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Abstract

We have performed new simulations of two different scenarios for the excitation and depletion of the primordial asteroid belt, assuming Jupiter
and Saturn on initially circular orbits as predicted by the Nice Model of the evolution of the outer Solar System [Gomes, R., Levison, H.F., Tsiganis,
K., Morbidelli, A., 2005. Nature 435, 466—469; Tsiganis, K., Gomes, R., Morbidelli, A., Levison, H.F., 2005. Nature 435, 459-461; Morbidelli,
A., Levison, H.E,, Tsiganis, K., Gomes, R., 2005. Nature 435, 462-465]. First, we study the effects of sweeping secular resonances driven by
the depletion of the solar nebula. We find that these sweeping secular resonances are incapable of giving sufficient dynamical excitation to the
asteroids for nebula depletion timescales consistent with estimates for solar-type stars, and in addition cannot cause significant mass depletion in
the asteroid belt or produce the observed radial mixing of different asteroid taxonomic types. Second, we study the effects of planetary embryos
embedded in the primordial asteroid belt. These embedded planetary embryos, combined with the action of jovian and saturnian resonances, can
lead to dynamical excitation and radial mixing comparable to the current asteroid belt. The mass depletion driven by embedded planetary embryos
alone, even in the case of an eccentric Jupiter and Saturn, is roughly 10-20x less than necessary to explain the current mass of the main belt,
and thus a secondary depletion event, such as that which occurs naturally in the Nice Model, is required. We discuss the implications of our new
simulations for the dynamical and collisional evolution of the main belt.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction crete the asteroids on the timescales inferred from meteoritic
evidence would require hundreds of times more mass than cur-

It has long been recognized that the primordial asteroid belt  rently exists in the main belt (Wetherill, 1989).
must have contained hundreds or thousands of times more mass In addition to its pronounced mass depletion, the asteroid
than the current asteroid belt [e.g., Lecar and Franklin (1973),  belt is also strongly dynamically excited. The mean proper ec-
Safronov (1979), Weidenschilling (1977), Wetherill (1989) and  centricity and inclination of asteroids larger than ~50 km in
many others]. Reconstructing the initial mass distribution of the diameter are 0.135 and 10.9°, respectively (from the catalog of
Solar System from the current masses of the planets and aster-  Kne7evi¢ and Milani, 2003), which is significantly larger than
oids, for example, yields a pronounced mass deficiency in the  cap be explained by gravitational perturbations amongst the as-
asteroid belt region relative to an otherwise smooth distribution teroids or by simple gravitational perturbations from the planets
for the rest of the Solar System (Weidenschilling, 1977). Toac-  (pyncan, 1994). The fact that the different taxonomic types of
asteroids (S-type, C-type, etc.) are radially mixed somewhat
Trresponding author at: Planetary Science Institute, 1700 E. Ft. Lowell, through'out' the main belt, rather than ,COI.lﬁned to dehr_leatefd
Suite 106, Tucson, AZ 85719, USA. Fax: +1 520 795 3697. zones, indicates that there has been significant scattering in
E-mail address: obrien@psi.edu (D.P. O’Brien). semimajor axis as well (Gradie and Tedesco, 1982). A number
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of models have been developed in order to explain these char-
acteristics of the asteroid belt. The two most promising models
both involve the influence of the outer planets, primarily Jupiter
and Saturn.

In the first scenario, the depletion of the solar nebula causes
secular resonances with Jupiter and Saturn to sweep through the
asteroid belt, exciting the eccentricities and inclinations of as-
teroids and, possibly coupled with gas drag, dynamically elim-
inating asteroids from the main belt on a timescale of ~1 Myr
(Heppenheimer, 1980; Ward, 1981; Lemaitre and Dubru, 1991;
Lecar and Franklin, 1997; Nagasawa et al., 2000). In the
second, lunar- to Mars-mass planetary embryos that form in
the asteroid belt, combined with jovian and saturnian reso-
nances, drive the excitation and clearing of the asteroid belt
on a timescale of 10-100 Myr (Wetherill, 1992; Chambers and
Wetherill, 1998, 2001; Petit et al., 2001).

Nearly all of the work done on both of these subjects as-
sumes that, at the time, the outer planets were on orbits sim-
ilar to their current ones [a few, e.g., Chambers and Wetherill
(2001) and Petit et al. (2001), test larger eccentricities]. How-
ever, over the past few decades it has become increasingly clear
that the outer planets formed on orbits that may have been sub-
stantially different from those they follow in the present Solar
System. Work starting with Fernandez and Ip (1984) and Mal-
hotra (1993, 1995) has shown that Saturn, Uranus, and Neptune
would have migrated outwards and Jupiter would have migrated
slightly inwards due to gravitational interactions with a residual
disk of planetesimals left over from planet formation.

As described further in Section 3, the most recent model
(Gomes et al., 2005; Tsiganis et al., 2005; Morbidelli et al.,
2005) strongly suggests that the initial system of outer plan-
ets was very compact (all within ~15 AU of the Sun), with
nearly circular and co-planar orbits. Slow migration of the plan-
ets would be driven by interactions with the planetesimal disk,
but rapid migration and the excitation of the giant planets’ or-
bital eccentricities to their current values did not occur until
Jupiter and Saturn crossed their mutual 2:1 mean—motion res-
onance ~600 Myr after the Solar System formed. That model
will be referred to here as the Nice Model, as all of the authors
were working at the Observatoire de Nice when it was devel-
oped.

In this paper we revisit the excitation and depletion of the
asteroid belt by sweeping secular resonances and embedded
planetary embryos in the context of the Nice Model, in par-
ticular taking into account that the primordial orbits of Jupiter
and Saturn were almost circular and co-planar. In Section 2 we
review the work to date on the various means of dynamically
exciting and depleting the asteroid belt. In Section 3 we de-
scribe in more detail the Nice Model and its implications for the
primordial evolution of the asteroid belt. In Sections 4 and 5 we
describe our new modeling of sweeping secular resonances in
the asteroid belt and the excitation of the asteroid belt by em-
bedded planetary embryos and compare our results to previous
work. Finally, in Section 6 we compare our simulations of both
processes and discuss the implications of our new modeling for
the evolution of the asteroid belt.

2. Mechanisms for asteroid belt excitation and depletion

Originally, a collisional origin was suggested for the mass
depletion in the asteroid belt (Chapman and Davis, 1975). The
difficulty of collisionally disrupting the largest asteroids, cou-
pled with the survival of Vesta’s basaltic crust, however, sug-
gests that collisional grinding was not the cause of the mass de-
pletion (Davis et al., 1979, 1985, 1989, 1994; Wetherill, 1989;
Durda and Dermott, 1997; Durda et al., 1998; Bottke et al.,
2005a, 2005b; O’Brien and Greenberg, 2005). A dynamical
event must have occurred that cleared out most of the original
mass of the asteroid belt, and in addition drove it to its current
dynamically-excited and radially-mixed state. As reviewed by
Petit et al. (2002) and discussed in more detail in the following
sections, the two most promising dynamical mechanisms are
the sweeping of secular resonances through the asteroid belt as
the solar nebula was being depleted and the excitation of the
asteroid belt by embedded planetary embryos.

2.1. Sweeping secular resonances

Secular resonances occur when the precession rate of a
body’s longitude of perihelion @ or of its longitude of ascend-
ing node £2 is equal to one of the eigenfrequencies of the Solar
System. For the asteroid belt and terrestrial planet region, the
most important secular resonances, symbolized as v;, corre-
spond to the eigenfrequencies dominated by Jupiter and Saturn.
vs and vg occur when @ for a given body matches the eigen-
frequencies g5 and g, which are dominated by @ of Jupiter
and Saturn, respectively. These resonances cause eccentricity
changes. vi5 and vig occur when 2 fora given body matches
the eigenfrequencies fs and fg, which are dominated by £2 of
Jupiter and Saturn, respectively. These resonances lead to in-
clination changes. The precession rates of bodies in the Solar
System, and hence the positions of secular resonances, are de-
termined by the gravitational potential of the planetary system.

Heppenheimer (1980) and Ward (1981) first suggested that
as the solar nebula was being depleted early in the Solar
System’s history, the changing gravitational potential due to
that event would cause the locations of secular resonances to
change, hence ‘sweeping’ through the asteroid belt and the
rest of the Solar System. Subsequent work, e.g., Lemaitre and
Dubru (1991) and Lecar and Franklin (1997), explored this idea
in more detail, with the latter including the effects of gas drag
as well. Lecar and Franklin (1997) found that the boosting of
orbital eccentricities by secular resonance sweeping, coupled
with the fact that gas drag causes a rapid decay of eccentric or-
bits towards the Sun, could at least partly explain the orbital
eccentricities and mass depletion of the asteroid belt, as well as
the radial mixing of asteroid taxonomic types. The inclinations
of asteroids, however, could not be reproduced.

All of these works assumed a uniformly decaying nebula,
which keeps the same profile as its density decreases. Naga-
sawa et al. (2000, 2001, 2002) have extended that work to study
non-uniform nebula clearing, such as the nebula clearing radi-
ally from the inside outwards, or where the nebula is cleared
by a gap that expands outwards from Jupiter’s orbit. Nagasawa
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et al. (2000) found that of all scenarios, the inside-out clear-
ing of the solar nebula would do the best job of reproducing
the eccentricities and inclinations of the asteroid belt (albeit for
the unlikely case where the nebula is on the ecliptic plane rather
than the invariant plane of Jupiter and Saturn, where the latter is
defined as the plane orthogonal to the angular momentum vec-
tor of the Jupiter—Saturn system). They found that the e and i
distribution of the asteroid belt could be reproduced if the inner
edge of the solar nebula moved from 5 to 10 AU on a timescale
greater than 3 x 107 yr. This is consistent with observational
constraints on the timescale of nebula depletion around young
solar-type stars (e.g., Strom et al., 1993; Zuckerman et al., 1995;
Kenyon and Hartmann, 1995), which suggest that the nebula
depletion timescale is 1-10 Myr with an average of ~3 Myr.

In the inside-out depletion model, ¢ and i would be excited
in the asteroid belt after the nebula had been removed from
that region. Thus, radial migration caused by gas drag could
not occur. Consequently, the removal of asteroids from the belt
found in the uniform nebula clearing case (Lecar and Franklin,
1997) would not occur, and the overall mass depletion of the
belt would not be nearly as pronounced as in the uniform nebula
clearing case or in the case where the asteroid belt is excited and
depleted by embedded planetary embryos (described in Sec-
tion 2.2). Finally, further work (Nagasawa et al. 2001, 2002)
showed that in the more realistic case where the nebula plane
coincides with the invariant plane of Jupiter and Saturn, the ex-
citation of inclination is greatly diminished.

While it can be argued that the excitation and depletion of the
current asteroid belt is better reproduced by the embedded plan-
etary embryo model than by sweeping secular resonances (e.g.,
Petit et al., 2002), it is important to address the issue of sec-
ular resonance sweeping here. Since we are also re-evaluating
the effects of planetary embryos embedded in the asteroid belt
in the context of the Nice Model, it is necessary to reconsider
the sweeping secular resonance model under the same condi-
tions in order to accurately and self-consistently compare the
two processes.

2.2. Embedded planetary embryos

Safronov (1979) first suggested that Mars- to Earth-mass
planetary embryos left over from the accretion process could
lead to the excitation and depletion of the asteroid belt. In his
scenario, these embryos would be scattered by Jupiter and pass
through the asteroid belt. Petit et al. (1999) modeled that sce-
nario in detail and showed that it cannot fully explain the ob-
served mass depletion and dynamical excitation of the asteroid
belt, especially in terms of inclination.

A much more promising scenario is to have the plane-
tary embryos reside in the asteroid belt, as first suggested by
Wetherill (1992). That model, and subsequent direct N-body
integrations of planetary embryos in the asteroid belt and terres-
trial planet region (e.g., Chambers and Wetherill, 1998, 2001),
showed that the planetary embryos would be perturbed by one
another and by jovian and saturnian resonances, becoming ex-
cited and often being driven out of the asteroid belt. Generally
it is assumed that Jupiter and Saturn were on their current or-

bits when this process started. In 2/3 of the simulations of
Chambers and Wetherill (1998, 2001), the asteroid belt is en-
tirely cleared of embryos within tens to hundreds of Myr. In the
remaining ~1/3 of the simulations an embryo remained on a
stable orbit in the asteroid belt.

Petit et al. (2001) modeled the effects of such planetary em-
bryos on a population of massless asteroids. They found that,
for essentially any initial distributions of planetary embryos
in the main-belt region, most asteroids would be dynamically
eliminated from the asteroid belt with a median lifetime of only
a few Myr and the remaining asteroids would have orbital a,
e, and i distributions roughly similar to the current distribution.
In addition, the radial mixing of different asteroid taxonomic
types was reproduced in their simulations. The embedded plan-
etary embryo model, then, is capable of reproducing reasonably
well the current characteristics of the asteroid belt, at least un-
der the assumption that Jupiter and Saturn were initially on their
current orbits. Here we address the same scenario in the context
of the Nice Model.

3. The Nice model and its implications for the early
asteroid belt evolution

Work starting with Fernandez and Ip (1984) and Malhotra
(1993, 1995) demonstrated that a residual disk of planetesimals
left over from planet formation could drive the migration of the
outer planets. This scenario has been subsequently explored in
more detail by a number of researchers, aided in a large part
by vast increases in computer speed (e.g., Hahn and Malhotra,
1999; Gomes et al., 2004).

The most recent work on this subject (Gomes et al., 2005;
Tsiganis et al., 2005; Morbidelli et al., 2005), referred to here
at the Nice Model, suggests the following scenario: (1) the ini-
tial system of outer planets was very compact (all within 15
AU of the Sun) and their orbits were nearly circular and co-
planar; (2) the planets slowly migrated for hundreds of Myr
due to gravitational interactions with a disk of planetesimals
stretching from outside Neptune’s orbit at ~15 AU to about 30—
35 AU; (3) after ~600 Myr of slow migration, Jupiter and Sat-
urn crossed their mutual 2:1 mean-motion resonance (MMR),
triggering the Late Heavy Bombardment (LHB), capturing the
current Trojan asteroid populations, and rapidly driving the
outer planets to their current, moderately excited, orbital con-
figuration.

In this work, we re-evaluate the scenarios described in Sec-
tions 2.1 and 2.2 for the primordial excitation and clearing of
the asteroid belt in the context of the Nice Model. We adopt the
initial orbits of Jupiter and Saturn that were found by Gomes
et al. (2005) to best reproduce both the current orbits of the
outer planets and the timing of the LHB: a; = 5.45, a; = 8.18,
ej=e;,=0,i; =0, and iy = 0.5°. The major qualitative dif-
ferences between this configuration and the current configura-
tion of Jupiter and Saturn is that in the Nice Model, they have
much lower eccentricity and inclination than their current or-
bits, Jupiter is slightly further out from the Sun, and Saturn is
closer to the Sun. The migration of Jupiter and Saturn is not
included in our simulations because the scenarios for the excita-
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tion and depletion of the asteroid belt described in Sections 2.1
and 2.2 would be completed well before the LHB occurs, and
the migration of Jupiter and Saturn before the LHB in the Nice
Model is slow compared to their migration in the time immedi-
ately following the LHB.

Having the outer planets on nearly circular orbits with some-
what different a than their current values would substantially
change the character of both the sweeping secular resonance
model (Section 2.1) and the embedded planetary embryo model
(Section 2.2) for the excitation and clearing of the primordial
asteroid belt. In the case of the secular resonance sweeping
model, the strengths of the vs, vg, V15, and vig secular reso-
nances are a function of the eccentricities and inclinations of
Jupiter and Saturn (Morbidelli and Henrard, 1991). In addition,
the locations of these secular resonances (i.e., their positions af-
ter the nebula has been fully depleted) will be shifted relative to
their current positions. Hence, when compared to the simula-
tions of Nagasawa et al. (2000) and other authors, it is expected
that the semimajor-axis range over which the asteroids’ e and i
will be excited may change somewhat and the degree of excita-
tion of their e and i will be lower.

In the case of the embedded planetary embryo model,
Chambers and Wetherill (2001), Chambers and Cassen (2002)
and Petit et al. (2001) found that the orbits of Jupiter and Saturn
are important in determining the efficiency and speed at which
embryos and asteroids are cleared from the asteroid belt. Those
researchers found that starting Jupiter and Saturn on orbits with
twice their current eccentricities increased the rate of exciting
and clearing bodies from the asteroid belt region (the case of a
circular Jupiter and Saturn was not treated). This is partly be-
cause larger planetary eccentricities excite larger eccentricities
amongst the embryos, which in turn excite the asteroids, but pri-
marily because the strengths of both secular and mean-motion
resonances with Jupiter and Saturn are a function of the eccen-
tricities of the planetary orbits (Morbidelli and Henrard, 1991;
Moons and Morbidelli, 1993).

Thus, the situation should be substantially different if Jupiter
and Saturn were on the quasi-circular orbits predicted by the
Nice Model while planetary embryos were present in the aster-
oid belt. A reasonable qualitative estimate is that the excitation
and depletion of the asteroid belt would be less rapid than found
in the Petit et al. (2001) simulations. This would have profound
implications for the degree of collisional evolution that may
have occurred in the main belt during its massive, primordial
phase while it was being excited and depleted.

In the context of the Nice Model, it is important to real-
ize that, in addition to the processes outlined in Section 2, the
crossing of the 2:1 resonance by Jupiter and Saturn also had im-
portant effects on the asteroid belt. Gomes et al. (2005) found
that when Jupiter and Saturn cross their mutual 2:1 MMR, their
eccentricities and inclinations are boosted and they migrate to
their present orbital configuration on a timescale of a few tens
of Myr, causing a second episode of powerful secular resonance
sweeping through the asteroid belt region. This effect is dif-
ferent and separate from the first secular resonance sweeping
that occurs during the depletion of the solar nebula. The sec-

ondary sweeping of secular resonances through the asteroid belt
is largely responsible for the LHB.

In a putative case where all of the asteroids in the belt have
orbits with e ~ i ~ 0 at the time of the 2:1 resonance cross-
ing, the sweeping secular resonances driven by the subsequent
planetary migration can only increase the asteroids’ e and i, so
that essentially all bodies are driven out of the belt (Levison
et al., 2001). Conversely, in the case where the asteroid belt is
already dynamically excited, the sweeping secular resonances
can decrease the eccentricities and inclinations of some aster-
oids on excited orbits, thus leaving those objects in the belt. For
instance, assuming that the eccentricity and inclination distrib-
ution in the main belt at the time of the 2:1 resonance crossing
was equivalent to the current distribution, Gomes et al. (2005)
showed that, for the planetary migration rates following the 2:1
resonance crossing in the Nice model, statistically ~5 to 10% of
the asteroids survive in the main belt. Hence, for there to be an
asteroid belt today, it must have already been dynamically ex-
cited at the time of the 2:1 resonance crossing. The primordial
dynamical excitation mechanism need not exactly reproduce
the current orbital distribution of asteroids, as the secular res-
onance sweeping following the 2:1 crossing will reshuffle the
orbital distribution of the surviving asteroids, but it must be able
to yield e and i comparable to the current values in the asteroid
belt.

Since the secular resonance sweeping driven by planet mi-
gration only affects e and i, but not a, the primordial dynam-
ical excitation mechanism must still be able to explain the ra-
dial mixing of different asteroid taxonomic types. Collisional
processes subsequent to the orbital excitation (Charnoz et al.,
2001) may give some radial mixing—however, this may not be
very effective for large asteroids, whereas the radial mixing is
apparent at all sizes. Similarly, it must still be able to explain
part of the mass depletion of the asteroid belt, but the deple-
tion need not be as severe as in the classical models—the mass
remaining in the asteroid belt by the time of the LHB needs
only to be reduced to ~10-20x the current mass, as the secular
resonance sweeping following the 2:1 resonance crossing will
remove an additional ~90-95% of them.

Thus, in summary, to evaluate the sweeping secular reso-
nance model and the embedded planetary embryo model for
the primordial excitation and clearing of the asteroid belt in the
context of the Nice Model, the three criteria we will use are:

1. Can the model excite the eccentricities and inclinations of
the primordial asteroid belt to values comparable to their
current values?

2. Can the model deplete the primordial asteroid belt down to
~10-20x its current mass before the LHB?

3. Can the model cause radial migration of asteroids compara-
ble to the value inferred from the radial mixing of different
asteroid taxonomic types?

In the following sections, we describe our modeling and
analysis of the sweeping secular resonance model (Section 4)
and the embedded planetary embryo model (Section 5), evalu-
ating each model according to these three criteria.
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4. Sweeping secular resonance model
4.1. Method

To model the effect of sweeping secular resonances driven
by the depletion of the solar nebula on the asteroid belt, we have
developed a modified version of the swift_rmvs3 integrator
(Levison and Duncan, 1994), which we call swift_rmvs3_np,
that can incorporate an additional time-varying potential, such
as that due to a depleting solar nebula. As a closed-form an-
alytic solution for the gravitational potential due to a realis-
tic 3-D, axisymmetric solar nebula [e.g., the Hayashi (1981)
minimum-mass solar nebula] does not exist, and numerical cal-
culation of the potential for every body at every timestep would
be computationally expensive, we adopt a simpler approach.

We first run a code that generates a set of data files giving
the gravitational acceleration (A, and A;) over an axisymmet-
ric grid of points in 7 and z due to an assumed solar nebula
density profile. For uniform nebula depletion, in which the den-
sity of the nebula decreases with time but its profile stays the
same, we need only generate a single file as the time-varying
density can easily be taken into account in swift_rmvs3_np.
For non-uniform depletion, where different regions of the neb-
ula are depleted at different times, files are generated for a set
of different times. Our swift_rmvs3_np code reads in these files
and interpolates, using a bilinear interpolation scheme, over r,
z (and in the non-uniform case, time #) to calculate A, and A,
due to the solar nebula potential for each body at each timestep.

For the density profile of the solar nebula in our model, we
assume the same profile as used by Nagasawa et al. (2000) [the
Hayashi (1981) minimum-mass solar nebula], labeled here as
pH(r, z). We test two idealized models of nebula depletion. The
first is uniform depletion, in which the nebula density decays as

p(r,z,t) = pu(r,2)e "', ()

where 7 is the exponential decay timescale. The second is non-
uniform depletion in which the nebula is cleared from the inside
outwards according to

_Jo (r<redge(t)),
W””‘me>v>m¢m, @
with
redge(t) = Vedget~ (3)

Here Veqge is the speed at which the inner edge of the nebula
moves outwards. We assume that there are no gaps in the neb-
ula around the orbits of the giant planets. In reality, Jupiter and
probably Saturn would open small gaps in the nebula. The ef-
fect of such small gaps on secular resonance sweeping in the
inner Solar System, however, is minimal (e.g., Nagasawa et al.,
2000).

Our code generates input files for swift_rmvs3_np that give
A, and A, over a grid of points spaced by 0.1 AU and ranging
from Oto 15 AU in r and O to 5 AU in z. The potential is calcu-
lated by integrating over the nebula from 0 to 20 AU in r and 0
to 7 AU in z. In the non-uniform case, a set of files is generated
for different positions of the nebula edge spaced 0.1 AU apart.

Increasing the resolution (e.g., using spacings smaller than 0.1
AU) or increasing the range over which the nebula is consid-
ered for calculating the potential has a negligible effect on our
results.

Previous work on sweeping secular resonances did not take
into account the self-gravity of the material in the asteroid belt
region or inner Solar System, which can potentially affect the
locations of secular resonances. While we treat the asteroids
as massless test particles, we include the effects of self-gravity
by including additional A, and A terms due to the initial sur-
face density profile o (r) of solid material in the early inner
Solar System. We use an initial surface density profile that was
able to reasonably reproduce the current terrestrial planets in
the terrestrial planet accretion simulations of Chambers (2001)
[also O’Brien et al. (2006)], where o (r) = 0,(r/1 AU)™3/2
with 0, =8 gem™2 for r > 0.7 AU, and o (r) decreases lin-
early from a maximum value at r = 0.7 AU to zero at 0.3 AU.
This distribution is extended out to 4 AU, giving ~4.7 Mg of
material between 0.3 and 4 AU. This effect of this material is
included in the same manner as the effect of the nebula po-
tential, by reading a file of calculated A, and A, values into
swift_rmvs3_np. Self-gravity is treated in all of our simulations
unless explicitly noted.

A timestep of 9 days is used in all of our simulations, giv-
ing over 100 timesteps per orbit for a body with a of 2 AU.
Test simulations we have performed show that this is more than
sufficient to accurately resolve both the standard orbital evolu-
tion of the planets and test particles, as well as the effects of
the nebula potential and self-gravity. Jupiter and Saturn (with
their current masses of 318 and 95 Mg) are included in all of
our simulations and are allowed to interact with and perturb
one-another, such that they will have small non-zero eccentric-
ities even if they initially begin on circular orbits. Uranus and
Neptune are not included in the simulation, as they have only a
minor influence on the motion of Jupiter, Saturn and the bodies
in the inner Solar System.

Nagasawa et al. (2000) found non-uniform inside-out clear-
ing of the nebula to be the most effective at exciting both the
eccentricities and inclinations of asteroids. Hence it represents
a best-case scenario to test in our new simulations. They also
found that uniform depletion is incapable of raising the incli-
nations of asteroids because the vis and vi¢ resonances do not
sweep through the main-belt region. We test that model again
here in order to determine if this still holds true for the Jupiter
and Saturn configuration in the Nice Model.

The effect of gas drag, which can affect the orbits of asteroid-
sized bodies, especially when they become eccentric and expe-
rience high velocities relative to the gas, is not included in our
model. As shown by Nagasawa et al. (2000) and confirmed in
our simulations that follow, in the case of inside-out nebula de-
pletion, secular resonances sweep through the asteroid belt after
the nebula gas is gone from that region—hence, gas drag would
not affect the asteroids after they become excited. In the case of
uniform depletion, gas drag could potentially affect our results
as some nebula gas will be present during the resonance sweep-
ing, but it would only act to decrease the ability of uniform
depletion to explain the current characteristics of the asteroid
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belt in the context of the Nice Model, as we explain in Sec-
tion 4.2.

We have performed simulations to compare our model to
that of Nagasawa et al. (2000) under the same initial condi-
tions used in their work, and we obtain comparable results.
Specifically, we find that in the case studied by Nagasawa et
al. (2000) in which Jupiter and Saturn are on their present
orbits and the solar nebula is on the ecliptic plane, we can
achieve excitation of e and i comparable to the current val-
ues in the asteroid belt when the nebula is cleared from the
inside outwards on a ~ 1 Myr timescale, comparable to obser-
vational estimates of the lifetimes of gas disks around solar-
type stars (e.g., Strom et al., 1993; Zuckerman et al., 1995;
Kenyon and Hartmann, 1995). When we use a more realis-
tic model in which the nebula plane coincides with the in-
variant plane of Jupiter and Saturn, the excitation of inclina-
tions is greatly diminished, as also found by Nagasawa et al.
(2001, 2002).

A limitation of our model, which is also present in all previ-
ous work on sweeping secular resonances (see, e.g., Petit et al.,
2002), is that the planets and other bodies are affected by the po-
tential of the solar nebula, but the solar nebula is not perturbed
by the planets. This is a necessary simplification, as accurately
modeling the response of the nebula to planetary perturbations
(and the response of the planets to the distorted nebula) would
require a 3-D model of the dynamics of the nebula, which is
beyond the scope of this work.

We performed several test simulations starting with the neb-
ula on the invariant plane of Jupiter and Saturn. Since Jupiter
and Saturn can respond to perturbations from the nebula but the
nebula remains fixed, Jupiter and Saturn are quickly perturbed
such that the nebula plane and the invariant plane of Jupiter and
Saturn no longer coincide exactly, and are tilted relative to one
another. The angle between them is ~0.40° in the case where
Jupiter and Saturn start on their present orbits, and ~0.15° in
the case where they start on the low-e, low-i orbits assumed
in the Nice Model. For comparison, the ecliptic plane is tilted
~1.6° relative to the Jupiter—Saturn plane in the current Solar
System.

Thus, even when the solar nebula initially coincides with the
invariant plane of Jupiter and Saturn in our simulations (and all
previous simulations), a small angle between the nebula plane
and the Jupiter—Saturn invariant plane will result, such that the
simulations will only be an approximation to the idealized case.
This is unlikely to have any effect on the eccentricity excitation
of asteroids, as suggested by our own simulations and those
of Nagasawa et al. (2001, 2002), as well as by analytical de-
scriptions of the behavior of secular resonances (Morbidelli and
Henrard, 1991). However, it can potentially have a significant
effect on the inclination excitation of asteroids. Specifically,
the vy5 resonance should not exist in the case where the neb-
ula exactly coincides with the invariant plane. Thus, the small
non-zero inclination between the nebula and invariant plane that
results in our simulations will cause the v{5 resonance to have
some effect, and hence to cause more inclination excitation that
would in reality occur. The vi¢ resonance would still exist even
in the case where the nebula exactly coincides with the invariant

plane, and hence any inclination excitation by the v resonance
that we find is a real effect.

4.2. Results

Fig. 1 shows the excitation of asteroids in e and i result-
ing from the inside-out depletion of a minimum-mass Hayashi
(1981) nebula as described by Eq. (2). The asteroids initially
have e and sin(i) ~ 0.01, and Jupiter and Saturn are on the ini-
tial orbits predicted by the Nice Model (nearly circular and co-
planar, and closer together than in their current configuration).
The plane of the nebula initially coincides with the invariant
plane of Jupiter and Saturn. The inner edge of the nebula is
moved outwards from the Sun at a constant rate, and the clear-
ing timescales given in the plot are the times required for the
nebula edge to move from the Sun to 20 AU, at which point the
secular resonance sweeping is essentially over in the asteroid
belt and inner Solar System.

Previous simulations of inside-out nebula depletion assum-
ing the current orbits of Jupiter and Saturn found that the vs,
Vg, V15 and vie resonances all sweep inwards through the en-
tire asteroid belt zone. In our simulations, assuming the initial
planetary orbits predicted by the Nice Model, all of the res-
onances still sweep inwards and the vs and vis resonances
still sweep through the entire main belt (although, as discussed
above, the v5 should in reality not exist). However, the vg stops
at ~3.4 AU and the vj¢ stops at ~2.6 AU (with no self-gravity,
the vg still ends in essentially the same position, while the vig
stops at ~3.4 AU). Note that these positions also roughly corre-
spond to mean-motion resonances (MMR) with Jupiter, where
2.6 AU is the 3:1 MMR and 3.4 AU is the 2:1 MMR—these
are shifted outwards relative to the current Solar System be-
cause Jupiter begins several tenths of an AU further from the
Sun in the Nice Model. The primary reason that these secular
resonances stop further from the Sun in the Nice Model than
in the current Solar System configuration is that Jupiter and
Saturn are closer together in the Nice Model, increasing one-
another’s orbital precession rates and thus increasing the Solar
System eigenfrequencies corresponding to those secular reso-
nances. Asteroids must therefore be located closer to Jupiter,
which speeds up their precession, in order to have precession
rates matching those eigenfrequencies.

Previous simulations assuming Jupiter and Saturn’s current
orbits found a significant excitation in both eccentricity and
inclination of asteroids in the main belt zone, partly because
the secular resonances all swept the entire main belt and also
because the current eccentricities and inclinations of Jupiter
and Saturn cause the secular resonances to be relatively strong.
For example, Nagasawa et al. (2000) found that nebula clear-
ing timescales of ~1 Myr could boost the e and i of asteroids
to their current values. However, as the resonances are much
weaker with the nearly circular and co-planar Jupiter and Sat-
urn predicted by the Nice Model, much longer nebula depletion
times are necessary to achieve significant excitation in e and i
in our simulations.

In our simulations, raising the eccentricities of asteroids to
values comparable to their current values requires a nebula
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Non-Uniform Nebula Depletion (Inside-Out) With Jupiter and Saturn from Nice Model

Nebula Clearing Time = 4 Myr

Nebula Clearing Time = 8 Myr

Nebula Clearing Time = 20 Myr
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Fig. 1. Excitation of asteroids in e and i resulting from the inside-out clearing of a minimum-mass Hayashi (1981) nebula (Eq. (2)), compared to the actual proper
elements of asteroids larger that ~50 km (KneZevi¢ and Milani, 2003). The solar nebula initially coincides with the invariant plane of Jupiter and Saturn, and Jupiter
and Saturn are on the initial orbits predicted by the Nice Model. The asteroids initially have e and sin(i) ~ 0.01. The clearing timescales are the times necessary for
the inner edge of the nebula to move at a constant rate from the Sun to 20 AU, at which point the secular resonance sweeping is essentially over in the asteroid belt
region. The secular resonances sweep through the asteroid belt after the gas is dissipated in that region. Hence, gas drag from the nebula will not affect the orbits of

the asteroids in this simulation.

dissipation timescale of 10-20 Myr, which is longer than the
typical lifetime of disks (<10 Myr, e.g., Strom et al., 1993;
Zuckerman et al., 1995; Kenyon and Hartmann, 1995). Incli-
nations are excited to their present values in less than 10 Myr
in our simulations. However, the inclination excitations we find
are likely an overestimate. As noted in Section 4.1, the pres-
ence of the v5 resonance in our simulations is a result of the
fact that the nebula in our model perturbs the planets but is not
perturbed in return, such that a small angle is introduced be-
tween the nebula and the invariant plane. In the case where the
nebula and invariant plane exactly coincide, there should be no
V15 resonance to excite inclinations. The effect of the vi¢ res-
onance that we find is still real, but the vj¢ resonance stops at
~2.6 AU and hence cannot excite inclinations in the inner main
belt.

There is very little radial migration of any of the asteroids
in these simulations, as secular resonances only influence e
and i. Likewise, while we do not treat gas drag, it should have
a minimal effect on the radial migration of asteroids since the
nebula gas is cleared from the asteroid belt before the resonance
sweeping, and hence will be gone once the asteroids become
eccentric (eccentric asteroids are the most strongly affected by
gas drag). In addition, very few bodies are excited enough to be
driven out of the belt—even for the longest clearing timescale,
20 Myr, only 8 bodies out of the initial 81 are removed from the
belt. These are all outer-main-belt bodies that have their eccen-

tricities raised to Jupiter-crossing values. Hence, in the context
of the Nice Model, the inside-out depletion model is not able
to cause significant semi-major axis mobility or mass depletion
in the asteroid belt, and it is difficult to obtain excitation of e
and i throughout the entire main belt that is comparable to the
current values for asteroids on timescales consistent with the
observationally-inferred nebula depletion timescales for solar-
type stars.

Fig. 2 shows the excitation of asteroids in e and i resulting
from the uniform depletion of a minimum-mass Hayashi (1981)
nebula with a timescale T =5 Myr (Eq. (1)). The asteroids ini-
tially have e and sin(i) ~ 0.01, and Jupiter and Saturn are on
the initial quasi-circular orbits predicted by the Nice Model.
The solar nebula initially coincides with the invariant plane
of Jupiter and Saturn, and these simulations are carried out to
12.57, or 62.5 Myr. While previous work assuming the current
orbits of Jupiter and Saturn (Heppenheimer, 1980; Ward, 1981;
Lecar and Franklin, 1997; Nagasawa et al., 2000) find that the
inclination resonances do not sweep through the asteroid belt
in the uniform depletion case, we find that with the initial or-
bits of Jupiter and Saturn predicted by the Nice Model, the vi¢
resonance sweeps outwards to ~2.6 AU and can thus affect the
inner part of the asteroid belt (with no self-gravity, it sweeps
outwards to ~3.4 AU). The v;5 resonance never appears, as also
found in previous simulations with the current orbits of Jupiter
and Saturn. The vs and vg resonances both sweep inwards, with
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Uniform Nebula Depletion (t = 5 Myr)
(Jupiter and Saturn from Nice Model)
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Fig. 2. Excitation of asteroids in e and i resulting from the uniform depletion of
a minimum-mass Hayashi (1981) nebula with a timescale T =5 Myr (Eq. (1)).
The solar nebula initially coincides with the invariant plane of Jupiter and Sat-
urn, and Jupiter and Saturn are on the initial orbits predicted by the Nice Model.
The asteroids initially have e and sin(i) ~ 0.01. In this simulation, there will
still be some gas in the asteroid belt region while the secular resonances sweep
through the region. The effect of that remnant gas is described in the text.

the v5 passing through the entire main belt and the vg stopping
at ~3.4 AU (it stops at essentially the same location in the case
with no self-gravity).

Even for t =5 Myr, excitation of e and i in the asteroid
belt is small compared to the current values, and both e and i
are not excited throughout the entire main belt region. Since t
is an exponential decay timescale, a t of 5 Myr implies that
it would take ~20 Myr for the nebular gas to decay to 1%
of its original density. Hence, it seems unlikely that uniform
depletion can excite e and i in the asteroid belt to values com-
parable to their current values on a timescale consistent with
observational estimates of the lifetimes of gas disks around
solar-type stars (Strom et al., 1993; Zuckerman et al., 1995;
Kenyon and Hartmann, 1995).

While we do not treat gas drag in these simulations, it could
potentially lead to some semi-major axis mobility in the uni-
form depletion case since gas will be present in the asteroid
belt region during and in the time after the resonance sweeping
occurs and boosts the eccentricities. Likewise, it could poten-

tially lead to some depletion of material from the asteroid belt.
However, gas drag will act to damp the eccentricity and incli-
nations of asteroids, such that the already low e and i resulting
from sweeping secular resonances will be lowered even fur-
ther. Hence, in the context of the Nice Model, some depletion
and semi-major axis mobility of asteroids might result from the
uniform depletion of the solar nebula, but the excitation of e
and i in the asteroid belt occurs only over a limited range of a
and gives e and i well below their present values, for depletion
timescales consistent with observational estimates.

In summary, in the context of the Nice Model, it is difficult
to explain the observed characteristics of the asteroid belt solely
by secular resonance sweeping during the depletion of the so-
lar nebula. For extremely long nebula dissipation timescales
(compared to the observed lifetimes of protoplanetary disks),
inside-out nebula depletion can potentially yield dynamical ex-
citation comparable to the current asteroidal e and i (although
exciting i inside of ~2.6 AU requires that the nebula plane
and invariant plane do not coincide exactly), such that part of
the asteroid belt could potentially survive the sweeping secular
resonances driven by outer planet migration during the LHB.
However, even in that extreme case, there would still be little
radial migration of asteroids and little dynamical depletion of
material from the asteroid belt.

Likewise, in the case of uniform depletion of the solar neb-
ula, even for long depletion timescales, e and i are not strongly
excited in the asteroid belt, and i is not excited at all outside of
~2.6 AU. Gas drag could potentially lead to some semi-major
axis mobility of asteroids and provide some mass depletion, but
with the long timescales involved, ¢ and i would be damped
back to near-zero. Hence, neither the uniform nebula depletion
model nor the non-uniform, inside-out depletion model would
be able to satisfy the three constraints outlined at the end of
Section 3.

The final issue we address in this section is the effect of
sweeping secular resonances on the terrestrial planet region. As
noted previously, the v5 resonance sweeps past the inner edge of
the asteroid belt and into the terrestrial planet region. Nagasawa
et al. (2000), Kominami and Ida (2004), Lin (2004), and Na-
gasawa et al. (2005a, 2005b) have suggested that vs sweeping
during uniform nebula depletion could boost protoplanet eccen-
tricities, leading to orbit crossing and mergers that would form
terrestrial planets, and that tidal damping by the remnant neb-
ula gas would then damp the final planets’ eccentricities to their
current values. Note that eccentricity excitation would also oc-
cur in the case of inside-out depletion, but there would be no
nebular gas in the terrestrial planet region to damp the final
planets’ eccentricities back down. As the vs resonance would
sweep through the asteroid belt and all the way to ~0.6 AU,
given the current orbits of Jupiter and Saturn, this mechanism
could conceivably affect the entire terrestrial planet region. To
explore how this scenario would be affected if Jupiter and Sat-
urn were initially on the orbits predicted by the Nice Model, we
performed an additional set of simulations extending the parti-
cle population into the terrestrial planet region. Remember that
in our simulations we take the potential due to the self-gravity
of the particles into account, so that the locations of secular res-
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Simulations Extended into Terrestrial Planet Region
(Uniform Nebula Depletion)
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05 T T T T T T T 0-5 T T T T T T T
L Prop. Elem. of Real MB Asteroids
Asteroids in Simulations @
04 ® - 0.4 F .
®
°
03| o = 03 - .
73 ® e o°
0.2 ° 5 0.2 + B
) . .
eo® o [ ]
01 F e® o Bt ° 01k . -
(I *
o at® 0000 0t P’ oo o
0 |d ] 1 I i 1 0 __ s3938e890y 1 1 L L
0 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4
40 T T T T T T T 40 T T T T T T
35 — 35 + -
30 1 30 -
. 25 - 25 + -
& =20f : 20 F -
=
— 15 * 15 F ~
10 L . 10 | -
5+ - 5 e
*
0 L 0Sghgtestesscssceced®tn an & 400 & | 0 Mﬂ
0 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4

Semi-major Axis (AU)

Fig. 3. Excitation of test particles in e and i throughout the entire inner Solar System for different orbits of Jupiter and Saturn. We assume the uniform depletion of
a minimum-mass Hayashi (1981) nebula according to Eq. (1), and the solar nebula coincides with the invariant plane of Jupiter and Saturn. The particles initially
have e and sin(i) ~ 0.01. On the left are the final orbital elements of the test particles assuming the present orbits of Jupiter and Saturn and T = 0.5 Myr. On the
right are the final orbital elements of the test particles assuming the initial orbits of Jupiter and Saturn predicted by the Nice Model and v =5 Myr. The primary
difference between the two simulations is that the v5 resonance, which excites eccentricity, stops at ~0.6 AU with the current planetary configuration but stops at
~1.5 AU with the planetary configuration predicted by the Nice Model, which has Jupiter and Saturn closer to one another, hence forcing faster precession of one

another’s longitudes of perihelion.

onances are evaluated correctly. We assume the surface density
of solid material in the inner Solar System discussed in Sec-
tion 4.1 (based on Chambers, 2001), which is consistent with
that required to build a system of ~2 Earth-mass planets.

Fig. 3 shows the effect of uniform nebula depletion through-
out the entire inner Solar System in the case where Jupiter and
Saturn are on their present orbits (r = 0.5 Myr) and in the
case where they are on the orbits predicted by the Nice Model
(r =5 Myr). In both cases, the invariant plane of Jupiter and
Saturn initially coincides with the plane of the solar nebula. In
the present orbit case, we reproduce the result that the vs sweeps
inwards to ~0.6 AU. In the case where Jupiter and Saturn are
on the orbits predicted by the Nice Model, we find that the vs
stops at ~1.5 AU instead of sweeping the full terrestrial planet
region. Again, this is because Jupiter and Saturn are closer to-
gether than in their current configuration. Thus the precession
rate of Jupiter is faster and consequently the v5 resonance is lo-
cated further out. Gas drag was not included in our simulations,
but would have little effect on the orbital evolution of proto-
planets, which would be on the order of 1000 km or more in
diameter.

While we have not explored in detail the effects of sweep-
ing secular resonances on the accretion of terrestrial planets,
these results show that terrestrial planet formation models that
rely on secular resonance sweeping can be profoundly affected
by the orbits of Jupiter and Saturn in the early history of the
Solar System. For example, from Fig. 3, eccentricities of pro-
toplanets would be excited closer to the Sun than the present
orbit of Venus in the case where Jupiter and Saturn are on their
present orbits, while in the case where Jupiter and Saturn be-
gin on the orbits predicted by the Nice Model, there would
be no eccentricity excitation of any protoplanets in the Venus
and Earth region. We stress that this result does not depend on
the specific initial conditions of the Nice model, in particular
on the ratio of the orbital periods of Saturn and Jupiter being
smaller than 2. Simply assuming Jupiter and Saturn on closer
orbits, even with a ratio of orbital periods larger than 2 as in
Malhotra (1993, 1995), would lead to a similar result that the
Vs resonance would not sweep the entire terrestrial planet re-
gion. Hence, models that require secular resonance sweeping
in the terrestrial planet region should consider the possibility
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that Jupiter and Saturn did not originate on their current or-
bits.

5. Embedded planetary embryo model
5.1. Method

The most recent work on this model, originally proposed
by Wetherill (1992), is Petit et al. (2001). Due to computa-
tional limitations, Petit et al. (2001) could not perform direct
numerical integrations of a system of fully-interacting plane-
tary embryos and asteroids. Instead, they used a modified ver-
sion of swift_rmvs3 (Levison and Duncan, 1994) that reads in
the results of previous numerical integrations of the dynam-
ics of planetary embryos during the terrestrial planet formation
process (Wetherill and Chambers, 1997; Chambers and Wether-
ill, 1998). The code then uses these results to numerically inte-
grate a population of massless asteroids under the influence of
the embryos. The Petit et al. (2001) work used the most ad-
vanced simulations possible with the computers available at the
time and, as such, was a ground-breaking demonstration of the
effects of planetary embryos on the primordial asteroid belt.
However, given the current availability of substantially more
powerful computers, we seek to improve upon that work with
more realistic simulations. In addition, we wish to explore the
effects that the initial orbits of Jupiter and Saturn in the Nice
Model would have on the dynamics of the embryos and, in turn,
on the primordial sculpting of the asteroid belt.

For our simulations, we use SYMBA (Duncan et al., 1998),
which is a symplectic N-body integrator that handles close en-
counters. SYMBA allows for a population of gravitationally in-
teracting massive bodies as well as a population of less-massive
bodies that interact with the massive bodies but not with one
another. In addition, when two bodies collide, they are merged
together, conserving linear momentum. Hence, it is an ideal tool
for modeling a system in which there is a relatively small num-
ber of massive planetary embryos and a much more numerous
population of less-massive planetesimals, such as the primor-
dial asteroid belt. Simulations of the early stages of planetary
accretion (e.g., Kokubo and Ida, 1998) suggest that the primor-
dial asteroid belt would likely consist of a population of lunar-
to Mars-mass planetary embryos embedded in a roughly equal
mass of much smaller planetesimals. The current asteroid belt
consists of the remnants and fragments of those planetesimals.

In our simulations, we use an initial distribution of planetary
embryos and planetesimals based on that of Chambers (2001)
(their simulations 21-24). The surface density profile of the dis-
tribution is o (rr) = o,(r/1 AU)_3/2 with o, = 8 gcm_2 for
r > 0.7 AU, and o () drops linearly from a maximum at 0.7 AU
to zero at 0.3 AU. We place half of the mass in large, 0.0933 Mg
embryos, which is roughly the mass of Mars, and the other half
of the mass in planetesimals 1/40 as massive [Chambers (2001)
used a factor of 1/10]. These planetesimals serve as tracers for
the asteroid population, and the term ‘asteroids’ will be used
interchangeably with planetesimals in the subsequent discus-
sions. Their initial eccentricities and inclinations are randomly
chosen from 0-0.01 and 0-0.5°, respectively. This distribution
is extended out to 4 AU [the Chambers (2001) simulations were

truncated at 2 AU], and the total mass in the disk is ~4.7 Mg.
11 Embryos and ~450 planetesimals lie outside of 2 AU, with
a total mass of ~2.1 Mg. Because the embryos interact with
the planetesimals, our simulations include the effects of dy-
namical friction, in which the equipartition of energy between
small and large bodies in a gravitationally interacting popula-
tion leads to the damping of the relative velocities (e and i)
amongst the large bodies (e.g., Wetherill and Stewart, 1989,
1993). Our results are therefore likely to be more realistic than
previous simulations that included smaller numbers of interact-
ing bodies or embryos that are unaffected by the asteroids. The
final outcomes of our simulations, for what concerns the for-
mation of the terrestrial planets, are discussed in O’Brien et al.
(2006). The terrestrial planet systems that we obtain are a better
match to the real Solar System than those formed in previous,
lower-resolution simulations.

For comparison, the embryo simulation used in the Petit
et al. (2001) work (namely 2C from Chambers and Wetherill,
1998) begins with 56 embryos from 0.5 to 4 AU spaced a con-
stant number of mutual Hill radii apart. The embryos vary in
mass as a>/2, such that embryos at 2, 3, and 4 AU have masses
of 0.13, 0.24, and 0.37 Mg, respectively, and the total mass
of embryos is 5 Mg. There are no smaller planetesimals such
as those in our initial distribution. That simulation produces 2
planets, a 1.3 Mg, planet at 0.68 AU with e and i of 0.15 and 5°,
and a 0.48 Mg planet at 1.5 AU with e and i of 0.03 and 23°,
which is substantially different from our Solar System as well
as the final planetary systems formed in Chambers (2001) and,
in particular, in O’Brien et al. (2006). Moreover, in the Petit et
al. (2001) work, the planetary embryos continually excite the
asteroids via gravitational interactions, but are not damped in
any way because the asteroids are treated as massless test par-
ticles. Hence, we expect that integrations using our new initial
distribution and accounting for dynamical friction will provide
a better match to the actual behavior of bodies in the primordial
asteroid belt.

While we expect that our initial distribution will yield a sig-
nificantly more accurate and physically realistic result than that
used in previous simulations, primarily because of dynamical
friction due to the many small planetesimals, we note that it
could be varied in several ways that could give somewhat differ-
ent results than those presented here. Increasing or decreasing
the fraction of the total mass placed in the planetesimal popula-
tion would correspondingly increase or decrease the damping
effects of dynamical friction on the embryos. Similarly, we
chose a planetesimal/embryo mass ratio of 1/40, as a compro-
mise between having a number of bodies that could be inte-
grated in a reasonable time and having an accurate treatment of
dynamical friction. Using a larger number of correspondingly
less massive planetesimals would likely give a somewhat more
accurate treatment of the effects of dynamical friction and po-
tentially more realistic results, although such simulations would
be computationally intensive. Finally, rather than assuming that
all embryos are roughly Mars-mass, we could use a larger num-
ber of smaller embryos, or, as predicted by some embryo forma-
tion models (e.g., Kokubo and Ida, 2000), a distribution where
embryo mass increases with distance from the Sun. Perform-
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ing a suite of simulations spanning the full range of possible
initial distributions is beyond the scope of the work presented
here, although a comparison of our results with those of pre-
vious simulations can illustrate some of the dependencies that
our results may have on the initial distribution, as we discuss
further in Section 5.2.3.

We performed two sets of 4 simulations with our initial plan-
etesimal and embryo distribution, using different random num-
ber seeds to generate the specific orbital parameters in each of
the simulations. The simulations were run for 250 Myr each,
and a timestep of 7 days was used. In the case of close encoun-
ters between bodies, not including the Sun, SYMBA switches
to an adaptive-timestep method in order to accurately resolve
the encounter. The major limitation of the SyMBA algorithm is
that it is not able to treat close encounters with the Sun. Hence,
bodies with a perihelion less than 0.1 AU were assumed to hit
the Sun and were discarded. Furthermore, those with an aphe-
lion greater than 10 AU (i.e., crossing both Jupiter and Saturn)
were assumed to be ejected from the system. Each simulation
required roughly 1 month of computing time on an Opteron
workstation.

In our primary set of simulations, denoted here as CJS1-4
(for ‘Circular Jupiter and Saturn’), we adopt the initial orbits
of Jupiter and Saturn that were found by Gomes et al. (2005)
to best reproduce both the current orbits of the outer planets
and the timing of the Late Heavy Bombardment in the Nice
Model, as described in Section 3. In order to determine which
of the differences between our simulations and the Petit et al.
(2001) simulations are due to using different Jupiter and Sat-
urn orbits and which are due to other effects such as dynamical
friction and the use of a different initial distribution of bod-
ies, we performed a second set of simulations, denoted here as
EJS1-4 (for ‘Eccentric Jupiter and Saturn’). In those simula-
tions, we use the present orbits of Jupiter and Saturn, and the
embryos and planetesimals follow the same distribution as in
the CJS simulations and are centered on the invariant plane of
Jupiter and Saturn. We note that it is unlikely that Jupiter and
Saturn formed on their current, eccentric and inclined orbits, as
outer planet formation models (e.g., Pollack et al., 1996; Lubow
et al., 1999) tend to form planets on circular orbits, and it is
not clear that planet—disk interactions are capable of exciting
the eccentricities and inclinations of Jupiter- and Saturn-mass
planets (e.g., Papaloizou et al., 2001; D’Angelo et al., 2006;
Kley and Dirksen, 2006).

Jupiter and Saturn are included from the beginning in all of
our simulations. Petit et al. (2001) found that the difference be-
tween simulations in which Jupiter and Saturn are present at
the beginning of the simulation and those in which they are
added after 10 Myr is negligible, at least in terms of the magni-
tude and rate of dynamical excitation and depletion of asteroids
following the introduction of Jupiter and Saturn, which is our
primary concern in this work. In fact, before the introduction
of Jupiter, the orbital excitation that the asteroids receive from
the embryos is not enough to provide a significant dynamical
depletion of the belt. However, this excitation could trigger col-
lisional comminution in the belt, so that the late introduction

of Jupiter and Saturn would likely lead to a larger integrated
amount of collisional activity in the asteroid belt.

In all of our simulations, we used a 7-day timestep, which
is common in the literature for this type of simulation using
SyMBA or similar integrators such as Mercury (Chambers,
1999), and we assume that any bodies with a perihelion less
than 0.1 AU hit the Sun. However, we realized in retrospect that
such a timestep was likely too large. In general, SyMBA and
similar integrators require a timestep that is less than ~1/20
of the orbital period at the perihelion distance if the perihe-
lion passage is to be resolved accurately (Levison and Duncan,
2000). For a 7-day timestep, bodies with a perihelion distance
smaller than 0.5 AU may therefore not be resolved correctly in
our simulations, or in other published simulations using similar
integrators with comparable timesteps.

Since embryos in our simulations, for the most part, remain
relatively dynamically cold, few are likely to suffer close per-
ihelion passages. Those that do are primarily those that enter
the 3:1 or vg resonance and are driven into the Sun, which
happens quickly enough that numerical errors have little ef-
fect. However, some planetesimals, even if not in a resonance,
may be kicked onto low-perihelion orbits by encounters with
the embryos and remain on those orbits long enough that er-
rors may build up. The effect of this is that those bodies have
their semimajor axes raised to Jupiter-crossing values and are
ejected from the system. Hence, the primary effect of a too-
large timestep is that some fraction of planetesimals were likely
artificially ejected from our systems, giving an effect similar
to setting the perihelion cutoff to a larger value. Even though
this may happen on occasion, we believe that the overall effect
of this process will be small, especially since it is much more
likely to affect bodies in the inner terrestrial planet region than
those in the asteroid belt region.

5.2. Results

In each of our 8 simulations, a stable system of terrestrial
planets is formed within 250 Myr. The properties of these ter-
restrial planet systems are described in detail in O’Brien et al.
(2006). In 7 out of 8 cases, no planets are formed substantially
outside of 2 AU (although a few form just outside of 2 AU, such
that the asteroid belt region is compressed relative to that in
our Solar System). However, in simulation EJS2, a small planet
consisting of just a single embryo and a few planetesimals re-
mains around 3.2 AU.

We define the ‘asteroid belt region’ in each simulation based
on the position of Jupiter and the outermost terrestrial planet
(the pseudo-Mars) formed in the simulation (although in sim-
ulation EJS2, the second-furthest planet, rather than the small
planet at 3.2 AU, is considered to be the pseudo-Mars, other-
wise the asteroid belt in that simulation would be essentially
non-existent). Jupiter’s semi-major axis is 5.45 AU in the CJS
simulations and 5.2 AU in the EJS simulations. The semimajor
axis of the pseudo-Mars is generally on the order of 1.5-2 AU,
and is systematically larger in the CJS simulations compared to
the EJS simulations. If an asteroid’s perihelion is within 0.1 AU
of the aphelion of the pseudo-Mars or its aphelion is within
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Excitation and Depletion of Main-Belt Asteroids
(Nice Model Jupiter and Saturn)
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Fig. 4. Fraction of asteroids in the main-belt region as a function of time in the
embedded planetary embryo model, summed from all four of our simulations
that have Jupiter and Saturn on the orbits predicted by the Nice Model (the CJS

simulations). Also plotted is the mean dynamical excitation <,/e2 +sin(i )) as
a function of time.

1 AU of the perihelion of Jupiter, it is deemed unstable. Fur-
thermore, we consider the outer edge of the asteroid belt to be
the 3:2 mean-motion resonance with Jupiter (@ =4.16 AU in
the CJS simulations and 3.97 AU in the EJS simulations). This
is reasonably consistent with the range of stability of the aster-
oid belt in our Solar System.

We reiterate that the primary purpose of our simulations is
to determine if the embedded planetary embryo model is ca-
pable of explaining the current state of the asteroid belt in the
context of the Nice Model, as described in Section 3. Hence,
in Section 5.2.1 we only present the results of our CJS simu-
lations (those with the initially circular and co-planar Jupiter
and Saturn) and discuss their match with the current state of
the asteroid belt. We reserve the discussion of the differences
between the CJS simulations, EJS simulations and Petit et al.
(2001) work for Section 5.2.2. Finally, in Section 5.2.3 we dis-
cuss the possible dependencies that our results may have on our
choice of the initial planetesimal and embryo distribution.

5.2.1. Simulations for the Nice Model

Fig. 4 shows the instantaneous number of asteroids present
in the main belt region in our CJS simulations, as a fraction
of the number initially present in that region. This is obtained
by averaging the results of all four simulations. The decay is
roughly exponential, and at the end of 250 Myr, the population
instantaneously present in the asteroid belt region is reduced to
2.5% of its original number. For the individual simulations, the
remaining fractions are 2.2, 5.5, 2.2, and 0.6%, respectively.

These instantaneous values do not account for the fact that
some of the asteroids might spend part of their time outside
the stable region and are unlikely to survive to the present day.
When we analyze the remaining asteroids in more detail by
looking over a 1 Myr window, only 2.1% of the original num-
ber are solidly confined to the stable region. For the individual

simulations, the remaining stable fractions are 2.0, 5.0, 1.3, and
0.4%, respectively.

We can compare the depletion in our CJS simulations to the
amount of depletion necessary to explain the current state of the
asteroid belt. Our CJS simulations start with ~2.1 Mg of ma-
terial outside of 2 AU. Half of this mass is in embryos, which
are all removed from the belt, and the other half is in asteroids,
of which roughly 2% survive on stable orbits. Thus, of the orig-
inal mass in the asteroid belt in our simulations, roughly 1%
survives, namely 0.02 Mg,. This corresponds to roughly 10-20
times the current mass in the belt, which is one of the require-
ments for matching the current state of the asteroid belt in the
context of the Nice Model, as explained in Section 3.

Fig. 4 also shows the mean dynamical excitation

<\/ €2 + sin (i) ) of the remaining asteroids as a function of time
in our CJS simulations. The dynamical excitation increases
rapidly to ~0.2 right at the beginning, then slowly increases to
~0.45 over the next 100 Myr and remains at that level for the
remainder of the simulation. For the asteroids that remain en-
tirely within the stable region over a 1 Myr window, the mean
dynamical excitation is 0.39. For the actual asteroid belt, the
mean dynamical excitation of all asteroids larger than 50 km in
diameter is 0.24, calculated using the proper element catalog of
KneZevi¢ and Milani (2003).

Fig. 5 shows the 1-Myr averaged orbital elements of the final
stable asteroids in our four simulations with Jupiter and Sat-
urn on the orbits predicted by the Nice Model (CJS), plotted
against the proper elements of all asteroids larger than 50 km
in diameter (from Knezevi¢ and Milani, 2003). The match in
eccentricity is quite good—the final stable asteroids in our sim-
ulations have a mean eccentricity of 0.156, compared to 0.135
for the actual asteroids. The lack of bodies in the inner main
belt is most likely due to the fact that the pseudo-Mars formed
in our simulations is always more massive than the real Mars
and in 3 out of 4 cases has a larger semimajor axis than the real
Mars.

The inclinations are systematically larger in our simulations
than in the actual asteroid belt, with a mean i of 20.8° compared
to 10.9° for the real asteroids. This is the primary cause of the
larger dynamical excitation in our CJS simulations compared
to the actual asteroid belt, as noted above. This may indicate
that important effects may be missing from our model, or that
higher resolution simulations or a different initial planetesimal
and embryo distribution are necessary. Interestingly, though,
the fact that such high-inclination bodies are produced in the
CIJS simulations could potentially help to produce the current
populations of high-inclination asteroids such as the Hungarias
and Phocaeas.

As discussed in Section 3, when Jupiter and Saturn cross
their mutual 2:1 MMR in the Nice Model and migrate to their
final orbits, secular resonances sweep through the asteroid belt
region, which reshuffles the asteroid e and i distribution and
drives many of the asteroids from the belt. Since embedded
planetary embryos can give an initial excitation of the asteroid
belt roughly comparable to the current belt, 5-10% of the as-
teroids will be able to survive the crossing of the 2:1 resonance
by Jupiter and Saturn. This secondary depletion, in addition to
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Fig. 5. I-Myr averaged orbital elements of remaining asteroids from all four of
our simulations of the embedded planetary embryo model that have Jupiter and
Saturn on the orbits predicted by the Nice Model (the CJS simulations), com-
pared to the actual proper elements of asteroids larger that ~50 km (KneZevié¢
and Milani, 2003).

the depletion due to the embedded planetary embryos described
above, is sufficient to explain the current mass of the asteroid
belt relative to its estimated primordial mass. The orbital dis-
tribution of asteroids following the 2:1 resonance crossing will
likely be comparable to the orbital distribution before the 2:1
resonance crossing, and hence roughly comparable to the cur-
rent orbital distribution of asteroids, although a more accurate
determination of the distribution following the 2:1 resonance
crossing requires additional simulations that are beyond the
scope of this paper.

Asteroids in our simulations experience substantial radial
migration due to encounters with the more massive embryos.
Fig. 6 shows a histogram of the |Aa| of the final stable as-
teroids in our CJS simulations relative to their positions at the
beginning of the simulations. The mean |Aa| is 0.68 AU and
the median is 0.50 AU. It is difficult to quantify exactly how
much radial migration has occurred in the actual asteroid belt,
although from the radial distribution of different asteroid taxo-
nomic types, Gradie and Tedesco (1982) estimate that they are
mixed over a scale of ~1 AU, which is reasonably consistent
with the results of our CJS simulations.

|Aal of Final Asteroids (Nice Model Jupiter and Saturn)
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Fig. 6. Histogram of the migration in semi-major axis of the final asteroids
in all four of our simulations of the embedded planetary embryo model that
have Jupiter and Saturn on the orbits predicted by the Nice Model (the CJS
simulations). The mean |Aa| is 0.68 AU and the median is 0.5 AU.

A significant number of our asteroids have | Aa| on the order
of 1 AU and a few as large as 2 AU. This is comparable to or
larger than the width of the asteroid belt, implying that these as-
teroids are likely ‘interlopers,” namely that they formed outside
of the asteroid belt and were emplaced in the belt by the scat-
tering action of the embryos. Looking at those asteroids that are
fully confined to the stable region over a 1 Myr window, 40%
of asteroids remaining in the CJS simulations are interlopers.

Of the final stable asteroids in our CJS simulations, 0.0, 5.7,
and 34% originate from between 0.3-1.0, 1.0-1.5, and 1.5 AU
to the inner edge of the asteroid belt (which is defined by the
position of the outermost terrestrial planet formed in each of
the individual simulations). These interlopers lie a mean (and
median) distance of 0.6 AU from the inner edge of the asteroid
belt. Only a single asteroid from beyond the 2:1 MMR with
Jupiter enters into a stable orbit inside the 2:1 (2.9% of final
stable asteroids). This is a possible origin of primitive asteroids
such as Ceres in the current main belt.

Bottke et al. (2006) studied in detail the injection of inter-
lopers into the main belt from the inner Solar System. Bottke et
al. (2006) find that 0.01-0.1, 0.8-2, and ~10% of bodies origi-
nating from 0.5-1, 1-1.5, and 1.5-2 AU, respectively, end up in
the main belt. Of bodies originating from those same zones in
our CJS simulations, we find that 0, 1.1, and 4.5%, respectively,
end up on stable orbits in the asteroid belt, reasonably consis-
tent with Bottke et al. (2006). As noted by Bottke et al. (2006),
asteroids originating from the inner Solar System are a likely
candidate for differentiated asteroids such as Vesta, as well as
the parent bodies of iron meteorites.

In summary, the embedded planetary embryo model is able
to satisfy all 3 criteria discussed in Section 3 in the context of
the Nice Model. It is able to (1) dynamically excite the aster-
oid belt to a level comparable to its current dynamical excita-
tion, such that ~5-10% of asteroids will be able to survive the
sweeping of secular resonances following Jupiter and Saturn’s
crossing of their mutual 2:1 MMR; (2) it is able to deplete the
original mass of the asteroid belt down to ~10-20x the current



The primordial excitation of the asteroid belt 447

Depletion of the Main Asteroid Belt
(Dependence on Giant Planet Configuration)

Table 1
Comparison of our CJS and EJS simulations and those of Petit et al. (2001)
(their simulations A1-A3, and A4, D2, E2 and F2 for the interloper fraction)
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Fig. 7. Comparison of the rate of clearing of the asteroid belt by embedded
planetary embryos in the different sets of simulations. Top curve is for our
four simulations in which Jupiter and Saturn are on the orbits predicted by the
Nice Model (CJS), the middle curve is for a similar set of four simulations that
we performed in which Jupiter and Saturn are on their present orbits (EJS), and
the lowest curve is from Simulations A1-A3 of Petit et al. (2001).

mass; and (3) it is able to give significant semi-major axis mo-
bility to asteroids, consistent with the observed radial mixing of
different taxonomic types in the actual asteroid belt. In the fol-
lowing section, we compare the results of the CJS simulations
described here with the Petit et al. (2001) work and our EJS
simulations, both of which assume the current orbits of Jupiter
and Saturn.

5.2.2. Comparison to other simulations

Fig. 7 compares the number of asteroids, as a fraction of the
initial number present, as a function of time in our CJS simu-
lations, EJS simulations, and the Petit et al. (2001) simulations.
The curves are only plotted to 100 Myr to emphasize the dif-
ferences at the beginning of the simulations. The number of
asteroids on stable orbits in the asteroid belt at the end of our
CIJS simulations (250 Myr) is 2.1% of the original number, and
for the EJS simulations it is 3.0% (4.1% if we ignore the sim-
ulation in which an embryo remains in the belt). In the Petit et
al. (2001) work, it is 0.7%. The rate of depletion is largest in
the Petit et al. (2001) simulations and smallest in the CJS sim-
ulations, while the absolute depletion is largest in the Petit et
al. (2001) and smallest in the EJS simulations. These values are
summarized in Table 1.

Of bodies originally residing in the asteroid belt, the CJS
simulations have the largest fraction of planetesimals accreted
into planets, while the Petit et al. (2001) simulations have the
least. Conversely, the Petit et al. (2001) simulations have the
most planetesimals either being ejected from the system or hit-
ting the Sun, while the CJS simulations have the least. As for
the fates of embryos originally residing in the main belt, the EJS
simulations have larger fractions, compared to the CJS simu-
lations, that are ejected from the system or hit the Sun, and
smaller fractions being accreted into planets or accreted onto
another embryo and then lost from the system. The fates of

CJS EJS Petit et al.
Remaining fraction 2.1% 3.0% (4.1%) 0.7%
Excitation 0.39 0.24 (0.23) 0.35
Mean Aa (AU) 0.68 0.31 0.24
Median Aa (AU) 0.50 0.28 0.20
Interloper fraction 40% 8.2% -

All values given for our CJS and EJS simulations are only for asteroids that are
stable over a 1-Myr window, and values in parentheses exclude the case where
an embryo remains in the belt at the end of the simulation (EJS2).

Table 2
Fates of the original planetesimals residing in the asteroid belt region at the
beginning of our simulations

CJS EJS Petit et al. (2001)

2:1 3:2 2:1 3:2 Al A3
Ejected from system 72.6% 77.0% 40.0% 55.8% 26% 36%
Hit Sun 51% 4.1% 46.0% 33.1% 72% 61%
Accreted into planets 17.6% 14.6% 109% 7.7% 2% 3%

Accreted then lost 47%  4.3% 3.1% 3.4% - -

This does not include planetesimals that may have originated outside of the
asteroid belt region and wandered into it. Values are calculated for our simula-
tions assuming the outer edge of the asteroid belt region is at the 3:2 resonance
with Jupiter (our nominal definition) as well as the 2:1 resonance. ‘Accreted
then Lost’ refers to bodies that are first accreted by another body before being
ejected from the system or hitting the Sun. In Petit et al. (2001) Simulation A1,
the asteroids are originally distributed from 2—4 AU and in A3, from 2-2.8 AU.
Bodies that were accreted and lost in the Petit et al. (2001) simulations were
not listed separately.

Table 3
Same as Table 2, but for the original embryos residing in the asteroid belt region
at the beginning of our simulations

CJS EJS

2:1 3:2 2:1 3:2
Ejected from system 35.5% 38.5% 41.1% 54.9%
Hit Sun 0.0% 0.0% 20.5% 15.7%
Accreted into planets 51.6% 48.7% 33.3% 25.5%
Accreted then lost 12.9% 12.8% 5.1% 3.9%

The values for the Petit et al. (2001) simulations are not given here as they were
only reported for all of the embryos in their simulations, rather than just for
those originating in the asteroid belt, and were given as mass fractions since
their embryos had a-dependent masses, thus making comparison to our results
difficult.

planetesimals and embryos lost from the asteroid belt are sum-
marized in Tables 2 and 3.

All of these trends have the same explanation. In the CJS
simulations, the embryos are less excited but stay in the belt
longer, possibly migrating inwards and accreting onto a terres-
trial planet, while in the EJS simulations the embryos are more
excited and tend to leave the system more quickly, by collid-
ing with the Sun or being ejected by Jupiter, given the stronger
resonances with the eccentric Jupiter and Saturn. The embryos’
larger excitations lead to faster depletion of planetesimals in the
EJS simulations than in the CJS simulations, while the fact that
embryos are around longer in the belt in the CJS simulations
leads to more overall depletion in the final asteroid population.
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The Petit et al. (2001) simulations, like our EJS simulations,
considered an eccentric Jupiter and Saturn. The differences in
the outcomes of these simulations [faster and stronger asteroid
depletion in the Petit et al. (2001) simulations] can be explained
by the facts that in Petit et al. (2001), the embryos in the aster-
oid belt are individually more massive, they are more excited
because there is no dynamical friction to damp them, and they
remain longer in the inner asteroid belt (‘a few times 10 My’
compared to a median residence timescale of 10 Myr in our
EJS simulations). The more rapid elimination of embryos from
the main belt in the EJS simulations compared to the Petit et
al. (2001) simulations is likely due to the fact that our plan-
etesimals can gravitationally interact with the embryos. While
in the Petit et al. (2001) simulations the embryos could only
be knocked into resonances by embryo—embryo encounters, in
our simulations the planetesimals could provide a large number
of additional small kicks to embryos, more efficiently pushing
them into resonances.

The Aa of the remaining asteroids, relative to their initial po-
sition, is largest in the CJS simulations and smallest in the Petit
et al. (2001) simulations (see Table 1). The difference between
the CJS and EJS simulations is, again, due to embryos being
around longer in the CJS simulations, thus allowing for a larger
number of encounters with the asteroids. The main difference
with Petit et al. (2001) is likely due to the initial conditions: As
most of their asteroids started between 2 and 4 AU or 2 and
2.8 AU in their simulations, few surviving bodies could be dis-
placed more than the asteroid belt width.

Petit et al. (2001) performed a few simulations with asteroids
initially in the 1-2 AU range (but none initially in the belt), and
found that 3 objects out of 400 ended up in the main belt. For
comparison, we get 5 interlopers out of 334 started between 1
and 2 AU in our EJS simulations and 14 in our CJS simulations.
Hence, it appears that the injection rate of bodies into the main
belt from the 1-2 AU range in the Petit et al. (2001) simulations
(0.75%) is somewhat lower than in our EJS (1.5%) and signif-
icantly lower than in our CJS simulations (4.2%). We form no
Hilda asteroids (those in a 3:2 resonance with Jupiter) in our
CJS simulations, and form 2 in the EJS simulations (3.3% of
the total number of stable asteroids). Petit et al. (2001) form 1
Hilda in their simulations A1 and A2 out of 7 total stable aster-
oids (14%). It is likely that all of these differences could be due
at least in part to small number statistics.

It is interesting to note that both the CJS and EJS simula-
tions imply that there must have been a secondary depletion
event of roughly an order of magnitude at some point, most
likely coinciding with the LHB, since in neither case are the
embryos alone able to deplete enough mass from the asteroid
belt to match its current mass. If Jupiter and Saturn began on
their current eccentric orbits (which, as discussed previously, is
unlikely), then without a mechanism to explain the secondary
mass depletion event in the asteroid belt, the embedded plane-
tary embryo model is not able to provide sufficient mass deple-
tion. In contrast, in the Nice Model (i.e. our CJS simulations),
the secondary depletion event naturally occurs when Jupiter and
Saturn cross their mutual 2:1 mean-motion resonance, which

triggers the LHB and drives 90 to 95% of the asteroids existing
at the time out of the main belt (see Section 3).

It is also important to note that the ejection of planetes-
imals and embryos from the inner Solar System, primarily
by Jupiter, causes the orbits of Jupiter and Saturn to change
(this would occur in addition to, or in the absence of, any
orbital change driven by a disk of trans-neptunian planetes-
imals). In the EJS simulations, Jupiter migrates inwards by
~0.025 AU, its initial e of ~0.05 decreases to ~0.01, and its
initial i of ~0.35° (relative to the invariant plane) decreases
to ~0.025°. There is negligible change in a for Saturn, but
like Jupiter, its e and i also decrease to similarly low values.
The timescale for these changes is on the order of 50 Myr.
Thus, as also noted by other researchers (e.g., Petit et al., 2001;
Chambers and Cassen, 2002), if no other mechanisms are in-
voked to enhance the eccentricity and inclination of Jupiter and
Saturn, they must start out with e and i larger than their present
values by about a factor of two in order to end up in their cur-
rent configuration, and as noted previously, there are currently
no well-defined mechanisms to form planets that are initially as
eccentric as the current Jupiter and Saturn, much less twice as
eccentric.

In contrast, as Jupiter and Saturn’s e and i are initially very
low in the CJS simulations, there is negligible change in those
values for either planet, although Jupiter migrates inwards by
~0.025 AU. Jupiter and Saturn’s orbits thus begin and remain
essentially circular and co-planar throughout the simulations.
This does not pose a problem in the context of the Nice Model,
however, as they would be boosted to their current e and i
hundreds of Myr later when they cross their mutual 2:1 mean-
motion resonance.

5.2.3. Effect of the initial planetesimal and embryo
distribution

While it was computationally prohibitive to test a range of
initial planetesimal and embryo distributions, the comparison of
our CJS and EJS simulations with the Petit et al. (2001) simula-
tions illustrates some of the dependencies that our results may
have on the choice of the initial distribution. Varying these pa-
rameters in future simulations may help us achieve a better fit of
our models to observations, e.g., reconciling the large asteroid
inclinations in our CJS simulations with the observed asteroid
orbital distribution. However, varying several different parame-
ters can potentially change the same observable quantity, and
changing a single parameter can potentially affect multiple ob-
servable quantities, such that finding the ideal set of parameters
is not necessarily a straightforward process.

The fraction of the total mass placed in planetesimals in our
simulations is 50%, which is a reasonable fraction based on
simulations of embryo formation (e.g., Kokubo and Ida, 1998),
and in the Petit et al. (2001) simulations it is zero percent. This
is one of the primary reasons that the Petit et al. (2001) simula-
tions give a more rapid and pronounced depletion of the asteroid
belt—the embryos are not damped by dynamical friction. While
the actual planetesimal mass fraction is unlikely to be zero, it
may in reality be somewhat lower or higher than the 50% that
we use, and varying this parameter could influence the rate and
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degree of depletion of the asteroid belt by changing the degree
of damping of the embryos by dynamical friction. In addition,
the presence of a significant population of small planetesimals
likely helps to push embryos into resonances and drive them out
of the main belt, as evidenced by the shorter residence times of
embryos in the inner main belt in the EJS simulations compared
to the Petit et al. (2001) simulations, noted in Section 5.2.2.

Another possibility is using an embryo distribution with
masses that increase with distance from the Sun (e.g., Kokubo
and Ida, 2000), which would place a smaller number of more
massive embryos in the main belt than in our distribution, or
using a distribution consisting of lunar-mass embryos, which
are smaller than the Mars-mass embryos used in our distrib-
ution. A comparison of our EJS simulations with the Petit et
al. (2001) simulations, which have more massive embryos in
the asteroid belt, suggests that higher-mass embryos could con-
tribute to more rapid and pronounced depletion of the asteroid
belt, although this effect is difficult to disentangle from the ef-
fect of having no dynamical friction in the Petit et al. (2001)
simulations.

A final parameter that could be varied in the initial distri-
bution is the planetesimal/embryo mass ratio. We use a plan-
etesimal/embryo mass ratio of 1/40, which was chosen as a
compromise between having a number of bodies that could be
integrated in a reasonable amount of time and having a fine
enough resolution to give an accurate treatment of dynamical
friction. The primary effect of using a larger number of cor-
respondingly smaller planetesimals would be a more accurate
treatment of dynamical friction, which would result in the em-
bryos being less dynamically excited and could potentially slow
the rate and reduce the degree of dynamical depletion of aster-
oids. However, beyond a certain point, a limit would be reached
where dynamical friction is accurately resolved and further in-
creases in resolution would not lead to further changes. The fact
that the terrestrial planets produced using our distribution (see
O’Brien et al., 2006) are damped by dynamical friction to val-
ues of e and i comparable to their current values suggests that
we are close to the resolution where dynamical friction is being
resolved with reasonable accuracy.

We feel that there is a generally good agreement between our
simulations and the observational and theoretical constraints on
the asteroid belt’s evolution. Varying the initial planetesimal
and embryo distribution within a reasonable range of parame-
ters will likely lead to somewhat different results than what we
present here, but in turn may allow us to tune our model and
obtain an even better fit to the constraints.

6. Summary and discussion

We have performed new simulations to study and compare
two models for the excitation and depletion of the primordial
asteroid belt in the context of the Nice Model (Gomes et al.,
2005; Tsiganis et al., 2005; Morbidelli et al., 2005), in which
Jupiter and Saturn began on nearly circular and co-planar or-
bits that were closer together than in their current configuration.
We find that sweeping secular resonances driven by the deple-
tion of the primordial solar nebula (e.g., Heppenheimer, 1980;

Ward, 1981; Lemaitre and Dubru, 1991; Lecar and Franklin,
1997; Nagasawa et al., 2000) are unable to match all of the ob-
served characteristics of the current main belt, namely its large
dynamical excitation, the radial mixing of different asteroid tax-
onomic types, and its large mass depletion relative to its initial
mass. At best, eccentricities can be boosted throughout the as-
teroid belt in the case of inside-out nebula depletion, but only
for nebula depletion timescales that are significantly larger than
the lifetimes of disks observed around other solar-type stars.

Several authors (e.g., Nagasawa et al., 2000; Kominami and
Ida, 2004; Lin, 2004; Nagasawa et al., 2005a, 2005b) have pro-
posed scenarios in which the sweeping of the vs secular reso-
nance through the terrestrial planet region could aid terrestrial
planet formation by increasing the eccentricities of embryos in
that region, leading to orbit crossing and mergers. In extending
our simulations into the terrestrial planet region, we find that
for the initial orbits of Jupiter and Saturn predicted by the Nice
Model, the vs5 secular resonance only sweeps inwards as far as
1.5 AU, rather than to its current position of ~0.6 AU. Thus,
in the case of the Nice Model (or in any model with Jupiter
and Saturn closer together than in their current configuration),
vs sweeping would not occur throughout most of the terrestrial
planet region, and thus would not strongly influence terrestrial
planet accretion.

In contrast to sweeping secular resonances, planetary em-
bryos embedded in the primordial asteroid belt, exciting and
scattering one-another and the asteroids into resonances with
Jupiter and Saturn (e.g., Wetherill, 1992; Chambers and Wether-
ill, 1998; Chambers and Wetherill, 2001; Petit et al., 2001), are
able to reasonably reproduce all of the observed characteris-
tics of the asteroid belt in the context of the Nice model—mass
depletion, dynamical excitation, and radial mixing. The mass
depletion due to the embryos alone is roughly 10-20 times
less than that necessary to explain the current mass of the as-
teroid belt relative to its initial mass. However, as explained
in Section 3, when Jupiter and Saturn cross their mutual 2:1
mean-motion resonance in the Nice Model, there is a secondary
depletion by a factor of 10-20 that, in addition to the depletion
due to embedded planetary embryos, will give a final mass of
the asteroid belt comparable to its current mass.

Interestingly, even in the case where Jupiter and Saturn be-
gin on their current orbits, the mass depletion due to embedded
planetary embryos is still a factor of 10-20 times less than nec-
essary to explain the current mass of the asteroid belt. Thus, a
secondary depletion event is required regardless of the initial
orbital configuration of Jupiter and Saturn. Such a secondary
depletion event is a natural consequence of the Nice Model, but
additional mechanisms would have to be invoked if Jupiter and
Saturn began in their current orbital configuration.

The inclinations of asteroids at the end of our embed-
ded planetary embryo simulations are systematically larger, by
about a factor of two, than those in the current asteroid belt. It
is possible that many of those high-inclination asteroids would
be eliminated during the secondary depletion event in the Nice
Model, or that they would help to produce the current popu-
lations of high-inclination asteroids such as the Hungarias and
Phocaeas. It is also possible that some parameters, such as the
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mass and orbital distribution assumed for the planetary em-
bryos, would need to be changed in order to give a better fit.
Testing these hypotheses in detail would require additional sim-
ulations that are beyond the scope of this work. The fact that
the orbital distribution produced in our single set of simulations
is reasonably consistent with the current orbital distribution of
asteroids suggests that the fit will likely improve in future sim-
ulations.

To summarize our results and place them in the overall con-
text of Solar System history and evolution, we envision a sce-
nario in which Jupiter and Saturn began on quasi-circular orbits
and were closer to each other, and the asteroid belt was inhab-
ited by both asteroids and planetary embryos. Because of the
orbital configuration of Jupiter and Saturn, when the nebular
gas went away during the first few Myr of Solar System his-
tory, only the vs secular resonance was able to sweep through
the entire belt, and it had little effect on the asteroids. Over the
following ~10-100 Myr, the mutual perturbations amongst the
embryos and the resonant gravitational effects of Jupiter and
Saturn drove all embryos out of the belt. In the process, most
of the asteroids left the belt as well (although some interlopers
entered from the inner Solar System), leaving the belt depleted
down to a few percent of its initial mass. The surviving aster-
oids had orbits with distributions of e and i comparable to the
current distribution, but were about 10-20 times more numer-
ous than the current main belt objects.

After ~600 Myr of slow migration driven by interactions
with the massive planetesimal disk beyond Neptune, Jupiter and
Saturn crossed their mutual 2:1 mean-motion resonance. This
event changed the structure of the Solar System, with the or-
bits of Jupiter and Saturn acquiring their current eccentricities
and the two planets migrating towards their current orbits over a
few tens of Myr. Consequently, the vg and vig resonances swept
through the belt, ejecting ~90-95% of the asteroids existing at
that point. These escaping asteroids were the impactors most re-
sponsible for the Late Heavy Bombardment of the Moon (Strom
et al., 2005). The asteroids surviving this second episode of sec-
ular resonance sweeping (roughly a tenth of a percent of those
initially present in the asteroid belt region) are the current main
belt asteroids, with a total mass, orbital excitation, and degree
of radial mixing comparable to those currently observed.

The fact that the primordial asteroid belt was significantly
more massive than the current main belt has important impli-
cations for its collisional history. An asteroid population that is
initially massive and undergoes a dynamical depletion event in
addition to collisional evolution for a given time, say 4.5 Gyr,
evolves to the same final state as a population that does not
experience an initial, massive phase and undergoes collisional
evolution for a longer ‘pseudo-time’ (Bottke et al., 2005a). The
pseudo-time quantifies the amount of collisional evolution that
has occurred, accounting for enhanced collisional activity in an
initially more massive population. Bottke et al. (2005a) find that
the current asteroid size distribution is best reproduced after a
pseudo-time of ~7.5-9.5 Gyr, and Bottke et al. (2005b) show
that this is consistent with the degree and rate of depletion of
the primordial asteroid population found by Petit et al. (2001).

A preliminary calculation based on our simulations of em-
bedded planetary embryos in the asteroid belt in the context of
the Nice Model (the CJS simulations from Section 5), assum-
ing that Jupiter forms at 3 Myr and that there is a secondary
depletion by a factor of 10-20 when Jupiter and Saturn cross
their mutual 2:1 MMR after ~600 Myr, gives a pseudo-time
of 19-34 Gyr. This is substantially larger than the estimate of
~7.5-9.5 Gyr from Bottke et al. (2005a), and implies a larger
total amount of collisional activity than in the Bottke et al.
(2005a) simulations. Bottke et al. (2005a) also estimate that 2
impacts capable of forming Vesta’s large crater would occur
over a pseudo-time of 27 Gyr, although given the stochastic na-
ture of large impacts, it is possible that even for a pseudo-time
of 34 Gyr, only one impact would occur on Vesta, such that the
latter is not a strong constraint.

Reconciling the long collisional pseudo-time implied by our
simulations with the much shorter estimates of Bottke et al.
(2005a) will likely require a re-evaluation of both the colli-
sional modeling of Bottke et al. (2005a) and the dynamical
simulations presented here. Our simulations may still lack the
resolution necessary to give a fully accurate description of the
dynamical depletion of the primordial asteroid belt. Similarly,
a different choice of the planetesimal and embryo masses and
orbital distribution could significantly change the depletion rate
and hence the collisional pseudo-time. In the collisional mod-
eling, it is possible that changing the assumed strength law
for asteroids could give a similar final size distribution for a
longer collisional pseudo-time, and hence be more consistent
with our dynamical simulations. Likewise, it is possible that the
effects of large, stochastic breakup events dominate the evolu-
tion of the size distribution and could be primarily responsible
for its current shape. For example, Bottke et al. (2005a) find
that even though shorter pseudo-times tend to provide the best
fit on average in the large set of simulations they ran, stochas-
tic breakups can occasionally give a good fit at pseudo-times
as late as 20 Gyr. Future work will focus on exploring these
issues in more detail in order to build a more complete and self-
consistent picture of the combined collisional and dynamical
evolution of the asteroid belt.
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