEM reachest = tJup, we
jump from Phase 1 to Phase 2 values inPi , Vimp, andNloss
(i.e., the values seen onFig. 4, Figs. 6–8for tJup= 10 Myr).
We believe this approximation is reasonable because
Phase 2 dynamical model (fromPetit et al., 2001) indi-
cates the dynamical excitation produced by Jupiter/emb
essentially dominates any prior excitation produced by
embryos alone.

4.2. Demonstration cases

Here we show several sample CoDDEM results.Fig. 10
shows six snapshots from a test run wheref = 200 (i.e.,
Fig. 10. Six snapshots from a CoDDEM trial case where we tracked
collisional evolution of the main belt size distribution for 4.6 Gyr. T
initial populations useDx = 110 km (Fig. 9) andNdep= 200Nrem (i.e.,
f = 200). TheQ∗

D function was set to #13 (Fig. 5). We assume Jupite
enters the system attJup = 4 Myr. The Nrem population is shown as
solid line, while Ndep is given as a dot–dash line. Recall that the to
populationN = Nrem + Ndep; they are only separated for computation
convenience. The dots represent the size distribution of the observed
belt. The bump observed in most frames nearD ∼ 2–4 km is driven by the
transition atD ∼ 0.2 km between the strength and gravity-scaling regim
in Q∗

D (Fig. 5). The dynamical depletion ofNdep can be seen in timestep

t = 10–100 Myr. Our best-fit case is shown att = 4.6 Gyr. Theψ2
SFDvalues

for timestepst = 0, 3, 10, 30, 100, and 4600 Myr are 372, 335, 237, 2
24.4, and 9.3, respectively. Recall that our criteria for a nominal match
tween model and data isψ2

SFD < 20. Thet = 4.6 Gyr timestep also show
the NEO population produced by our model. For reference, we also plo
population estimates ofStokes et al. (2003). See Section5.4for details.

the initial population is∼200 times the size of the curre
main belt),Dx = 110 km (Fig. 9), andtJup= 4 Myr. The to-
tal simulation time was 4.6 Gyr. TheQ∗

D function was se
to mimic results provided by the hydrocode results ofBenz
and Asphaug (1999), with Eq. (5) parametersE = 0.866,
F = −0.895,G = −0.495, andH = −0.303. Thet = 0 Myr
timestep displays the initial conditions for theNrem and
Ndep populations (solid and dot–dash lines, respective
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The observed main belt size distribution is shown as b
dots.

Collisional evolution prior to the formation of Jupite
(Phase 1) is represented by thet = 3 Myr timestep. We see
that comminution generates a bump nearD ∼ 3–4 km for
both Nrem andNdep. As explained by several authors (e.
Campo Bagatin et al., 1994; Durda et al., 1998; Davis et
2002; O’Brien and Greenberg, 2003; Bottke et al., 200),
this bump is a by-product of the “V”-shapedQ∗

D func-
tion, where a perturbation is induced by a change betw
strength- and gravity-scaling regimes nearD = 0.2 km
(Fig. 5). At still smaller sizes, the main belt enters in
a Dohnanyi-like collisional equilibrium(Dohnanyi, 1969),
with a differential power-law index of−3.6 set by the slope
of the Q∗

D function in the strength regime(O’Brien and
Greenberg, 2003). This power-law index value is unlikel
to stay constant to extremely small sizes, however, bec
D � 1 cm bodies are susceptible to Poynting–Robert
drag (e.g.,Dermott et al., 2002).

For tJup> 4 Myr (Phase 2),Ndep is ejected from the main
belt by the combined perturbations of Jupiter and plane
embryos. The loss of bodies fromNdepvia dynamical effects
is seen in timestepst = 10, 30, and 100 Myr. At the sam
time, impacts onNrem from Ndep and, to a lesser degre
from Nrem continue to reshape it, enough that after 30 M
it approximates the shape of the current main belt. Even
comminution amongNrem asteroids for another∼4.5 Gyr
(Phase 3) is needed to reproduce our constraints. Note
this evolutionary pattern can differ from case to case; so
trials reproduce the shape of the main belt at early times
only to lose it at 4.6 Gyr, while in other cases it only atta
the appropriate shape at the end of the simulation. This
ability is driven by the stochastic nature of breakups in
main belt.

To quantify the fit between the model and observed p
ulation, we follow the methods described by B05. The fi
metric used compares the shape of the model population
small envelope of values surrounding the observed main
population (defined asNMB):

(9)ψ2
SFD=

∑
D

(
Nrem(D) − NMB(D)

0.2NMB(D)

)2

.

Tests indicate thatψ2
SFD < 20 generally provides a goo

match between model and data. The 6 snapshots show
Fig. 10haveψ2

SFD values of 372, 335, 237, 23.5, 24.4, a
9.3 fort = 0, 3, 10, 30, 100, and 4600 Myr, respectively. T
only value that counts for ourψ2

SFD metric is the last one.
The second test is a standardχ2 test(Press et al., 1989

used to compare the number of breakups produced in
model against the constraints provided by asteroid fami
At t = 4.6 Gyr, we compute the number of destroyed b
ies in eachD > 100 km size bin (�Ndisrupt) over the last
3.5 Gyr (see B05) and compare that value to the obse
number of families in every size bin withD > 100 km (Sec-
tion 3.4). We assume a good fit between model and d
t

is one where the value obtained,χ2
FAM, is better than 2σ

(i.e., probability>5%). Note that this value is more relaxe
than that described by B05; we do this because we c
pare model results with data for a single moment in tim
whereas B05 allowed their model fits to occur at anyti
over a pseudo-time interval of 50 Gyr. ForFig. 10, χ2

FAM
yields a probability>78%, with 6, 4, 3, 2, 1, and 0 disruptio
events in the incremental size bins centered onD = 123.5,
155.5, 195.7, 246.4, 310.2, and 390.5 km, respectively,
the last 3.5 Gyr.

The steady state number ofD > 1 km NEOs estimated
from this trial case is∼1100, the same as that predicted
Stokes et al. (2003)(see also,Stuart, 2001, andStuart and
Binzel, 2004). We find that strengthening or weakening o
Yarkovsky removal rate function produces a mismatch w
the observed NEO population (see Section5.4). Only signif-
icant increases in our loss rates, however, visually affec
main belt size distribution. See Section3.3for details.

Our results indicate that the main belt and NEO p
ulations entered into a quasi-steady state during the
∼3 Gyr, with both SFDs remaining essentially constant
cept for small (within a factor of about 2) variations amo
theD < 10 km asteroids. The largest increases in both p
ulations were produced in the immediate aftermath of la
scale disruption events (e.g.,D � 200 km), which led to a
surge of new main belt asteroids and NEOs. Low popula
values occurred when long intervals passed between
disruption events. This steady state explains why crater
duction rates on the Earth and Moon have been relati
constant over the last 3 Gyr (e.g.,Shoemaker, 1998).

There are several common failure modes for our C
DEM trials, two of which are shown inFig. 11. In Fig. 11a,
we used the same parameters as those above except w
ied the nature of the DDE by settingtJup= 1 Myr andf =
50. With Ndep set to a small value and the DDE occurri
early, Phase 1 and 2 comminution produced relatively l
ited damage to theNrem population. Hence, att = 4.6 Gyr,
the model population is still short of the observed popu
tion (ψ2

SFD = 30.6). The steady state number ofD > 1 km
NEOs is∼780, about 30% short of theStokes et al. (2003
predictions. Interestingly,χ2

FAM yields a probability>27%,
a success by our 2σ criteria, with 5, 7, 2, 2, 0, and 0 dis
ruption events over the last 3.5 Gyr in the incremental s
bins centered onD = 123.5, 155.5, 195.7, 246.4, 310.2, an
390.5 km, respectively. This match can be explained by
spectingFig. 11a; becauseNdep projectiles did little damage
to the Nrem population, Phase 3 comminution was able
reproduce the observed distribution of asteroid families.

For Fig. 11b, we settJup= 10 Myr andf = 600. Hence,
the equivalent of 0.3M⊕ of material was placed into theNdep
population, all in bodies the same size or smaller than As
oid (1) Ceres. When combined with an abundance of Pha
comminution produced by a late-forming Jupiter, we fi
that Ndep decimates the 20< D < 100 km population in
Nrem before disappearing. Consequently,Nrem never recov-
ers;ψ2 = 31.3 for this trial case att = 4.6 Gyr. Moreover,
SFD
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Fig. 11. Two representative trial cases that did not meet our success
rics att = 4.6 Gyr. Both usedDx = 110 km (Fig. 9) andQ∗

D function #13
(Fig. 5). For (a),Ndep= 50Nrem (i.e.,f = 50) andtJup= 1 Myr. Here in-
sufficient comminution takes place to match the observed main belt. Fo
f = 600 andtJup= 10 Myr. In this case, collisions betweenNrem andNdep
decimate theNrem population over the 20< D < 100 km size range, suc
that the model population cannot reproduce the observed main belt.
model also produces a poor fit to the number of asteroid families prod
by D > 100 km breakups over the last 3.5 Gyr.

χ2
FAM yields a probability of 2.6 × 10−9, with 4, 0, 0, 1, 1,

and 0 disruption events over the last 3.5 Gyr in the inc
mental size bins centered onD = 123.5, 155.5, 195.7, 246.4
310.2, and 390.5 km, respectively. These results indicate
there are real limits to the length of the DDE and to the s
of theNdep population.

These runs assume theQ∗
D functions derived by B05 ar

applicable in all the impact velocity regimes experienced
theNrem andNdep populations. At present, we have no da
to test whether this approximation is valid, particularly
Vimp > 10 kms−1. It appears, however, that high veloci
impacts do not have a dominant effect on main belt co
minution, mainly because these velocities become impor
only after theNdep population has been significantly d
pleted. Nevertheless, we believe deriving a usefulQ∗

D func-
tion for high speed impacts is an important area for fut
work by impact modelers.

4.3. Production runs and results

With these endstates in mind, we can now discuss
CoDDEM production runs. We define a “run” to be 100 tr
cases executed with different random seeds over a give
of (tJup, f,Dx,Q

∗
D) parameters. The large number of tria

was necessary to properly determine how stochastic bre
events affect the final results; recall that breakup even
CoDDEM are determined using random deviates and P
son statistics. For each trial case, we compared our m
results with our constraints after 4.6 Gyr of evolution. P
itive matches were defined byψ2

SFD < 20 andχ2
FAM < 2σ

(i.e., probability>5%).
Unfortunately, while CoDDEM is an efficient code, w

lacked the computational resources to execute runs ov
wide and uniformly spaced matrix oftJup, f , Dx , andQ∗

D
values. Instead, we explored a representative set of par
-

t

t

l

-

ters across this matrix. We started by setting theQ∗
D function

to theBenz and Asphaug (1999)function described in Sec
tion 3.1 (i.e., #13 onFig. 5). Next, we ran CoDDEM over a
matrix of (tJup, f,Dx) values, withtJup= 1–10 Myr (values
incremented by 1 Myr),f = 50–600 (values incremented b
50), andDx = 100, 105, 110, 115, and 120 km. Thus, t
initial set of 600 runs consisted of 60,000 CoDDEM tr
cases run with different random seeds.

An analysis of our results suggests thatDx = 110 km was
the best performer, with 31, 15, and 4 of the(tJup, f ) runs
(out of possible 120) having a success rate greater tha
35, and 40%, respectively. To say this another way, 4 of
Dx = 110 km runs, each composed of 100 trial cases,
more than 40 trial cases that matched ourψ2

SFD andχ2
FAM

criteria. The next best performer wasDx = 105 km, with
26, 7, and 1 of their(tJup, f ) runs having a success rate larg
than 30, 35, and 40%, respectively. No otherDx values bea
the 40% mark, andDx = 115 km only attained>35% once
out of 120 runs. We infer from this that the most likely i
flection point for our initial main belt size distribution
Dx = 110 km.

Our predictedDx = 110 km value is slightly smalle
than the best fitDx = 120 km value estimated by B05
though it must be said that B05 only testedDx = 80,100,
and 120 km. We believeDx = 120 km was less succes
ful in our CoDDEM tests because a non-trivial number
20 < D < 100 km objects were disrupted via high impa
velocities during the DDE. By definition, the method us
by B05 could not account for these effects.

For our next set of tests, we keptDx = 110 km constan
and investigated theQ∗

D functions #7–14 shown inFig. 5
across a matrix of(tJup, f ) values. This set was chosen
testing theQ∗

D functions adjacent to #13 and then iterati
until we were convinced we had found the peak value
our runs. Together, our tests comprised 960 runs and 96
CoDDEM trial cases.

The best performer among ourQ∗
D function tests was

#10, with Eq.(5) parameters ofE = 0.873, F = −0.868,
G = −0.486, andH = −0.297 (gold curve inFig. 5). We
found that 36, 14, 7, and 2 of the(tJup, f ) runs (out of pos-
sible 120) had a success rate greater than 30, 35, 40
45%, respectively. The next closest, #9, was nearly as g
with 34, 15, 5, and 2 runs having a success rate gre
than 30, 35, 40, and 45%, respectively. Its parameters
E = 0.881, F = −0.840, G = −0.476, andH = −0.290.
The otherQ∗

D functions tested were less successful, w
none having a run with a success rate>45%. TheQ∗

D func-
tions #11, #12, and #13, however, did have 3–4 runs wi
success rate>40%.

Our best fitQ∗
D function #10 is slightly shallower tha

the Q∗
D function determined byBenz and Asphaug (1999,

who used smoothed particle hydrodynamics (SPH) code
determine the impact energy needed for basaltic projec
to blast apart undamaged basaltic asteroids. They are
prisingly compatible, however, with recent SPH experime
where the target bodies were given highly fractured in
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Fig. 12. Contour plot showing CoDDEM results forDx = 110 km (Fig. 9)
and Q∗

D function #10 (Fig. 5). The x-axis shows the formation time o
Jupiter (tJup), measured from the onset of fragmentation in the prim
dial main belt population. They-axis shows the initial size of the primo
dial main belt populationf , in units of the current main belt populatio
(NMB ∼ 5 × 10−4M⊕). We set our input parameters totJup= 1–10 Myr
(incremented by 1 Myr) andf = 50–600 (incremented by 10). For ea
(tJup, f ) combination, we performed 100 trials using our code CoDDE
We define this as a “run.” Thus, the contour plot represents the resu
550 runs or 55,000 distinct trial cases. The contours show the numb
trial cases in each run that provide an acceptable match to the observ
teroid families (usingχ2

FAM) and the shape of the observed main belt s

distribution (usingψ2
SFD). See text for details. The peak values are repo

in Table 1. We see the best-fit cases adhere to an envelope of values
f ∼ 200 for low tJup values andf ∼ 100 for hightJup values.

nal structures (P. Michel, personal communication). Th
our best fitQ∗

D function may be telling us that pre-damag
target bodies are a better analogue for real asteroids tha
damaged target bodies. This is consistent with the idea
fracturing or shattering events are much more likely to t
place than disruption events (e.g.,Asphaug et al., 2002).

Taking Dx = 110 km andQ∗
D function #10, we exe

cuted a detailed series of 560 runs over(tJup, f ) with tJup=
1–10 Myr (values incremented by 1 Myr) andf = 50–600
(values incremented by 10). The total number of trial ca
was 56,000. Our results are shown inFig. 12, where the con-
tours represent the number of trial cases (out of 100) in e
run that met our constraints.

Table 1 lists the(tJup, f ) runs where our constraints we
met by�40% of the 100 trial cases. An analysis of the
19 data points provides several interesting results. For
ample, while the peak value inFig. 12is at (tJup= 10 Myr,
f = 110), approximately 80% of theTable 1runs havetJup
between 1 and 4 Myr. The minimum and maximumf values
for the 1� tJup� 4 Myr values, as well as all Table 1 dat
are 70 and 230, respectively. The mean and median valu
-

-
t

f

Table 1
Best fit results for the 550 CoDDEM runs fromFig. 12. Each run consists o
100 trial cases, with theQ∗

D function set to #10 (Fig. 5) and the initial size
distribution set toDx = 110 km (Fig. 9). Column 1 is the formation time o
Jupiter (tJup) in Myr. Column 2 isf , the initial size ofNdep. We definef =
1 to be the amount of mass in the observed main belt (i.e., 5× 10−4M⊕).
Column 3 is the number of times out of 100 trial cases that our metric
success were met (i.e.,ψ2

SFD< 20 andχ2
FAM exceeds a probability of 5%)

All runs with values larger than 40 are reported in the table. Column
the median value ofψ2

SFD for the successful runs from Column 3. A line
to these points in this table yieldsf = 186 Myr− 8.2tJup

tJup f # (ψ2
SFD< 20) Medianψ2

SFD (ψ2
SFD< 20)

1 70 40 12.40
1 150 40 10.92
1 190 40 11.18
1 210 43 10.31
1 220 46 11.37
2 120 40 11.02
2 180 40 11.06
2 190 42 11.32
2 200 41 11.44
2 230 41 11.42
3 140 42 11.90
3 150 40 10.59
3 180 44 11.14
3 190 41 10.75
4 120 41 12.15
6 140 41 10.33
7 130 44 11.42
8 110 43 11.89

10 110 51 11.55

tJupfrom Table 1values are 3.3±2.6 Myr and 2 Myr, respec
tively, while the mean and median values off are 160± 44
and 150, respectively. Though there is some scatter, a lin
to Table 1data yields the equationf = 186 Myr− 8.2tJup.

The runs with smaller success rates predominately h
trial cases that fall into one of the two failure modes sho
in Fig. 11. For smallf and tJup values, there tends to b
too little comminution to reproduce the main belt size d
tribution. For largef and tJup values,Ndep does too good
a job of destroying objects between 20< D < 100 km (see
Fig. 11b); once these objects are obliterated, the main
size distribution never recovers. Still, it is important to n
that just because the success rate for a given run is low
not mean it could not happen. Until additional constrai
become available, we cannot rule out the possibility that
rent main belt conditions are a statistical fluke produced
the timely breakup of a few large asteroids.

Assuming that our best fit values are telling us someth
about main belt history, we infer that the primordial ma
belt for D � 1000 km planetesimals once contained∼70–
230 times the mass of the current main belt. The most lik
values correspond to the central part of this range. This tr
lates into 0.035–0.11M⊕, a small fraction of the total mas
that is thought to have once existed in the main belt zone
ing planet formation(Weidenschilling, 1977). The remain-
ing mass would need to be in the form of planetary embry
Our results are similar to back-of-the-envelope calculati
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made by B05. They are also consistent with the dynam
results ofPetit et al. (2001), who found that∼0.005% of
the test bodies initially emplaced in the primordial main b
would survive the DDE.

Even though our model results suggest that Jupiter’s
mation could have occurred at nearly any time betwee
and 10 Myr, the most likely scenario is that Jupiter form
at tJup � 4 Myr (average value of 3.3 ± 2.6 Myr). We as-
sume tJup = 0 Myr is when fragmentation started amo
the D � 1000 km planetesimals. These results are in g
agreement with the estimated mean disk lifetime of 3 M
predicted byHaisch et al. (2001).

5. Discussion and implications

Here we briefly outline the issues discussed in this s
tion. In Section5.1, we explore the disruption history o
the main belt and speculate on the possible origin of as
oids believed to be derived from differentiated parent b
ies (e.g., M-type Asteroid 16 Psyche, V-type Asteroid 14
Magnya). In Section5.2, we compare our predicted coll
sional lifetimes to the cosmic ray exposure ages of st
meteorites and to other lifetime estimates in the literat
In Section5.3, we compare our results to the crater histo
of Asteroid 4 Vesta. In Section5.4, we compare our pre
dictions for the NEO population to observational data. A
follow-up, we discuss in Section5.5 whether small crater
on Mercury, Mars, and the Moon are more likely to be p
maries or secondaries. Finally, in Section5.6, we review
some of the meteoritical evidence for an early comminu
phase in the primordial main belt.

The interested reader should also turn to B05, where
compare our results to asteroid spin rate and lightcurve
plitude data. Our results suggest that mostD � 100–120 km
asteroids are primordial, with their spin rates and shape
by processes occurring during or shortly after accretion
we go to smaller sizes, main belt asteroids become incr
ingly dominated by collisional fragments. This change m
explain the inflection point seen in the distribution of ro
tion periods and lightcurve amplitudes nearD ∼ 100 km.

5.1. Disruption history of main belt asteroids

In our CoDDEM runs, we tracked the number of ca
strophically disrupted objects in each size bin over 4.6 G
A sample of our results are shown inFig. 13, where the data
is taken from theTable 1run with tJup= 3 Myr, f = 180,
Dx = 110 km, andQ∗

D function #10. The points onFig. 13
represent the number of disrupted bodies in each size
that have been summed and averaged over the 44 trials
matched our constraints. The symbols describe those
ues at 3, 10, 100, and 4600 Myr. The points connected
the dotted line represent disrupted asteroids from theNdep

population, while those connected by the solid line are fr
t

-

t

Fig. 13. The average number of catastrophically disrupted bodies in ea
ameter bin for theTable 1run wheretJup= 3 Myr, f = 180,Dx = 110 km,
andQ∗

D function #10. These values were obtained by averaging results
the 44 trial cases where our success metrics were met. The colors de
these values at 3, 10, 100, and 4600 Myr. The points connected by th
ted lines represent disrupted asteroids fromNdep, while those connected b
the solid line are fromNrem. According toFig. 4, nearly all ofNdep has
been dynamically eliminated after 100 Myr.

Nrem. Overall, we found that the number of breakups
curring after the DDE is consistent with the predictions
B05 (e.g.,D ∼ 30 km bodies disrupt every∼20 Myr). They
differ from previous estimates (e.g.,Burbine et al., 1996
Marzari et al., 1999; see B05 for a review), though we b
lieve our results are better constrained than previous eff
For more on asteroid lifetimes, see Section5.2.

If these results reflect reality, they provide important
sights about how the asteroid belt reached its current s
We see that attJup = 3 Myr, just prior to the formation o
Jupiter and the DDE, the cumulative number ofD > 100 km
bodies disrupted in theNdeppopulation was∼500, while the
number of disrupted Vesta- and Ceres-sized objects (D �
450) was∼7. These results imply that many large astero
some of which may have been differentiated, disrupted e
in Solar System history. Because these disruption events
duced numerous fragments, it is probable that some po
of the parent body survived the DDE. Note that while Co
DEM does not track mixing between theNrem andNdeppop-
ulations, a significant amount had to occur. Thus, theNrem
population at the beginning of Phase 3 should have b
composed of a relatively small number of intactD � 100 km
objects as well as numerousD � 100 km fragments pro
duced by Phase 1 and 2 disruption events in bothNrem and
Ndep.

How many different parent bodies currently exist in t
main belt population? The answer depends on the timin
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various disruption events as well as the efficiency of mix
that occurred in Phases 1 and 2. For example,Fig. 13shows
that a large number of disruption events inNdep occurred
after the formation of Jupiter. We estimate that theNdeppop-
ulation experienced 20–40 times the degree of comminu
during the DDE compared to that before it. It is plausible t
fragments in this population may have become trapped in
main belt zone by gravitational interactions with planet
embryos.Figs. 2 and 3, however, suggest that the efficien
of this type of mixing was limited. Addressing this iss
quantitatively will require a more specific set of numeri
runs than described in this paper. (For a recent review o
number of parent bodies represented in our meteorite rec
seeBurbine et al., 2002.)

We hypothesize that the survival of fragments from d
rupted parent bodies in Phases 1 and 2 could explain
ubiquitous but limited presence of main belt asteroids
appear to be fragments of differentiated parent bodies. W
a differentiated asteroid disrupts, it is thought to prod
several different asteroid taxonomic types: M types, ir
rich asteroids that come from the core, A types, olivine-r
metal-free silicate asteroids that come from the mantle,
V types, basalt-rich asteroids that come from the crust. N
thatKeil (2002; see also,Wilson and Keil, 1991) predicts the
last type may be exceedingly rare because basaltic lav
small differentiated bodies may have had enough entra
gas to reach escape velocities during eruption. Assum
these fragments were produced before or immediately
the formation of Jupiter, a small fraction may have surviv
the DDE to reach theNrem population. This could explain
the relative paucity of these fragments in the observed m
belt population.

An example of a V-type fragment produced by a disrup
differentiated body may be (1459) Magnya, aD = 30 km
asteroid located in the outer main belt. Visible and ne
infrared spectroscopic observations indicate that Mag
has a basaltic surface similar to Vesta’s crust, but dynam
models suggest there is no association between this o
and Vesta(Lazzaro et al., 2000; Michtchenko et al., 200.
More examples could be the 22 A-type asteroids identi
by the SMASS and SMASSII surveys (out of a total sam
of 950), with the largest body havingD ∼ 60 km(Xu et al.,
1995; Bus and Binzel, 2002a, 2002b). Finally, Asteroids (16)
Psyche and (216) Kleopatra (D = 250 and 120 km, respec
tively), M-type asteroids with radar albedos consistent w
their surfaces being dominated by material analogous to
meteorites(Magri et al., 1999, 2001), potentially could be
explained by the dynamical survival of a few exposed co
produced prior to the DDE (e.g.,Davis et al., 1999).4 To

4 Supporting evidence that (16) Psyche is an exposed iron core c
from Kuzmanoski and Kovǎcevíc (2002), who used Psyche’s perturb
tions on Asteroid (13206) 1997GC22 to estimate a bulk density of 6.98±
0.58 g cm−3. Kuzmanoski and Kovǎcevíc (2002)claim their work super-
sedes lower bulk density estimates (e.g.,Viateau, 2000), though we caution
that additional work on this topic is needed.
,

t

confirm our hypothesis, we will need to explore several
sues that are beyond the scope of this paper (e.g., How m
differentiated asteroids resided in the primordial main b
What is the probability that a parent body capable of prod
ing Psyche would have disrupted before or during the DD
What is the probability that a Psyche-like object would ha
survived the DDE when only 1 in∼200 objects survives th
DDE?).

Given the lack of evidence for intact differentiated bo
ies (other than Vesta) in the main belt, it is likely that fe
such objects ever existed in the primordial main belt. N
that to date, asteroid families show little indication that th
parent bodies were differentiated (e.g.,Cellino et al., 2002).
To solve this quandary, we hypothesize that some differe
ated fragments may not be indigenous to the main belt,
instead may have been scattered there froma < 2 AU orbits
by planetary embryos (e.g.,Wasson and Wetherill, 1979).
This issue will be further investigated in a future paper.

5.2. Asteroid collisional lifetimes and disruption intervals

Another way to test our CoDDEM results is to exa
ine the collisional lifetimes (τ ) predicted by our model a
4.6 Gyr and compare them to the available data.Fig. 14
shows the collisional lifetime of current main belt obje
according to our code. For comparison, we have also p
ted the collisional lifetime estimate ofFarinella et al. (1998

Fig. 14. The collisional lifetime (τ ) of main belt asteroids in CoDDEM
For comparison, we also plotτ = 16.8 Myr × √

R (m), a function de-
rived by Farinella et al. (1998). For centimeter-sized objects, we obtain
τ ∼ 3 Myr, consistent with estimated fireball lifetimes(Morbidelli and
Gladman, 1998). For meter-sized objects, we estimateτ ∼ 14 Myr. These
values match the cosmic ray exposure ages of stony meteorites
Eugster, 2003). For 1� D � 100 km asteroids, our values differ fro
Farinella et al. (1998); as described in the text, we believe our values
consistent with observations and modeling work of Koronis-family as
oids(Vokrouhlický et al., 2003). Finally, forD > 100 km asteroids, we find
extremely long lifetimes, such that only∼4 of them (out of∼220) disrupt
every Gyr. This value provides a good match to the number of observe
teroid families produced by the breakup of such bodies over the last 3.5
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(τ = 16.8 Myr × √
R (m)). Our function yieldsτ ∼ 14 Myr

for D = 1 m bodies, a value that agrees with the cos
ray exposure ages of stony meteorites across many d
ent classes(Marti and Graf, 1992; Eugster, 2003)and with
Farinella et al. (1998).

For D = 1–10 cm objects, we obtainedτ = 3–6 Myr.
These values are consistent with results fromMorbidelli and
Gladman (1998), whose dynamical investigation of fireba
data suggested such objects disrupt∼3 Myr after leaving
the main belt. Note that objects evolving out of the main b
onto NEO orbits have impact velocities with main belt ma
rial of ∼10 kms−1, twice as high as impact velocities insid
the main belt(Bottke et al., 1994b). These higher velocitie
would decrease the lifetimes of the larger fireballs, enoug
allow them to fall in line with theMorbidelli and Gladman
(1998) results. We leave an investigation of the collision
evolution of small NEOs to future work.

Our collisional lifetimes forD > 1 km objects are highe
than those ofFarinella et al. (1998). For example, we pre
dict that D ∼ 30 km asteroids have a collisional lifetim
of ∼8 Gyr, 4 times longer thanFarinella et al. (1998). If
true, it would insinuate that relatively few such bodies h
ever disrupted in the main belt. At present, there is no e
way to constrain those values except using theD > 100 km
asteroids that ended up as prominent families. Still, an an
sis of spin vectors among 20< D < 40 km asteroids in
the Koronis family suggests our CoDDEM collisional lif
times in this size range may be valid.Slivan (2002)(see also,
Slivan et al., 2003) found that of the 10 Koronis family mem
bers he observed, 4 had prograde spins with nearly iden
obliquities (42◦–50◦) and spin periods (7.5–9.5 h), while th
remaining 6 with retrograde spins had obliquities betw
154◦ and 169◦ and spin periods less than 5 h or grea
than 13 h.Vokrouhlický et al. (2003)demonstrated this un
usual configuration was produced by YORP thermal torq
(Rubincam, 2000; see also,Vokrouhlický andČapek, 2002)
working on the bodies over 2–3 Gyr. Their results imply t
the only plausible way these objects could have attained
present rotation states was to avoid major collision ev
over this time interval. This argues for collisional lifetim
significantly longer than 2–3 Gyr, values that would be c
sistent with our values from CoDDEM.

Overall, our results are comparable (within a factor
∼2–10) with recent estimates byCheng (2004)andO’Brien
and Greenberg (2005). The differences are a by-product
different assumptions about the nature and evolution of
main belt size distribution and the use of differentQ∗

D func-
tions.

Fig. 15shows the time interval between catastrophic d
ruption events across the present-day main belt. The b
dots are the intervals for asteroids in each incremental
bin, while the solid line is the interval for objects larger th
a given diameter. Using the intervals measured per size
we find that aD ∼ 100 m body disrupts every year in th
main belt, while aD ∼ 10 m body disrupts every day and
D ∼ 1 m body disrupts about every hour.
l

,

Fig. 15. The interval between disruption events taking place across the
belt as a function of size. The black dots are the interval in each logarit
size bin, while the solid line is the interval for asteroids larger than a g
diameter.

The Karin cluster is a small asteroid family produc
by the disruption of aD ∼ 30 km parent body 5.8 Ma
(Nesvorný et al., 2002; Nesvorný and Bottke, 2004). It is
responsible for one of the prominent dust bands obse
by IRAS (Nesvorný et al., 2002, 2003). We predict that
D ∼ 30 km disruption events occur once every 20–25 M
across the main belt (see also B05). This timescale se
reasonable to us, given that no other Karin-sized fam
is producing a prominent dust band detectable by IR
If the interval between Karin-size disruption events w
only a few Myr, it is probable that IRAS would have d
tected several additional dust bands comparable to Ka
band.

On the other hand, we predict that theD = 170 km aster-
oid disruption event that formed the Veritas family 8.3 M
(Nesvorný et al., 2003)should only occur once per 0.5
1.0 Gyr. This implies that (i) the breakup of the Verit
parent body was a statistical fluke, (ii) there are interl
ers in the Veritas family and/or the diameters of the fa
ily members are poorly characterized, such that its ac
parent body was smaller thanD = 170 km, or (iii) our
estimated disruption rates are erroneous and large fam
forming events occur more frequently that predicted. Wh
we cannot rule out (iii), we believe that a significantly high
rate of large-scale disruption events would leave behind
abundance of easily detected asteroid families in the m
belt. For this reason, we believe (i) and/or (ii) provide
more likely explanation for the young age of the Veritas fa
ily.
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5.3. Constraints from (4) Vesta

Using the methods described in B05, we can determ
whether our model size distributions from Table 1 are a
consistent with the constraints provided by Asteroid
Vesta. Recall that Vesta is aD = 529± 10 km asteroid with
an intact basaltic crust and a singular 460 km diameter c
on its surface(Thomas et al., 1997). The fact that Vesta doe
not have two such remarkable craters can be used to
strain our results. Our test procedure is as follows.

The impactor that created Vesta’s crater wasDproj ∼
35 km(Marzari et al., 1996; Thomas et al., 1997; Aspha
1997). We estimate the average interval between such
pacts on Vesta to be:

(10)
1

τimpact
= Pi

4
(DVesta+ Dproj)

2N (31� D � 39 km),

whereN is the number of available impactors inNrem and
Ndep. ForPi , we use Vesta’s current intrinsic collision pro
ability (Pi = 2.8 × 10−18 km−2 yr−1; Farinella and Davis
1992; Bottke et al., 1994a). While Figs. 6 and 7indicate
that Pi values for bodies strikingNrem do vary over time,
we believe our chosen values do a reasonable job of s
ting the difference between these changes. To estimat
approximate number ofD ∼ 35 km bodies available in ou
model runs, we interpolated between the central value
bins D = 31 and 39 km in bothNrem and Ndep at every
timestep. We then integrated Eq.(10) across the trial case
from the Table 1 runs that satisfied our constraints. To
count for the stochastic nature of the impacts, our mo
used Poisson statistics and reran our trials 10 times for
run.

We found a reasonable match between our model pre
tions and data, with the mean number ofD ∼ 35 km objects
striking Vesta over 4.6 Gyr being 0.5±0.7. This suggests th
odds are slightly against Vesta having a single large cr
but very much against it having two such craters. Wh
small number statistics prevents us from saying too m
about this value, it does appear that our best-fit CoDD
models can pass a nominal reality check.

5.4. Interpreting the shape and nature of the NEO
population

Because our best-fit CoDDEM runs give us insight i
the shape of the main belt population, we can use our re
to interpret the shape and nature of the NEO population
tween a few centimeters andD ∼ 10 km.Fig. 16shows the
model main belt and NEO populations produced for a r
resentative run from Table 1 wheretJup= 3 Myr, f = 180,
Dx = 110 km, andQ∗

D function #10. The snapshot of th
main belt and NEO populations was taken at 4.6 Gyr (
the present day). For reference, we plot our results ag
an estimate of the NEO population made byStokes et al.
(2003), who for simplicity assumed theD < 1 km size dis-
-

t

tribution was a power-law extension of theD > 1 km size
distribution.

Overall, the NEO size distribution is a near reflection
the main belt’s wavy-shaped size distribution, with astero
across the main belt driven to resonances by the Yarko
effect (Fig. 1). This mirror-like image is only modestly see
for D > 1 km, where the bump nearD ∼ 5 km is damped
somewhat in the NEO population relative to the main b
by a steadily decreasing Yarkovsky depletion function.
smaller asteroids, however, the curves nearD ∼ 0.2–0.7 km
are prominently seen in both the main belt and NEO p
ulations. Note that this bend is not a by-product of o
Yarkovsky removal rate function, which we assume is c
stant forD < 1 km asteroids.

The NEO population at small sizes is constrained, in p
by estimates from telescopic surveys, particularly those f
the LINEAR survey(Stuart, 2001; D’Abramo et al., 2001
Harris, 2002; Stuart and Binzel, 2004). The size distribution
results from LINEAR are based on a larger database
those from Spacewatch and NEAT survey data(Rabinowitz
et al., 2000), so they are more likely to represent the tr
NEO population. Constraints also come from estimate
the 1–10 m NEO population derived from satellite det
tions of bolide detonations in Earth’s atmosphere(Brown et
al., 2002). By assuming that these impactors have the s
orbital distribution and intrinsic collision probabilities wit
Earth as standard NEOs (e.g.,Bottke et al., 2002b), Brown
et al. (2002)converted this data into a predicted size d
tribution. Interestingly, an extension of a line through th
constraints also does a good job of fitting the available fi
ball data(Halliday et al., 1996). We caution, however, tha
the orbital distribution ofD � 10 cm particles is essen
tially unknown, while Poynting–Robertson drag and co
sions within the NEO population become increasingly
portant in this size range.

Given the similarities between the shape of our mo
main belt, the NEO constraints described above, and
NEO model, we infer that most observed NEOs are of m
belt origin. Unless comets have a remarkable similar
distribution, it is likely that they do not contribute signifi
cantly to the overall NEO population witha < 7.4 AU (e.g.,
Bottke et al., 2002b; Stokes et al., 2003).

At face value, the NEO model population shown here
inconsistent with the upper limit value of∼10–20 MT air-
blasts in our atmosphere based on data from the sing
1908 Tunguska event(Morrison et al., 2002; Stokes et a
2003). The constraints from LINEAR in the size range a
provided byHarris (2002). There are several possible e
planations for this inconsistency. The Tunguska blast m
have been a statistical fluke (e.g.,Morrison et al., 2002), or
the blast energy may have been poorly characterized (
Appendix 4 ofStokes et al., 2003; see also,Edwards et al.
2004). A lower energy would imply a smaller projectil
which would be more in line with our predictions. If not,
is possible that the population of Tunguska-sized impac
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Fig. 16. Our estimated values of the present-day main belt and NEO populations according to our CoDDEM model runs (solid lines). For refe
plot our results against an estimate of the NEO population made byStokes et al. (2003), who assumed theD < 1 km size distribution was a power-la
extension of theD > 1 km size distribution. Our model main belt population provides a good match to the observed main belt (solid black dot
diameterD � 100 km bodies are fragments (or fragments of fragments) derived from a limited number ofD � 100 km breakups(Bottke et al., 2005). Our
NEO model population is compared to estimates derived from telescopic surveys(Rabinowitz et al., 2000; D’Abramo et al., 2001; Stuart, 2001; Harris, 20
Stuart and Binzel, 2004), satellite detections of bolide detonations in Earth’s atmosphere(Brown et al., 2002), and ground-based camera observations
fireballs(Halliday et al., 1996). For reference, we also include an upper limit estimate of 50 m NEOs based on the singular airblast explosion that
over Tunguska, Siberia in 1908 (e.g.,Morrison et al., 2002; Stokes et al., 2003). The similarity between the shapes of the main belt and NEO popula
is a by-product of Yarkovsky thermal drag, which causes main belt asteroids withD � 30 km to drift into resonances that in turn deliver them to the N
population.
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has a different orbital distribution than that predicted
kilometer-sized NEOs. More work on this issue is neede

Assuming our model NEO population is realistic, we fi
it has approximately 1× 1010, 4.5× 107, 14,000, and 1100
asteroids withD � 0.001, 0.01, 0.1, and 1 km, respective
Using values fromBottke et al. (2002b), we estimate tha
67% of all NEOs are on Earth-crossing orbits. If the co
sion rate of Earth-crossers with Earth is 2.8 × 10−9 yr−1,
the interval between kilometer-sized impacts is∼0.5 Myr,
in line with previous predictions.

5.5. Small craters on the terrestrial planets: Primaries o
secondaries?

Because our model results indicate the main belt po
lation has been relatively constant over the last 3 Gyr,
can infer that the NEO population, as well as the impac
flux on the terrestrial planets, has been similarly stable o
the same time period. If true, we should be able to dire
compare our NEO model population to craters formed on
terrestrial planets over the last 3 Gyr.

The most recent investigation of large crater produc
on the Earth and Moon was byStuart and Binzel (2004
(see also,Morbidelli et al., 2002). Using an NEO population
determined using debiased LINEAR data, they compu
crater production curves that were consistent (within a
tor of 2 or so) withD > 1 km craters on the lunar maria an
D > 20 km craters on the Earth. Given that our NEO mo
population is consistent withStuart and Binzel (2004), we
do not investigate large crater production further in this
per.

For smaller NEOs, our model population could help
solve a long-standing controversy about whether the ma
ity of small craters (D < 0.1–1 km) formed on Mercury
the Moon, and Mars were produced by primary impacts
by secondary impacts generated by ejecta from large cr
(e.g.,Shoemaker, 1965, 1966). Recent investigations of th
surfaces of Mars and Europa provide persuasive evid
that many, perhaps most small craters on these surface
secondaries. For example, the rayed Zunil crater on M
(D = 10 km) is believed to have produced∼107 secondary
craters>10 m in diameter within 800 km of the impa
site and numerous secondaries in the rays that were w
1600 km of the impact site(McEwen et al., 2005). Simi-
larly, more than 95% of the small craters observed on
ropa appear to be clustered secondaries derived from
impact structures(Bierhaus et al., 2005). When measured
in a size distribution, the differential power-law slopes
these secondaries are very steep; values of∼−5 are com-
mon, and in certain regions the slopes get as high as−6.5.
Overall, the small crater statistics resemble the predict
made forD < 1 km craters by standard lunar and mart
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crater production functions (−4.8 to −5.1; see review by
Ivanov et al., 2002). The question is whether the slopes
crater size distributions produced by small NEOs are stee
similar, or shallower than those produced by seconda
If the answer is shallower, secondaries should domin
the production of small craters on Mercury, the Moon, a
Mars.

Terrestrial planet craters are typically 10–20 times lar
than the projectile (e.g.,Melosh, 1989). Thus, to compare
our model results withD < 1 km craters, we need to tran
form our D � 0.1 km NEOs into craters. To simplify th
problem, we focus on converting the power-law slope of
D < 0.1 km NEOs into a crater size distribution slope.

Scaling relationships derived bySchmidt and House
(1987) indicate thatDcrater ∝ D

γ

proj, where Dcrater is the
crater diameter,Dproj is the projectile diameter, andγ is an
experimentally determined parameter that mainly depe
on the porosity of the target material. Substituting this
lationship into a differential power-law size distribution, w
find that:

(11)αcrat= αproj + 1

γ
− 1,

whereαproj is the differential power-law index of the proje
tile population, andαcrat is the differential power-law inde
of the crater population.

Schmidt and Housen (1987)estimated that a target su
face made of competent rock should haveγ = 0.78. Because
our small NEOs haveαproj = −3.6, we findαcrat = −4.3,
a value 0.5–0.8 shallower than the slope values for lu
and martian craters (αcrat = −4.8 to −5.1; Ivanov et al.,
2002). For impacts into hard rock, regolith, soft rock, or d
soil, γ values range between 0.83 and 0.97(Holsapple and
Housen, 2004), which in turn yield even shallowerαcrat val-
ues (−3.7 to−4.1). Recent work in this field also sugge
future crater scaling relationships will tend to favor high
γ values (K. Holsapple; personal communication). Rega
less, based on these results, we conclude that relatively
of the observed small craters on Mercury, the Moon,
Mars were formed by primary impacts.

Our NEO model differs from crater-based predictions
the NEO population fromWerner et al. (2002)andIvanov
et al. (2002). These groups attempted to use standard cr
production functions and crater-scaling relationships (w
γ = 0.78) to determine the nature of the NEO popu
tion. An examination of their results, however, sugge
they cannot simultaneously reproduce the NEO size
tribution for D � 1 km andD � 1 km. For example, the
crater-derived NEO population estimated byWerner et al.
(2002) is reasonable for large NEOs but does not fit
D < 0.5 km data.Ivanov et al. (2002)display similar re-
sults, though they do show a case where they can matc
D < 0.01 km data at the cost of missing theD > 0.1 km
data. While some of these mismatches may stem from po
known crater-scaling relationships, we believe the main
tor is that the crater size distributions on Mercury, Ma
,

and Moon are dominated by secondaries at small cr
sizes.

In conclusion, we believe extreme caution should be u
when dating surfaces usingD < 0.1–1 km craters. New
work will be needed to determine whether the projectile p
ulation described here can be used to infer the ages of
surfaces.

5.6. Evidence for early asteroid disruption events from
meteorites

Ideally, meteorites can be used to help constrain the n
ber and nature of catastrophic disruption events in the
mordial main belt. As discussed below, however, this rec
does not easily yield its secrets about what took place
4.6 Gyr ago.

To probe for early collision events, many meteoritici
examine radiometric or isotopic reset ages. These age
be used to tell us when the meteorite parent body was for
in the solar nebula, when it crystallized from an igneo
melt, or when it was altered by a heating event. The hea
events germane to our purposes are those produced b
pacts. In some cases, impact-induced shock degassing e
can be used to infer impact and reassembly events on m
orite parent bodies. The chronometers used for these st
are based on common parent- daughter isotopic pairs,
as: 40K–40Ar, 87Rb–87Sr, 147Sm–143Nd, 235U–207Pb, and
238U–206Pb(Mittlefehldt et al., 1998).

The problem with shock degassing ages is they typic
only record the last resetting event that occurred on the m
orite’s immediate precursor. For example, multiple reset
events detected on meteorites from the HED parent b
the mesosiderite parent body, and L, LL, and H ordin
chondrite parent bodies occurred∼3.9 Ga(Bogard, 1995),
the same time that the LHB took place on the Moon (e
Hartmann et al., 2000). Impacts produced by projectiles ov
the last 3.9 Gyr appear to have obscured or erased radio
ric age evidence for asteroid–asteroid impacts that occu
�3.9 Gyr. Thus, if we want to probe deeper into the earl
days of main belt history, we need to turn to other meteo
cal clues.

It turns out that for 7 groups of meteorites, there
textural and cooling rate evidence that their parent b
ies were shattered and reassembled early in Solar
tem history (e.g.,Mittlefehldt et al., 1998). Available data
supports a scenario where hot interior material, pres
ably heated by the decay of26Al or the decay of some
other short-lived radiogenic isotope, was suddenly mi
with cool material near the surface. These parent bo
include those for the Shallowater enstitite achondrites,
mesosiderites, the H and L chondrites, the ureilite ach
drites, the IVA irons, and the parent body of the IAB iro
and winonaites (Keil et al., 1994; Benedix et al., 2000
Scott et al., 2001; see reviews inMittlefehldt et al., 1998;
Scott, 2002; andHaack and McCoy, 2004). Details on these
events are given below:
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• The H ordinary chondrite parent body, thought to ha
a parent body diameterDpb � 200 km, appears to
have gone through some degree of impact scramb
>4.4 Ga ago(Keil et al., 1994). Apparently, this even
was not thorough enough to disturb the cooling rate
some H chondrites(Trieloff et al., 2003; Scott, 2003).
Grains taken from L chondrite impact breccias, wh
Dpb > 100 km, also yield impact scrambling ages
>4.4 Ga(Keil et al., 1994).

• The mesosiderite parent body, thought to be 200<

Dpb < 400 km, appears to have been differentia
prior to its impact scrambling event.Scott et al. (2001)
argue that the silicate and metallic breccias obser
in the mesosiderites were likely produced when
mesosiderite parent body was struck by a 50< D <

150 km projectile∼4.4–4.45 Ga.
• There are 26 IAB irons containing silicate-bearing

clusions called winonaites. Collectively, these me
orites yield formation ages of 4.4–4.54 Ga(Benedix
et al., 2000). Studies suggest that the partially diffe
entiated IAB iron-winonaite parent body, thought to
20< Dpb < 60 km, was impact scrambled and reasse
bled, allowing the silicates to mix with molten iron fro
the core.

• The ureilite achondrites are coarse-grained rocks m
predominately of olivine and pyroxene; it is believ
they formed within a single asteroid 4.55 Ga. (e
Goodrich, 1992; Torigoye-Kita et al., 1995). Their par-
ent body, thought to beDpb > 200 km(Goodrich et al.,
2002), was scrambled and reassembled∼4.5 Ga, with
the ureilites dramatically cooled at rates of 3◦–20◦ h−1

(Mori and Takeda, 1983).
• Studies of the Shallowater enstatite chondrite, an

brecciated igneous aubrite, indicate they were produ
by a shattering collision on the molten or partly molt
enstatite parent body∼4.5 Ga(Keil, 1989). Their cool-
ing history, however, is complicated; in one scena
these meteorites: (i) cooled rapidly by exposure to sp
via an impact, (ii) were buried by the reassembly
the shattered parent body (i.e., at depths of 40 km
a Dpb = 100 km parent body), and (iii) were later r
buried by a second impact that moved this material n
the parent body’s surface.

We point out that the interpretation of these records
quires considerable care, and that the above scenario
not universally accepted by the meteorite community. N
ertheless, the weight of evidence suggests that some
asteroids with hot interiors experienced significant sh
tering/reassembly events>4.4 Ga. At the least, these r
sults imply that the main belt was undergoing fragmenta
very early in its history. We also find it interesting that t
timescale of these events is consistent with our model
dictions, though one must be cautious not to over-inter
the data. Recall that the interiors ofD � 100 km parent
bodies cool fast enough that shattering/reassembly ev
e

e

s

occurring<4.4 Ga may not leave behind obvious meteor
cal signatures (e.g.,McSween et al., 2002). Thus, the paucity
of textural and cooling rate evidence for<4.4 Gyr impact
events does not necessarily imply a dramatic change in
collision rate.

6. Conclusions

Here we summarize the main conclusions of this pap
It has long been known that the main belt zone is s

nificantly depleted in mass compared to expectations f
standard solar nebula estimates (i.e., 5× 10−4M⊕ vs∼M⊕,
respectively). The best available dynamical model to
plain this mass loss(Petit et al., 2001)suggests that th
post-accretion main belt went through three broad phas
evolution:

Phase 1. An early phase lasting a few Myr where pla
etesimals and planetary embryos both accreted and dy
ical excited one another enough to initiate fragmentat
Gravitational perturbations from newly grown planetary e
bryos both inside and outside the primordial main belt co
bined to dynamically stir the population, enough to pu
up e and i values and increase collision velocities. At th
point, accretion ended and fragmentation began. The
ulation was large enough that collisional evolution occur
quickly, though not so quickly as to remove a significant p
tion of the overall mass. Collisions disrupted many bod
some which were likely differentiated. All disruption even
produced significant numbers of fragments, enough tha
main belt size distribution began to take on a wavy sh
similar to that observed in the current main belt. Hence, B
characterized this shape as a “fossil” left over from this e
violent epoch.

Phase 2. A second phase initiated by the accretion
Jupiter’s gaseous envelope that may lasted as long as se
hundreds of Myr. In this phase, gravitational perturbati
between Jupiter and planetary embryos dynamically e
more than 99% of the bodies out of the main belt zone. C
lisions between this newly excited population and the m
belt survivors produce numerous disruption events, tho
dynamical processes quickly eliminate most bodies from
excited population. In the process, all dynamical evide
for asteroid families prior to the dynamical excitation ev
is lost. Although the objects left behind are unlikely to ha
any dynamical association with one another, the sem
jor axis spreading produced by this event only modera
modifies the radial spread of the S-, C-, and P-type as
oids. Meteoritical evidence for comminution during Phase
and 2 is reviewed in Section5.6.

Phase 3. The third phase begins when the ejected m
belt population is no longer significant enough to prod
meaningful numbers of disruption events among the sur
ing main belt population. Nominally, this time span la
from several hundred Myr after the formation of the So
System to the present day. In this phase, the surviving m
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belt population is only modestly different from the observ
population. Collision events are relatively rare and occu
the frequency estimated by B05. Note that we our mo
does not account for the (unknown) effects of the Late He
Bombardment (see Section2.2.4).

Using our collisional and dynamical depletion evoluti
model CoDDEM, we tracked the evolution of the main b
from the end of planetary accretion and the onset of fr
mentation to the present. This code accounts for catastro
disruption events, asteroid fragmentation, and the excita
and loss of material via the dynamical processes describ
Phase 2. CoDDEM’s results were constrained by the m
belt’s size–frequency distribution, the number of aster
families produced byD > 100 km disruptions over the la
3.5 Gyr, the presence of a single large impact crater on
ta’s intact basaltic crust, and the constant lunar and terres
impactor flux (within a factor of 2) over the last 3 Gyr.

We used CoDDEM to test the effects of particular va
ables, including the disruption scale lawQ∗

D (Fig. 5), the
initial main belt size distribution (Dx ; seeFig. 9), the magni-
tude of the primordial populationf in D < 1000 km bodies
wheref = 1 is the current main belt’s mass, and the form
tion time of JupitertJup.

Our best fit results indicate that the primordial main b
(for planetesimals withD � 1000 km) once had a differ
ential power-law slope forD � 110 km asteroids of−4.5,
the same slope found in the main belt today. Tests indi
the slope forD � 110 km was shallow (e.g., Section4.1).
The Q∗

D function providing the greatest number of mod
fits to our constraints was #10 ofFig. 5. This function is
only slightly shallower in the gravity regime than theQ∗

D
function computed using the SPH calculations ofBenz and
Asphaug (1999). Interestingly, these results appear to
consistent with recent numerical impact experiments wh
pre-shattered target bodies were substituted for undam
ones (P. Michel, personal communication).

The best fit cases from our production runs (Fig. 12) are
given in Table 1 (see Section4.3). They suggest thatf ,
the number of current main belt masses in the initial m
belt population, andtJup, the time of Jupiter’s formation rel
ative to the onset of fragmentation in the main belt,
coupled, with a best-fit envelope of values yieldingf =
186 Myr − 8.2tJup. The mean and mediantJup values are
3.3 ± 2.6 Myr and 2 Myr, respectively. Though our mod
suggests that Jupiter could have formed at nearly any
between 1 and 10 Myr, the most likely formation time
tJup � 4 Myr. These results agree with the estimated m
disk lifetime of 3 Myr predicted byHaisch et al. (2001). The
mean and median values off are 160± 44 and 150, respec
tively. This corresponds to 0.06–0.1M⊕, a small fraction of
the total mass that is thought to have once existed in the m
belt zone during planet formation(Weidenschilling, 1977).
The remainder was likely to have been contained in p
etary embryos. These results agree with dynamical re
from Petit et al. (2001), who found that∼0.5% of the test
bodies initially emplaced in the primordial main belt wou
l

d

survive the DDE. They also are consistent with back-of-t
envelope calculations made by B05.

We predict that numerousD > 200 km bodies disrupte
in the Ndep population (i.e., the fraction of the main be
dynamically depleted in Phase 2) during Phases 1 an
with a small fraction of their fragments reaching the saf
of the main belt zone (Section5.1). Survivors from these
disrupted and dispersed differentiated objects could prod
several different asteroid taxonomic types: iron-rich as
oids from the core might be analogous to some M-t
asteroids, olivine-rich metal-free silicate asteroids from
mantle might be analogous to A-type asteroids, and ba
rich asteroids from the crust might be analogous to V-t
asteroids. More specifically, these fragments may exp
the presence of (1459) Magnya, aD = 30 km V-type as-
teroid located in the outer main belt(Lazzaro et al., 2000
Michtchenko et al., 2002), (16) Psyche and (216) Kleopa
tra, M-type asteroids with pulverized iron-like radar albed
(Magri et al., 1999, 2001; see alsoDavis et al., 1999), and
several observed olivine-rich A-type asteroids(Xu et al.,
1995; Bus and Binzel, 2002a, 2002b).

Our collisional lifetimes agree with the estimated lifetim
of fireballs, the CRE ages of stony meteorites, and the
duction rate of asteroid families fromD > 100 km breakup
events (Section5.2). They also agree with the inferred d
gree of collisional activity in the Koronis family over th
last several Gyr(Vokrouhlický et al., 2003). Our results in-
dicate that main belt asteroids withD = 0.001, 0.01, 0.1,
1, 10, and 100 km have an average collisional lifetime
14, 27, 64, 440, 4700, and 34,000 Myr, respectively. For
largest asteroids, these results imply that relatively few h
disrupted over the last several Gyr. As discussed in B05
available evidence suggests that mostD > 110 km asteroids
are primordial while many/mostD < 110 km asteroids ar
fragments (see also B05). Our best fit results are also
sistent with the production of a singleD = 460 km crater on
(4) Vesta (Section5.3).

In Section5.4, we discussed how our model allows us
interpret the shape and nature of the NEO population, w
is constrained by observations from LINEAR(Stuart, 2001;
D’Abramo et al., 2001; Harris, 2002; Stuart and Binz
2004), satellite detections of bolide detonations in Eart
atmosphere(Brown et al., 2002), and observed fireball dat
(Halliday et al., 1996). Using a simple Yarkovsky loss ra
function, we showed that the shape of the NEO size di
bution is primarily a reflection of the main belt’s size d
tribution. Our model indicates the current NEO populat
has been in steady state for the last 3 Gyr, results w
are consistent with impact rates derived for the Earth
Moon.

Using our NEO model, we explored in Section5.5
whether the majority of small craters (D < 0.1–1 km)
on Mercury, the Moon, and Mars were produced by p
mary impacts or by secondary impacts generated by e
from large craters. Using data from laboratory expe
ments and explosion craters(Schmidt and Housen, 1987
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Holsapple and Housen, 2004)and our model results, w
determined that primary craters formed byD � 0.1 km pro-
jectiles should produce a differential power-law slope
−4.3 or shallower. This value is 0.5–0.8 shallower than
differential slope values estimated from lunar and mar
craters (−4.8 to −5.1; Ivanov et al., 2002). Other crater
scaling relationships imply the slope difference could
even larger. Based on these results, we believe that
small craters on Mercury, the Moon, and Mars are sec
daries.
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