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Abstract

We present a new algorithm designed to compute the collisional erosion of a population of small bodies undergoing a complex
dynamical evolution induced by strong gravitational perturbations. Usual particle-in-a-box models have been extensively and su
used to study the evolution of asteroids or KBOs. However, they cannot track the evolution of small bodies in rapid dynamical evolu
to their oversimplified description of the dynamics. Our code is based on both (1) a direct simulation of the dynamical evolution whic
to compute local encounter rates and (2) a classical fragmentation model. Such a code may be used to track the erosional evol
planetesimal disk under the action of newly formed giant-planets, a passing star or a population of massive planetary-embryos. W
here an application to a problem related to the formation of the Oort cloud. The usually accepted formation scenario is that plan
originally formed in the giant planet region, have been transported to the Oort cloud by gravitational scattering. However, it h
suggested that, during the initial transport phase, the mutual large encounter velocities might have induced a rapid and intense
evolution of the planetesimal population, potentially causing a significant reduction of the Oort cloud formation process. This mec
explored with our new algorithm. Because the advantages of our new approach are better highlighted for a population undergoin
dynamical evolution, we concentrate in this paper on the planetesimals originally in the Jupiter–Saturn region, although it is known
are only minor contributors to the final Oort cloud population. A wide range of parameters is explored (mass of the particle dis
size-distribution, material strength): depending upon the assumed parameter values, we find that from 15 to 90% of the mass c
bodies larger than 1 km survives the collisional process; for our preferred choice of the parameters this fraction is∼ 70%. It is also found tha
the majority of planetesimals larger than 1–10 km are pristine, and not fragments. We show also that collisional damping may no
planetesimals from being ejected to the outer Solar System. Thus, although the collisional activity is high during the scattering by J
Saturn, collisional grinding does not lower by orders of magnitude the mass contained in bodies larger than 1 km, originally in the
Saturn region. These conclusions seem to support the classical collisionless scenario of Oort cloud formation, at least for the Jup
region.
 2003 Elsevier Inc. All rights reserved.

Keywords:Formation of the Solar System; Comets; Collisions; Giant planets; Numerical simulation
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1. Introduction

In the current architecture of the Solar System, the p
ulations of small bodies—the asteroid belt, the Kuiper b
and the Oort cloud—lead a quiet life with dynamical ev
lution timescales comparable or larger than the age of
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E-mail addresses:charnoz@cea.fr (S. Charnoz), morby@obs-nice

(A. Morbidelli).
0019-1035/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0019-1035(03)00213-6
Solar System. For this reason the current collisional ev
tion of these populations can be studied with Particle-In
Box codes which include only simple models of dynam
cal evolution (see, for example, Marzari et al., 1995) or
dynamics at all (eccentricities and inclinations are kept c
stant like in Davis and Farinella, 1997). However, their pe
liar orbital distributions indicate that these populations h
experienced phases of violent dynamical excitation du
the primordial ages of the Solar System, when giant-pla
(and possibly other massive bodies) appeared. As soo
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the gravitational scattering exerted by the planets empl
bodies on very eccentric and inclined orbits, some inte
collisional process was triggered in the small body pop
tions.

The importance of the collisional activity in the Oo
cloud formation process has been recently stressed by
and Weissman, 2001 (SW01 hereafter). On the basi
analytical considerations and statistical simulations, SW
pointed out that bodies initially in the giant-planets
gion would have suffered a rapid collisional erosion o
timescale shorter than the typical ejection timescale du
giant-planet perturbations. Possible implications of suc
mechanism are of great importance:

(i) the vast majority of bodies in the Oort cloud would
collisionally evolved;

(ii) collisional disruption would have reduced by a fac
10 to 1000 the contribution to the Oort cloud form
tion of the giant planet region up to Neptune’s dista
(the factor of 1000 is deduced from SW01’s Fig. 2
which the half-life of planetesimals is roughly 10 tim
smaller than the dynamical-ejection timescale, so
may expect a crude 210 factor of reduction before ejec
tion);

(iii) collisions would have damped eccentricities and in
nations of planetesimals up to the epoch when the
became sufficiently depleted.

These conclusions, which potentially cast doubts on the c
sical scenario of Oort cloud formation (see Duncan et
1987), were based on Particle-In-A-Box models of co
sional evolution, which cannot account for the dynam
evolution induced by the giant-planets and its feedback
the collisional evolution. Consequently there is a need
“a general repraisal of Oort cloud formation models us
coupled collisional-dynamical simulations” (SW01).

Developing the appropriate tools for this kind of simu
tion is precisely the motivation of this work. In the followin
we first present an algorithm that allows the self-consis
coupling of both

(1) the dynamical evolution of planetesimals under gia
planet perturbations, and

(2) erosion and fragmentation processes.

Collective effects among planetesimals, like gravitationa
collisional stirring and/or damping, cannot be included
the moment, but one may expect them to be very weak
to the low individual-masses of planetesimals compare
giant-planets.

As an application of the new algorithm, in Section 3
study the collisional evolution of the planetesimals or
nally in the Jupiter–Saturn region, under a variety of assu
tions concerning the mass of the particle disk, the initial s
distribution, and the material impact strength. It is thou
that most of the current Oort cloud population origina
n

from the Uranus–Neptune region. Nevertheless we con
trate on the bodies in the Jupiter–Saturn region because
have the fastest collisional and dynamical evolution, wh
better illustrates the advantages of our approach ove
classic Particle-In-A-Box approach. A more detailed and
propriate study of the formation of the Oort cloud, that
counts also for the population in the Uranus–Neptune re
and beyond, will be the subject of a forthcoming paper.

2. Description of the model

2.1. General overview

Our purpose is to compute the time evolution of the s
distribution of a population of small bodies (e.g., planet
imals) evolving under the gravitational influence of so
massive bodies (e.g., planets).

Usual collisional evolution codes are based on a st
tical approach in which bodies are distributed into multi
batches, according to their mass and sometime also to
semi-major axis (Davis et al., 1989, 1997; Stern and Colw
1997). Each batch contains the number of bodies within
batch’s range of size and semi-major axes, as well as
mean eccentricity and the mean inclination of these bod
Collision rates and encounter velocities between all pair
batches are computed analytically, assuming an a-priori
tribution of orbital elements of bodies within each bat
Several analytical tools exist to compute those quanti
depending on some specific approximations. For exam
the popular Particle-In-A-Box (PIAB) approach based
kinetic theory of gases is widely used for planetesimal
cretion (Greenberg et al., 1978; Spaute et al., 1991).
usually valid for low eccentricities and inclinations (� 0.1).
More refined methods coming from the study of astero
are also available (Wetherill, 1967), but assume axisym
distributions of orbits. The fact that particles are distribu
in batches with pre-defined distributions of orbital eleme
(only the means of distributions are allowed to evolve
most), prevents the possibility of taking into account the
fects of the ongoing dynamical evolution. Such models
powerful tools to study the collisional evolution of a pop
lation that is dynamically in steady-state or slowly evolv
(like in the current asteroid belt, in the Edgeworth–Kui
belt or during planetesimal accretion). However, the o
simplified description of the dynamics prevents such co
from being used in dynamically complex and rapidly evo
ing situations, like that of a population of planetesimals s
tered to high eccentricity orbits by planets.

The new approach we present here allows us to co
the collisional evolution with the complex dynamical evo
tion, without considering any a-priori distribution of orbit
elements of planetesimals. It is based on
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(1) a direct dynamical simulation of test particles orbiting
the field of the planets (orbits of particles are accura
computed in order to derive local encounter rates) a

(2) a statistical erosion/fragmentation model that evol
the size-distribution of bodies.

The two parts of the algorithm are the following:

1. The first direct simulation is run with a large numb
of particles orbiting the Sun and undergoing the grav
tional perturbations exerted by the planets. It is ca
the “Reference Simulation hereafter.” Particles of
reference simulation are called “Reference Particles
distinguish them from real planetesimals in the early
lar System. Encounters within some threshold dista
between reference particles are detected and the tim
the encounter, the encounter velocity and the partic
identification numbers are recorded into an encou
file. The encounter file will be used to compute co
sion rates and the evolution of the size-distribution
planetesimals. The reference simulation is perform
with the code described in Charnoz et al. (2001), a g
eralization of a Bulirsh–Stoer integrator, modified
efficiently detect close-encounters between particle
weakly collisional systems.

2. To compute the evolution of the size-distribution
planetesimals, each reference particle represents a c
of planetesimals, characterized by a size-distribut
A size-distribution vector is attributed to each referen
particle, containing the number of planetesimals in l
arithmic mass-bins. Planetesimals are assumed to
exactly the same orbit as their reference particle. O
all size-distribution vectors have been initialized (d
pending on the total mass of the system and the in
size-distribution of planetesimals), encounters are r
in the encounter file in chronological order: as two r
erence particles encounter each other, the evolutio
the size-distribution of the two planetesimal clouds,
countering each other with the recorded relative spe
is computed with a standard fragmentation model (
Section 2.3). The number of collisions between e
pair of size-bins is computed by normalizing the num
of encounters of reference particles by the cross-sec
of the planetesimals (see Section 2.2).

The size-distribution associated with every reference
ticle evolves collision after collision. At the end of the ru
the global size-distribution of the whole system is obtain
by summing bin-per-bin the size-distribution of all referen
particles. One advantage of this hybrid method is the po
bility to determine the size-distribution of planetesimals
any specific dynamical situation (i.e., on inclined orbits,
the Lagrangian points of giant planets. . . ). One just ha
select the reference particles in the desired dynamical
figuration, and sum bin-per-bin the size-distributions t
they represent.
f

d

In the spirit of fluid-dynamics, our approach may be qu
ified as Lagrangian, since particles are individually follow
and local properties are computed by doing some stati
on closest neighbors. Conversely, the classical methods
low a more Eulerian approach: usually the number of p
ticles entering and leaving the population is computed
each box of a grid, and the relevant quantities (like rand
velocities, orbital elements, etc.) are evolved with time
cording to some model (see, for example, Kenyon and L
1999; Stern and Colwell, 1997; Spaute et al., 1991). The
(and major) constraint of our Lagrangian approach is tha
dynamics of reference particles must be the same as t
of planetesimals. In other words, the orbits of planetesim
are assumed to be entirely controlled by the giant plan
perturbations. Thus dynamical effects induced by collisi
between planetesimals are not included: collisions and
counters among planetesimals are assumed not to affe
dynamical evolution. The latter assumptions are usual in
lisional evolution models (Davis et al., 1989, 1997). Gra
tational enhancement of planetesimal’s cross-section is
considered since encounter velocities are typically very h
(� 103 m/s).

2.2. Collision rate among bodies

2.2.1. Collision rate scalings
We derive here the scaling rule by which we compute

number of collisions between planetesimals when two
erence particles have an encounter. LetRref be the maxima
half-distance for which encounters are recorded in the
counter file (1.5× 10−3 AU). During a time�T , on average
the number of encounters between two given reference
ticles i and j is NE(i, j) (considering one target and on
projectile):

(1)NE(i, j) = Pi,j × π(Rref + Rref)
2 × �T.

WherePi,j is the intrinsic collision rate per unit tim
and per unit cross-sectional area of particlesi and j , and
π(Rref+Rref)

2 is their combined cross-section. We turn n
to the scaling rule for planetesimals. LetRl be the effective
radius of planetesimals in mass-bin numberl. Let N(jl) be
the number of particles in thel mass bin represented by re
erence particlej . Initially N(jl) is simply the total numbe
of planetesimals with sizeRl in the system, divided by th
number of reference particles. We also introduceNC(ik, jl),
the number of collisions suffered by one planetesima
size-bink of reference particlei with all planetesimals in
size-binl of the reference particlej during the same time
interval �T as in (1). Planetesimals are assumed to h
the same orbit as their corresponding reference particles
Section 2.1), so that the intrinsic collision rate per unit ti
and per unit cross-sectional area (Pi,j ) for planetesimals is
the same as for the reference particles. Following (1):

(2)NC(ik, jl) = N(jl)× Pi,j × π(Rk + Rl)
2 ×�T.
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The link between (1) and (2) is performed by consid
ing that when one encounter is recorded between refer
particlesi andj the number of collisionsNE(i, j) equals 1.
This yields:

(3)Pi,j = 1

π(Rref + Rref)2 ×�T
.

Then comes the scaling rule:

(4)NC(ik, jl) = N(jl)(Rk + Rl)
2

4R2
ref

.

Equation (4) simply states that the number of collisio
among planetesimals is proportional to the number of
counters between reference particles, the scaling facto
ing simply the ratio of the cross-sections times the numbe
projectile bodies (we remind the reader that (4) is establis
for NE(i, j) = 1). This is basic result of the kinetic theory
gases. One may note that rigorouslyNE(i, j) (or NC(ik, jl))
is a random variable with mean value given by (1) or (
Here, it is implicitly assumed that the time of the first c
lision equals the average collision time, which is of cou
false since collision-times follow in general a Poisson’s d
tribution. Over many collisions, this effect is correct beca
the mean value of the encounter times tends toward the
erage encounter time. On the other hand, we believe
counting encounters in the reference simulation gives a
ter estimate of the real collision probability than applying
standard Öpik formulae (see Wetherill, 1967) using the re
ence particles’ orbital elements at discrete timesteps. In
the Öpik formulae average over the angular phases (m
anomaly, longitude of node, argument of perihelion) ass
ing that semimajor-axes, eccentricities, and inclinations
roughly constant. But in the case of a dynamics domin
by the scattering action of the giant planets, the variation
a, e, i occur on a much shorter timescale than the prece
of the secular angles, partially invalidating Öpik’s procedu

Reference particlesi and j are treated symmetricall
for the evolution of their mass-distribution. They are co
sidered first as target-projectile respectively and afterw
as projectile-target. Once both mass-distributions have
evolved (see Section 2.3), the next encounter is read in
encounter file and the size-distributions held by the two n
colliding reference particles are evolved and so on.

2.2.2. Numerical implementation
Despite the apparent simplicity of the computation

the number of collisions in (4), a rather more complica
scheme must be applied to ensure numerical accuracy
self-consistency. We describe these aspects here. The
distribution held by the target reference particlei is evolved
by considering each pair of mass-bins(k, l) separately. How
ever, in order to prevent a too-fast evolution (not appropr
for an accurate computation), the total number of dest
tive collisions, suffered by one target planetesimal, mus
evaluatedbeforeprocessing the fragmentation process. T
e

-

-
t

n

d
s-

number of destructive collisions suffered by one target p
etesimal in mass bink (held by the reference particlei) with
all incoming planetesimals held by the reference particlj ,
is NC(ik):

(5)NC(ik) =
∑
l

NC(ik, jl)

in which the sum is performed over those mass-binl
which are massive enough to destroy or erode plane
mals in mass-bink. Usually,NC(ik) < 1 and only the frac
tion NC(ik) of planetesimals in mass-bink will receive a
collision, others remaining unaffected. For numerical ac
racy, the number of destroyed planetesimals must be s
compared to the total number of target planetesimals.
example, an obvious critical situation is whenNC(ik) > 1,
which means more than one destructive collision per p
etesimal. To avoid this, the following scheme is appli
Remember thatNC(ik) is the number of collisions happe
ing in a time interval�T . We introduce the dimensionle
quantityt ′ = t/�T , with t standing for time. Evolving the
size-distribution over a time period�T is equivalent to go
ing from t ′ = 0 to t ′ = 1 with small time-stepsdt ′. During
a time stepdt ′, the number of collisions isNC(ik)× dt ′, as-
suming a constant intrinsic collision probability inside t
time-interval�T . At the beginning of a time-step,NC(ik) is
evaluated for all values ofk, with the distribution resulting
from the previous step. Then, a new time-stepdt ′ is cho-
sen such that less than 20% of planetesimals are dest
in all mass-binsk during the step. The size-distributions a
evolved andt ′ is incremented bydt ′. The process ends whe
t ′ = 1. This method ensures a slow and self-consistent
lution of size-distributions to preserve numerical accura
It is the same as in classical codes of collisional-evolu
in which the intrinsic collision probability is kept consta
and where size-distributions are evolved iteratively wit
small time-step. Note that our scheme does not require
plicit knowledge of�T . The choice ofdt ′ is, of course,
arbitrary. Linkingdt ′ to the threshold of 20% destructio
is the result of a compromise between accuracy and com
ing time. We have done tests withdt ′ imposed by a more
restrictive threshold (such that only 1% of the populatio
destructed in the timestepdt ′), and checked that the diffe
ences in the final distributions are of order of a few perc
for the smallest bodies and less than 1% for kilometer-
bodies.

2.3. Fragmentation model

2.3.1. Outcome of collisions
A simple fragmentation model was adopted because

physics of fragmentation is poorly known as are the phys
parameters of planetesimals. This also makes the inte
tation of results easier. Following Marzari et al. (1995) a
Petit and Farinella (1993), when a target planetesimal (
massMt ) is hit by a projectile the ratiof between the mas
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of the largest fragment and that of the target body is ca
lated according to a simple empirical law (Fujiwara et
1977):

(6)f = 0.5

(
SMt

ρ0.5Erel

)1.24

.

In (6), ρ is the material density,S is the impact strength
(i.e., the energy per unit volume for shattering 50% of
mass of the parent body) andErel is the kinetic energy in the
barycentric reference frame. The value ofS is discussed in
Section 3.1.2.

Two fragmentation regimes are considered:

1. If f � 0.5 fragmentation is catastrophic. A size-distrib
tion of fragments is generated and distributed into b
of smaller size, such thatdn ∝ m−p dm with p =
1/(1 + f ), consistent with conservation of the targe
mass. These fragments are added to the size-distrib
of the parent body’s reference particle. The parent b
is then removed from the size-distribution.

2. If f > 0.5 there is cratering. The new mass of the tar
body isf × Mt and the total mass of crushed mat
ial is (1 − f ) × Mt , where the largest fragment has
mass of(1 − f ) × 0.2Mt and with a size-distribution
of fragments withdn ∝ r−3.5dr. It is added to the size
distribution held by the target’s reference particle. T
0.2 factor is taken from the cratering model of Wethe
and Stewart (1993). The total mass of crushed mate
is removed from the mass-bin of the parent body. Fr
tional numbers of bodies in the size-distributions are
lowed to ensure mass-conservation. Mass-conserv
is enforced after every fragmentation by multiplying t
number of fragments generated in all mass-bins b
normalization factor so that the total-mass of fragme
numerically matches the analytical computation (do
to the lower cut-off).
This cratering model is taken from Wetherill and Ste
art (1993) and Kenyon and Luu (1999), but in o
case it does not include gravitational reaccumulat
This choice is appropriate for the cases where the
pact velocity is much larger than the escape velocity
planetesimals, which prevents substantial reaccum
tion of material. It is possible, however, to adopt impa
strength scaling-laws in which reaccumulation is imp
itly taken into account in the form of an enhanced va
for S (as in our cases C5-1 to C5-4 in Section 3).

2.3.2. Lower cutoff of size-distribution
Campo-Bagatin et al. (1994) has shown that samplin

size-distribution into discrete size-bins with a lower m
cut-off introduces an artificial discontinuity into the siz
distribution, triggering a wave that propagates from sma
sizes up the largest sizes. To cancel this artifact, the foll
ing scheme is applied: among the 65 mass-bins that we u
our algorithm, the 25 first bins (numbered 1 to 25, with si
ranging from 1 mm to 20 cm) are considered as “dust bin
Fig. 1. Resulting cumulative size-distributions obtained without c
off-correction (dashed line, notice the wavy structure) and with
off-correction (solid line).

the number of bodies they contain is not self-consiste
computed like for the other bins, but extrapolated usin
simple power-law on the basis of the 5 next bins (numbe
from 26 to 30). This scheme is very efficient and canc
completely the artificially wavy structure (see Fig. 1). A si
ilar scheme was used in (Marzari et al., 1997) for the st
of Trojan Asteroids. The validity of this method relies
the size-independency of the fragmentation model, in pa
ular on a constant value for the impact strengthS with size
(Campo-Bagatin et al., 1994).

We have performed multiple tests, which all reprodu
the classical result according to which the differential si
distribution (dN/dr ∝ rq ) tends toward a power law wit
exponent−3.5 in the case of a size independent fragmen
tion model (Dohnanyi, 1969; Paolicchi, 1994; Tanaka et
1996), whatever the initial size-distribution. For examp
starting with distributions withq = −3, −3.5, −4.1, the fi-
nal distributions have slope indicesq = −3.486, −3.506,
−3.485, respectively, in close agreement with theoretica
sults.

3. Example: application to the planetesimals in the
Jupiter–Saturn zone

3.1. Model parameters

As explained in the previous section, the parameter
the model that must be set at the beginning of the simula
are:

• For the reference simulation: the total number of p
ticles (Nref), the threshold half-distance used to reco
close encounters (Rref) and their initial positions and ve
locities.

• For the Collisional Evolution Simulation: the initia
size-distribution vectors for every reference particle,
impact strength (S), their internal density (ρ).
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Below, we detail on the values assumed for these param
for the various cases that we have examined.

3.1.1. Parameters of the reference simulation
Reference particles are spread between Jupiter and

urn, with eccentricities and inclinations of 0.001 and 0.00
respectively, and with a uniform semi-major axis distrib
tion to sample with uniform density all the radial extent
the system. Jupiter and Saturn are introduced at the b
ning of the simulation with their present masses and w
their orbital elements relative to the invariable plane (N
bili et al., 1989). The total number of particles (Nref) and
the threshold value for close encounters (Rref) should be
chosen such that the collision frequency in the refere
simulation is high enough to sample with accuracy the e
lution of collision rate during the phase of ejection and
distribution of impact velocities. Values of 10,000 forNref

and 5× 10−4 AU for Rref were chosen. The typical coll
sion time in the reference simulation is about 1000 ye
well below dynamical and collisional timescales (for bo
ies larger than 1 km), ensuring a good sampling. The va
adopted for all parameters are summarized in Table 1.
reference simulation was done for 1.3 × 105 years to cove
the typical ejection timescale, which is about 4× 104 years
(Holman and Wisdom, 1993). A total of 122,000 encoun
was recorded, i.e., about 25 encounters per particle (bec
each encounter involves two particles).

The encounter distanceRref introduces an artificial in
crease of encounter velocities,�V , due to Keplerian shea
ing. This effect is often encountered when studying de
collisional systems like planetary rings. Brahic (1976) a
Hertzsch et al. (1997) give:

(7)�V = Rref ×ΩK

whereΩK is the local Keplerian frequency. With our choi
of Rref, �V = 5 m/s at 5 AU and less than 1 m/s beyond
9 AU, which is negligible compared to the 103 to 104 m/s
relative velocities induced by Jupiter and Saturn.

Table 1
Parameters of the model

Reference simulation
Number of particles (Nref) 10000
Threshold half-distance 1.5× 10−3 AU
for recording encounters (Rref)

Collisional evolution simulation
Number of mass bins 65
Min–max radii 1 mm to 500 km
Range of dust bins 1 mm to 0.2 m
Impact strength (S) 3× 106 erg/cm3 for cases C1- and C2

105 erg/cm3 for cases C3-
strain-rate model for cases C4-
hydrocode model for cases C5-
s

t-

-

e

3.1.2. Parameters of the collisional evolution simulation
constant parameters

The mass distributions are discretized over 65 logarith
bins, with a constant 2.5 mass ratio between adjacent
Masses range from 1.7×10−5 to 5×1020 kg. Each bin con-
tains the number of planetesimals in the bin’s mass ra
Non-integer numbers of planetesimals are allowed in
der to ensure mass conservation during cratering proce
Fractional numbers are interpreted as an existence prob
ity when the number of collisions among planetesimal
computed. All the planetesimals in a mass-bin have the s
effective mass, equals to the geometric-mean of the b
mass-range. The planetesimals’ effective radius is comp
by assuming spherical shape and a density of 1 g/cm3. Due
to this direct equivalence, the mass-distribution is some
called size-distribution in the following. The sizes of the o
jects in the bins of largest and smallest mass are 1 mm
500 km, respectively.

Impact strength. The impact strength,S, of primordial
planetesimals is unknown. Impact experiments (Ryan e
1991, 1999) reveal that the impact strength of fractu
or porous ice is comparable to solid ice because the
pact energy is not transmitted by the void spaces in
the bodies. Following Davis and Farinella (1997); value
S = 3× 106 erg/cm3 is considered, in agreement with Ry
et al. (1999) for crushed icy bodies. The impact strengt
kept constant over size in the standard version of our
lisional model, for self-consistency with the lower-cut
extrapolation method (see Section 2.3.2) and for a cle
interpretation of results. This choice is also consistent w
the conclusions of Colwell et al. (2000) who, for outer pla
ets’ satellites, found only a weak dependence ofS on the
size of the impact body. To explore the influence ofS, it was
also lowered to 105 erg/cm3 in some simulations. We als
ran two other sets of simulations withS varying with size
according to

(1) a classical strain-rate scaling law (Housen et al., 19
takingS = 3× 106 erg/cm3 for 10 cm bodies, and

(2) a modern 3D Hydrocode law proposed by Benz and
phaug (1999) for ice at 3 km/s impact velocity.

Note that in the strain-rate model, the weakest bodies
kilometer-sized, while in the hydrocode model they
100 m sized, which will have important consequences
the size-evolution of bodies (see Section 3.3.4). The di
ent models used for the impact strength are shown in Fi

Initial size-distributions. Because the initial size-distribu
tion of planetesimals is unknown, several initial conditio
are considered here, based on the current knowledge o
lisional and accretional processes. On the one hand,
eral authors (for example, Dohnanyi, 1969; Paolicchi, 19
Tanaka et al., 1996) have shown that fragmentation am
a population of bodies with different sizes lead to an eq
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Fig. 2. Scaling laws for the impact strengthS of planetesimals. The strai
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comparison.

librium differential size-distribution with a power law in
dex q = −3.5, if the fragmentation process is size ind
pendent. On the other hand, if Runaway Growth was
effective mechanisms among the most massive plan
imals (� 1 km), the resulting size-distribution may ha
been initially very steep, as observed in Runaway Gro
simulations (Wetherill and Stewart, 1989, 1993; Spaut
al., 1991). Wetherill and Stewart (1993) find that pla
etesimal accretion results in a bimodal size-distributi
with a fragmentation-tail (< 1 km) with q ∼ −3.5, and an
accretion-tail (� 1 km) with q ∼ −5.5. Two cases will be
considered here

(1) a single power law size-distribution withq = −3.6, and
(2) a bi-modal size-distribution withq = −3.5 for bodies

smaller than 1 kilometer andq = −5.5 for larger bodies

The total mass of planetesimals between Jupiter and
urn is also an unknown parameter as it relates to the in
mass of the protoplanetary nebula, consequently three c
will be considered here: 6.5, 11.5, and 50M⊕, equivalent
to 0.6, 1, and 5 times the minimum-mass nebula (in a
tion to the giant-planets’ masses). The 11.5M⊕ disk is our
standard case. The last parameter that determines the
size-distribution is the size of the largest body. Obse
tions show that cometary nuclei are typically kilometer-s
and comet Hale–Bopp is thought to have a radius of 20
km. Kuiper-belt objects are also good primitive object c
didates, with a maximum size of several 100 km in rad
Stern (1991) argues for the existence of a primordial po
lation of 103 km bodies in the outer Solar System. Thus
biggest planetesimals could be roughly in the range 5
500 km diameter. Both cases will be considered. Once
initial mass distribution is set-up for the whole system, i
equally distributed among the size-distribution vectors c
responding to each reference particle. Thus each mass b
-

-

s

l

f

each vector contains exactly 1/Nref times the total numbe
of bodies of corresponding mass.

In summary, a total of 12 different initial size-distrib
tions will be considered by varying 3 parameters:

(1) the slopeq of the size-distribution;
(2) the size of the biggest planetesimalRmax at which the

size distribution is truncated; and
(3) the total massM of material between Jupiter and Satu

Another set of 12 simulations was also performed with
ferent models for the impact strength. All cases are sum
rized in Table 2.

3.2. Dynamics of ejection

We first present the results of the reference simulation
discuss the process of scattering of planetesimals toward
outer Solar System from a purely dynamical point of vie
Because of the presence of Jupiter and Saturn (introduc
the very beginning of the integration), particles’ eccentr
ties and inclinations are rapidly increased (Fig. 3). Howe
eccentricities are raised even more rapidly than inclinat
(a 100 year timescale compared to a few 1000 years fo
clinations) due to the low inclination of the giant plane
(< 0.02 radians). Thus, the common assumptioni = e/2,
valid for a dynamical equilibrium, is strongly incorrect du
ing the first few 1000 years of evolution. During this ea
period whene � i, the dynamics of the system becomes
most two-dimensional and the collision rate is raised b
factor roughly∝ e/i. This can be seen in Fig. 4 where t
collision time (inverse of collision frequency) measured
the reference simulation at different epochs is scaled to
case of 1.5 × 1013 kilometric bodies (representing a tot
mass∼ 10M⊕) for practical use.1

At t = 0, the mean collision time for kilometer-sized bo
ies is about 5× 104 years, in good agreement with simp
estimates (see SW01) based on the kinetic theory of p
cles. As soon as the system is excited by Jupiter and Sa
the asymmetry betweene andi increases the collision-rat
so that the collision-time falls to 6× 103 years. Such colli-
sion enhancement due to a highe/i ratio has been observe
and described for Jupiter-scattered planetesimals in Cha
et al. (2001). Beyond 1000 years of evolution, the collisi
time increases again (i.e., the collision rate decreases
cause of two factors:

1. Inclinations progressively reach equilibrium, and
raised toi ∼ e/2. In theory, the collision-time may re

1 In the remainder of the paper, collision times are always given f
disk made of 1 km bodies only (no size-distribution) with total mass eq
to the minimum mass nebula between Jupiter and Saturn. This is equiv
to the intrinsic collision probability but gives a more direct appreciation
the timescales at play.
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Table 2
Initial conditions and results

Name Size Largest Total Remaining Remaining Limit of Numbe
distributiona planetesimal mass (M⊕)b 1 km bodiesc � 10 km bodiesb > 50% pristined figure

S = 3× 106 erg/cm3

C1-1 power-law 50 km 11.5 75% 80% 3 km 8
C1-2 power-law 500 km 11.5 93% 96% 1 km 8
C1-3 power-law 50 km 50 50% 55% 10 km
C1-4 power-law 500 km 50 83% 85% 10 km
C1-5 power-law 50 km 6.5 83% 85% 1 km
C1-6 power-law 500 km 6.5 95% 97% 300 m
C2-1 bimodal 50 km 11.5 22% 45–90% 500 m 8
C2-2 bimodal 500 km 11.5 22% 45–100% 500 m 8
C2-3 bimodal 50 km 50 15% 30–80% 300 m
C2-4 bimodal 500 km 50 15% 30–100% 300 m
C2-5 bimodal 50 km 6.5 30% 55–90% 500 m
C2-6 bimodal 500 km 6.5 30% 55–100% 500 m
S = 105 erg/cm3

C3-1 power-law 50 km 11.5 28% 30% 10 km 9
C3-2 power-law 500 km 11.5 68% 72% 30 km 9
C3-3 bimodal 50 km 11.5 16% 25–38% 70 m 9
C3-4 bimodal 500 km 11.5 16% 25–100% 70 m 9
S = strain-rate model
C4-1 power-law 50 km 11.5 28% 30–100% 1 km 10
C4-2 power-law 500 km 11.5 70% 72–100% 2 km 10
C4-3 bimodal 50 km 11.5 16% 50–100% 200 m 10
C4-4 bimodal 500 km 11.5 16% 50–100% 200 m 10
S = hydrocode model
C5-1 power-law 50 km 11.5 68% 95–100% 400 m 11
C5-2 power-law 500 km 11.5 80% 98–100% 200 m 11
C5-3 bimodal 50 km 11.5 35% 90–100% 400 m 11
C5-4 bimodal 500 km 11.5 35% 90–100% 400 m 11

This table summarizes results shown in Figs 8 to 11.
a “Power-law” refers to a singleq = −3.6 differential size-distribution, “bimodal” refers to a distribution withq = −3.5 for r < 1 km andq = −5.5 for

r >1 km.
b 6.5, 11.5, and 50M⊕ correspond to a disk’s mass of 1.6, 2, and 5.3 times the minimum mass nebula between Jupiter and Saturn, respective

material+ planets).
c Ratio of the final number to the initial number of bodies in the size range, these bodies may be pristine or fragments.
d Radius above which at least 50% of planetesimals are pristine and not fragments.
arti-
tion.

ref-

colli-
Fig. 3. Eccentricity and inclination versus semi-major axis of 10,000 p
cles in the reference simulation after 4000 and 130,000 years of evolu
Fig. 4. Collision time (inverse of collision frequency) measured in the
erence simulation and scaled to a 10M⊕ population of kilometer sized
planetesimals. Each point is computed by averaging more than 100
sions recorded in the reference simulation.
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Fig. 5. Distribution of semi-major axes at different epochs:t = 0 (dashed
double-dots),t = 4000 years (dashed line),t = 50000 years (dashed-dotte
line) and 133,000 years (solid line).

turn to its initial value of 5× 104 years. However, the
collision-time becomes larger than this value becaus

2. Particles are progressively transported to larger he
centric distances and the system is rapidly depleted
Fig. 5).

The rapid dynamical depletion of the system induce
rapid increase of the collision-time. The number of pa
cles below 10 AU is halved in∼ 3 × 104 years, in close
agreement with Holman and Wisdom (1993). After 1.3×105

years of evolution, only 20% of particles still remain in t
Jupiter–Saturn region. The other particles are widely spr
up to the inner edge of the Oort-Cloud and several parti
(1121 of 10,000) have been ejected from the Solar Sys
on hyperbolic orbits. The least depleted regions are

(1) in the 1: 1 resonance with Jupiter;
(2) in the 1: 1 resonance with Saturn; and
(3) halfway between both planets (Fig. 3).

At this epoch the average collision-time has risen to6

years and increases proportionally toT 0.7 whereT is the
time. Thus the main phase of collisional evolution is co
centrated in the first 104 years of evolution. This is why w
did not continue the computation beyond 1.3× 105 years.

The locations of collisions in the disk are shown in Fig
Although the system spreads to larger heliocentric distan
the great majority of collisions takes place between 5
10 AU, and no encounter is detected beyond 20 AU (Fig
A priori, this might be an artifact of having a particle disk in
tially extending only to 10 AU. However, particles scatter
by Jupiter and Saturn are put on inclined orbits, so that t
cross a dynamically cold planetesimal disk only where t
cross the plane, at the two nodal distances. Figure 7 sh
the relative distribution of the nodal distances, cumulated
to 105 years (solid) and 1.3 × 106 years (dashed). For eac
particle, the nodal distances have been recorded once p
bital period. As one sees, most of the nodal distances
,

-

Fig. 6. Location and time of all recorded encounters (122,000 in this p
The location is the mean heliocentric distance of both encountering r
ence particles at the instant of their encounter.

Fig. 7. Histogram of location of nodes location of particles’ orbit. For e
particle, the two nodal distances has been recorded once per orbital p
Both histograms have been normalized to 1. Thick line: after 105 years
evolution, dashed-line: after 1.3× 106 years evolution.

within 11 AU (78% at 105 years and 58% at 106 years). In
addition, when nodal distances are weighted according to
particle orbital-frequency,we find that 95% of the total nu
ber of disk-plane-crossing per year occurs within 12 AU
both cases. Then, we think that the consideration of a
namically cold disk of planetesimals beyond Saturn wo
not considerably change our result. Further investigation
this point, on longer timescales, will be presented in a fu
paper on the formation of the Oort cloud, including partic
in the trans-saturnian region. We also note that the scatt
particles are dispersed along curves of constant perihelio
the(a, e) diagram (Fig. 3). This reflects a close conservat
of the Tisserand parameter (which is strictly conserved w
only one perturbing planet is present on a circular orb
Therefore, the scattered particles must all pass at every
olution close to their starting point where the density—a
thus the collision probability—is high compared to neig
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boring regions. As a consequence, collisions take place
erentially in three regions (darker regions in Fig. 6):

(1) close to the orbit of Jupiter;
(2) halfway between Jupiter and Saturn;
(3) close to the orbit of Saturn.

These regions are precisely those where dynamical
tion timescales are the longest and therefore are the
densely populated. This suggests that planetesimals in
Lagrangian Points of Jupiter and Saturn may have suff
an intense collisional evolution under the heavy bomb
ment of young comets. Since collisions are concentr
around the perihelion of the planetesimals’ very elonga
orbits, the usual Particle-In-A-Box approximation to co
pute encounter velocities (of the kind ofΩKa

√
e2 + i2)

would be incorrect. The real collision-velocities are of
order of the orbital-velocities at perihelion, namely from
to 10 km/s.

3.3. Collisional evolution

We now discuss the evolution of the size distributi
resulting from the collisional evolution code. In all cases p
sented below, the size distribution is computed by summ
the number of bodies in each of the size-bins associated
the reference particles. Only reference particles scatt
by the planets onto orbits with semi-major axes larger t
12 AU are considered (i.e., about 7000 particles). Altho
only a small fraction of these bodies will be eventually sto
in the Oort cloud, we consider that their mass distributio
representative of that of the resulting Oort cloud popula
coming from the Jupiter–Saturn region. This implicitly a
sumes that the process that forms the Oort cloud rando
samples the scattered population, and that no subse
evolution of sizes occurs in the Oort cloud through the
of the Solar System.

All results corresponding to the considered cases are
sented in graphic form with 4 panel figures (Figs. 8 to
showing:

(a) the initial size-distribution;
(b) the ratio of the final distribution to the initial one (b

per bin) to emphasize evolution;
(c) the time evolution of mass contained in bodies lar

than 1 km radius (M(> 1 km)); and
(d) the fraction of “pristine” bodies at the end of the r

(i.e., the fraction of bodies which did not suffer a
catastrophic fragmentation) for each size’s bin.

Several aspects of the results are quantified in Table
make the comparison among the different cases easier.

3.3.1. Standard case: total mass of11.5M⊕
The starting size-distribution is that indicated by C1-1

Table 2: a power law indexq = −3.6 Rmax = 50 km, and
-

-
t

t

-

Fig. 8. The total mass of planetesimals is 11.5M⊕ . Collisional evolution for
initial size-distribution C1-1 (bold solid), C1-2 (bold dash), C2-1 (sol
C2-2 (dashed) (see Table 2). The starting total mass of planetesima
tween Jupiter and Saturn is 11.5M⊕ . (a) Initial size-distribution. (b) Fina
distribution divided by the initial one, to emphasize variation in the nu
ber of bodies. (c) Mass contained in bodies larger than 1 km as a fun
of time. (d) Fraction of pristine bodies, i.e., fraction of bodies that surv
intact throughout the collisional process. Notice that cases C2-1 and
follow very similar evolutions, resulting in an overlap of the two curv
(dash and solid).

total mass of 11.5M⊕ (Fig. 8a, bold solid line), consisten
with a 50M⊕ total mass of solid material from Jupiter
Neptune, which is roughly the minimum mass nebula
addition to the giant planets’ masses). So the total mas
planets plus the leftover material is about twice the minim
mass nebula. At the end of the run, the number of bodie
each size-bin is about 65–75% of the starting one (Fig.
This fraction is almost the same for all sizes: it reflects
size-invariance of the collisional process imposed by bo

(i) the assumed exponent of the size-distribution, and
(ii) the use of a size-independent impact strength (S).

The exponent of the resulting size-distribution has decre
from−3.6 to−3.5 in about 104 years. The mass contained
bodies larger than 1 km,M(> 1 km), is shown in Fig. 8c a
a function of time. Because of the high initial collision ra
(see Section 3.2),M(> 1 km) decreases first very rapid
with a 2×104 year timescale. However this period lasts o
for 1000 years due to the rapid depletion of the disk. A
consequenceM(> 1 km) decreases more and more slow
and stabilizes at about 8−9M⊕ after 4×104 years. It seem
to continue to decrease on a much longer timescale. A
ear extrapolation suggests that another few 106 years may
be required forM(> 1 km) to decrease by another fac
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of 2. However, the real timescale may be orders of ma
tudes longer due to the rapid dynamical depletion of the d
for example, Holman and Wisdom (1993) find that all p
ticles initially in the Jupiter–Saturn region suffer a close
counter with the giant-planets in 106 years after which they
are rapidly scattered away from the Jupiter–Saturn reg
Thus, it is probable that the distribution of planetesimal
frozen after only a few 104 years of evolution. Only some o
the remaining bodies are pristine (see Fig. 8c). The num
of pristine planetesimals increases steeply with mass. No
that although only 30% of kilometer sized bodies surviv
the collisional process intact, 70–100% of bodies larger t
10 km are pristine.

Increasing the mass of the biggest planetesimals from
to 500 km at constant total mass (and keepingq = −3.6),
substantially modifies the previous results because of
smaller number of small bodies. As a result the collisio
evolution is much slower compared to the previous case
illustrate this, the distribution C1-2 is considered here w
Rmax = 500 km but the same power law slope (q = −3.6)
and the same total mass (11.5M⊕). Results are shown wit
bold dashed-line in Fig. 8. At the end of the run, the s
distribution is almost unaltered: 85 to 100% of the origi
number of bodies in each mass bin survive (Fig. 8b). Am
these bodies, 80 to 100% of bodies larger than 10 km
pristine, as are 50% of the kilometer sized bodies.

Broken power-law size-distributions are now consider
distributions C2-1 and C2-2 of Table 2, characterized b
size of the biggest bodies equal to 50 and 500 km in rad
respectively. In both cases, the mass is contained most
the small bodies. As a consequence, the mass of the la
bodies is a parameter that has little influence on the e
lution of the size distribution, so that the two cases can
barely distinguished in Fig. 8 (thin solid and dashed line
Only 20% of the initial number of bodies smaller than 1 k
(in the fragmentation tailq ∼ −3.5) remains at the end o
the run (Fig. 8b). In the accretion tail (q ∼ −5.5) the frac-
tion of remaining bodies increases steeply with size fr
20% for 1 km bodies to 80% and more for 50–500 km b
ies. This slope reflects the tendency for the size-distribu
to converge toward a−3.5 power law slope. At the end o
the runq � −5.1 for bodies� 1 km. Thus the ratio of the
final to the initial size-distribution behaves asr5.5−5.1=0.4.
The remaining massM(> 1 km) is about 1/5 of its start-
ing value, reflecting mainly the evolution of kilometer-siz
bodies which dominate the cumulative mass of bodies la
than 1 kilometer. The fraction of remaining pristine bod
is very different from previous cases (Fig. 8d), with a cl
transition at 1 km radius. Below 1 km, the slope is com
rable to other previous cases, but the limit of 50% surviv
is around 500 m rather than in the 1–10 km range (for ca
C1-1 and C2-2). Whereas sub-kilometer sized bodies ar
most all fragments, bodies larger than 1 km are mainly p
tine (> 80%). This very different behavior in the accreti
tail (r > 1 km) comes from the−3 to −4 power law expo-
nent of the fragment distribution, which is shallower than
t

−5.5 power law of the original size-distribution. Fragmen
with dn/dr ∝ r−3−4 are added to a pristine population d
tributed withdn/dr ∝ r−5.5. As a simple numerical resul
fragments are far less numerous compared to the numb
pristine bodies. The large fraction of surviving bodies in
accretion tail simply reflects this mechanism.

3.3.2. A high and low total mass (50M⊕ and6.6M⊕)
The total mass of planetesimals may be an important

tor since the greater the mass, the greater the collision
and the faster the collisional evolution. For the same s
distribution, the collision frequency is expected to vary l
early with the total mass. We turn to cases C1-3 (q = −3.6,
Rmax = 50 km) and C1-4 (q = −3.6, Rmax = 500 km) con-
taining 50M⊕ of planetesimals between Jupiter and Sat
(5 times the minimum mass nebula). Results are sum
rized in Table 2. Destruction is indeed more rapid than
the 11.5M⊕ case, but final results are still comparable to
standard case: The ratio of the final to the initial mass in b
ies larger than 1 km is 50% to 83% (compared to 75%
93% for the standard case). Evolutions of bimodal dist
utions C2-3 (Rmax = 50 km) and C2-4 (Rmax = 500 km),
are again very similar to the 11.5M⊕ case. We now turn
to the case of a smaller initial mass, considering 6.6M⊕
of solid material between Jupiter and Saturn (0.6 times
minimum-mass nebula). For all initial distributions cons
ered here (C1-5, C1-6, C2-5, C2-6), the qualitative res
are again similar to the 11.5M⊕ case, but with a somewha
longer destruction timescale. For single power-law distri
tions with q = −3.6 (C1-5 and C1-6) the mass-fraction
surviving bodies of 1 km is about 80%, whereas for the
modal size-distributions C2-5 and C2-6) it is around 30
rising up to more than 55% for bodies larger than 10 k
In conclusion, it seems that the total mass of solid-mate
moderately influences the fraction of surviving planete
mals.

3.3.3. Weaker bodies (S = 105 erg/cm3)
In the previously discussed simulations bodies with

pact strengthS = 3 × 106 erg/cm3 were considered. Sinc
planetesimals are suspected to be very weak bodies,
simulations were run, corresponding to the standard
(distributions C1-1, C1-2, C2-1, C2-2), but with impa
strength decreased toS = 105 erg/cm3, thirty times smaller
than previously assumed. The evolution of weaker plane
imals is displayed in Fig. 9 and may be compared to Fig
The mass remaining in bodies larger than 1 km at the
of the run (Fig. 9c) is 3M⊕ and 8M⊕ for distributions C3-1
and C3-2, respectively, compared to 8 and 10.5M⊕ for the
standard case. For distributions C3-1 and C3-2,M(> 1 km)
is about 0.75M⊕ at the end of the run compared to 1M⊕ for
the standard case, reflecting mainly the destruction of
smallest bodies. The limit of 50% survivors is around 5
100 m. Thus, erosion is indeed more efficient than for
11.5M⊕ case, but the mass of remaining material is not lo
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Fig. 9. The total mass of planetesimals is 11.5M⊕ and the material strengt
is lowered to 105 erg/cm3. Evolution for initial size-distribution C4-1 (bold
solid), C4-2 (bold dash), C4-3 (solid), C4-4 (dashed) (see Table 2 fo
scription). See caption of Fig. 8 for details.

ered by orders of magnitude (as inferred in previous stud
but rather by a factor of 2 compared to our standard cas

3.3.4. Size-dependent impact-strength
A size-dependentS implies a size-dependent fragme

tation process. Strictly speaking, the recipe adopted
the elimination of the cut-off effect at smaller sizes (S
tion 2.3.2) becomes inconsistent. However, results sh
be roughly correct for kilometer-sized bodies and larger,
cause the collisional evolution is self-consistently compu
down to meter-sized bodies. We first consider the pop
strain-rate scaling law of Housen et al. (1991) for the imp
strength, scaled to 3× 106 erg/cm3 for 10 cm bodies (Ryan
et al., 1991, 1999, see Fig. 2). The weakest bodies are i
range 1 to 10 km, withS about 5× 105 erg/cm3. Because
of their low impact-strength, these bodies are rapidly co
sionally destroyed. Results are displayed in Fig. 10, in
standard case (a 11.5M⊕ disk) with the four usual startin
size distributions (referred to as C4-1 to C4-4 in Table
For all cases considered here, kilometer-sized planetes
disappear in priority: only 15% to 45% survive depending
the initial distribution. It is significantly smaller than prev
ous cases with a constantS = 106 erg/cm3. Note that half of
the kilometer-sized planetesimals disappear in∼ 6000 years
in rough agreement with SW01, who also used a strain
scaling law model. However, the fraction of surviving pla
etesimals is almost constant after 104 years. Moreover, quit
different results are found when using a recent scaling
for icy bodies hit by projectiles at 3 km/s obtained with a 3D
SPH hydrocode model (Benz and Asphaug, 1999). This
s

Fig. 10. The total mass of planetesimals is 11.5M⊕ and the materia
strength is scaled according to a strain-rate model (Housen et al., 1
Evolution for initial size-distribution C1-1 (bold solid), C1-2 (bold das
C2-1 (solid), C2-2 (dashed) (see Table 2 for description). See captio
Fig. 8 for details.

is presented in Fig. 2. The weakest bodies are in the r
100 m, the gravitational regime beginning at 1 km. The c
responding evolution of planetesimals is shown in Fig.
The ratio of the final to the initial size distribution show
clearly a gap around 100 m bodies, reflecting a faster c
sional evolution of the weakest bodies. The final numbe
kilometer-sized bodies is high: from 30 to 80% of the init
distribution survives, depending on the initial size distri
tion. This comes partly from the rapid depletion of the 100
planetesimals, which become too few to efficiently des
larger bodies. As a result, only little decrease ofM(> 1 km)
is observed (Fig. 11c).

3.4. A first insight into collisional damping

One important aspect that our model cannot treat is
effect of collisional damping. Indeed one may wonder if c
lisions may efficiently damp eccentricities and inclinatio
so that planetesimals are “stuck” in the giant planet reg
for a long time-period, up to the epoch when the mass
sufficiently decreased. This point was first raised by SW
For collisional damping to be efficient, the typical collisi
timescale may be comparable, or even lower, than the ty
ejection timescale induced by giant planets. Let us cons
the simple case of a 11.5M⊕ disk made of 1 km bodies. Th
collision-time in absence of perturbations isTcoll ∼ 5 × 104

years and goes down toTcoll ∼ 8× 103 years after 100 year
(see Fig. 4), after which it increases again. The times
for the dynamical excitation (Texc) is about 2× 104 years.
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Fig. 11. The total mass of planetesimals is 11.5M⊕ and the material
strength is scaled according to the 3D hydrocode model of Benz and
phaug (1999). Evolution for initial size-distribution C1-1 (bold solid), C1
(bold dash), C2-1 (solid), C2-2 (dashed) (see Table 2 for description).
caption of Fig. 8 for details.

Since at any time,Tcoll � Texc one may expect collisiona
damping to be inefficient. Astrophysical systems with e
cient collisional damping are very few (apart from the c
of fluid-systems, which are completely dominated by co
sions). For example, planetary rings are subject to a st
damping, especially in Saturn’s B ring, but the collision r
is a few tens of collisions per orbital period, and gravi
tional stirring induced by satellites is much weaker th
those induced by Jupiter and Saturn. To go beyond th
simple considerations, a simple numerical model was
which is described in detail in Charnoz et al. (2001). It i
disk made of 5000 equal and finite-size particles suffe
hard-spheres inelastic collisions and gravitational pertu
tions from Jupiter and Saturn. The particle’s radius is sca
such that the collision rate in the numerical simulation is
same as in a quiet planetesimal disk extending from Ju
to Saturn. As shown in Trulsen (1971), Brahic (1976), a
illustrated in Charnoz et al. (2001) the collisional evo
tion of a system made of a large number of small partic
may be simulated with a small number of large particle
the collision rate is the same in both systems. As parti
cross each other, they suffer inelastic rebounds as desc
in Brahic (1976), with a constant radial restitution coe
cient of 0. So, there is on average, 50% energy dissipa
over all directions. In such a model, fragmentation canno
taken into account self-consistently as well as the partic
size-distribution because of the small number of partic
However, we still think that the results may give us a fi
insight into the question of collisional damping.
d

Fig. 12. Eccentricity versus semi-major axis after 3×105 years of evolution
for particles that did not suffer any collision (left) and for particles t
suffered at least 1 collision (right).

Initial conditions are chosen to reproduce the collisi
rate of a disk made of kilometer-sized planetesimals w
total mass consistent with the minimum mass solar neb
in addition to the mass of the giant planets. In order to
this with only 5000 particles, the particle radius must be
5× 10−4 AU. The simulation was performed during 3× 105

years of evolution (three times longer than for the previ
model). Results are shown in Fig. 12. Over the 5000
tial particles, 1561 were ejected from the system (e > 1),
with 55% of them having suffered at least one collision (a
45% have not suffered collision). Of the remaining partic
(e < 1), 1832 suffered at least one collision, which rep
sents 53% of them (and 47% of intact particles). Des
dissipation in inelastic collisions the large majority of bo
intact and non-intact particles remaining in the system
transported to greater heliocentric distances, indicating
particles are not retained by collisions in the Jupiter–Sa
region. Most particles located in the Lagrangian-points
Jupiter and Saturn have suffered collisions; however, a c
parison with a collision-less simulation shows that their
namics is very similar to the collisional case. In conc
sion, Fig. 12 shows that there is little difference between
global dynamics of intact particles and the dynamics of p
ticles that suffered collisions. This suggests that collisio
damping is inefficient. Non-intact particles are somew
more widely spread at smaller heliocentric distances. T
simple model does not give the final answer to the qu
tion of collisional damping (the use of a single particle s
may result in an underestimate of the real collisional acti
induced by bodies of different sizes but, unfortunately, co
puter limitations do not allow us to do better), but it strong
suggests that collisions do not modify the global dynam
of the system, and supports the dynamical studies of the
cloud formation which did not include collisions (as in Du
can et al., 1987; see Weissman, 1996, for a review).

4. Conclusions

We have presented a new approach designed to trac
collisional evolution of a population of small bodies evo
ing under strong gravitational perturbations, such as th
exerted by giant planets. Our approach is superior to the
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sical Particle-In-A-Box approach, because it starts from
realistic representation of the dynamics given by aN -body
code, and accounts for the feedback of the dynamical ev
tion onto the collisional evolution. As an example of appli
tion, and to stress the differences of the results with res
to those of the classical approach, we study the evolu
of the size-distribution of planetesimals during their eject
towards the Oort cloud caused by the scattering action o
giant planets. As a first approach, this work is restricte
the Jupiter–Saturn region, where collisional and dynam
timescales are shorter compared to the Uranus and Ne
regions because of

(1) a high density of planetesimals,
(2) a small heliocentric distance; and
(3) the large masses of the perturbing planets.

Our main goal has been to quantify which fraction of pl
etesimals is destroyed in catastrophic collisions before
they can reach the Oort cloud. Concerning the sole dyna
of the ejection induced by Jupiter and Saturn, we find th

1. Bodies between Jupiter and Saturn are efficiently tr
ported away and the number of planetesimals within
orbit of Saturn is halved in less than 5× 104 years,
in good agreement with previous studies (Holman
Wisdom, 1993).

2. Particle inclinations are raised less rapidly than ecc
tricities in the first 1000 years of evolution due to t
small inclinations of Jupiter and Saturn (with respec
the invariable plane). As a consequence of the highe/i

ratio (� 2), the collision times falls strongly in the fir
103 years: from 1 collision/particle every 5× 104 years
to 1 collision/particle every 5× 103 years (Fig. 4) for a
standard 10M⊕ population composed of kilometer-siz
planetesimals between Jupiter and Saturn.

3. After 103 years evolution, the collision time again i
creases monotonically due to the progressive excita
of the inclinations and the dynamical depletion of
disk.

4. Collisions are preferentially located
(1) at Jupiter’s and Saturn’s orbit (because bodies in

1 : 1 resonance with a planet are stable and off
cumulatively large collision cross-section and a
because scattered bodies keep their perihelia lo
close to the giant planet’s orbit); and

(2) between 6 and 8 AU, a region in which the eject
timescale is longer than close to the giant plan
(Holman and Wisdom, 1993).

Following this dynamical study, the evolution of the siz
distribution for several starting population was conside
varying parameters like the total mass, the largest bo
mass and for material strength. Our results are summa
in Table 2. Our main results are the following:
t

e

1. In all cases, the rapid dynamical depletion of the disk
lows a substantial fraction of the total mass of planet
mals to survive in bodies larger than 1 km (either prist
or fragments). In the manner of a hot gas which expa
violently, the collision rate falls dramatically after∼ 104

years as the disk is progressively blown-out. As a res
the system is “frozen” after 1–2× 104 years evolution
The fractional surviving mass depends strongly on
initial total mass, the size-distribution and the mate
strength. Over all cases considered here, 15 to 90%
the mass contained in bodies larger than 1 km rem
in bodies larger than 1 km. This fraction grows to 2
100% for bodies larger than 10 km. For the stand
case (twice the minimum mass nebula including Jup
and Saturn’s mass,S = 3 × 106 erg/cm3, power-law
size-distribution), more than 70% of the mass in b
ies larger than 1km remains in this form at the end
the run. Note that this ratio falls down to 22% if the in
tial size-distribution is a broken power law with a bre
at 1 km.

2. For the same total mass of planetesimals, the large
biggest body, the slower the collisional evolution. If 5
to 1000 km bodies were initially present between Jup
and Saturn, more than 50% of the mass containe
bodies larger than 10 km remains at the end of the
lution in all cases encountered here.

3. An impact-strength varying with size was also cons
ered, and the result depends substantially on the ch
scaling law. Two laws were considered here (an ana
ical strain-rate model and a recent law coming from
3D-hydrocode), for which weakest bodies are resp
tively ∼ 1 km or ∼ 100 m. In the first case, the d
struction of km-sized bodies is at first very rapid, b
at least 15% of them survive in all cases conside
thanks to the dynamical depletion of the disk. For
recent hydrocode scaling-law, up to 75% of kilomet
sized bodies survive when the initial size-distribut
has a slope at collisional equilibrium (∼ 3.5). Bodies
larger than, respectively, 10 and 1 km easily survive
to their self-gravity.

4. The size limit for having at least 50% pristine bod
(or survivors) is in the range 100 m to 10 km depe
ing on the choice of the parameters (see Table 2). F
broken power-law size-distribution, bodies in the ste
part of the distribution are almost all pristine. Becau
of the wide range of parameters the results have a c
spondingly wide range. Note that for our standard c
25 to 100% of bodies larger than 1 km are pristine
the end of the run. In the case of an initial distribut
with a biggest body of 500 km, the fraction of pristi
bodies larger than 1 km is in the range 50 to 100%.
most favorable case is for bi-modal initial-distributio
for which the fraction of pristine bodies is always larg
than 80% for bodies larger than the transition rad
(1 km here).



Coupling dynamical and collisional evolution of small bodies 155

r-
lso
cli-

to-
ted
not
les

ual-
uf-
of
w-

ew
eals
d by
an

nal
cal-
5%,
hese
his-
the

The
fer-
ove
at-
ical
ong

ort
01

ion-
ta-
Our
tly
n

ud
the
a

nt-
om-
ing
er
lar
ing

tit,
that
nks
ted

142,

in a

avy
off.

tion
73,

mall
589–

zel,
. In:
. of

per

ris.

f the

ltic

978.
ion.

of

lar
87–

la-

tem.

oid

97.

nd
10,

kup

city
Dyn.

III.
ster-

of

cre-
92,

ial
gap.

m—
271–

ets
By using a direct simulation employing finite-size pa
ticles suffering dissipative hard-sphere collisions, we a
investigated if collisions can damp eccentricities and in
nations and prevent planetesimals from being ejected
wards the Oort cloud. Despite the simplicity of the adop
model, our results suggest that the global dynamics is
substantially modified by collisions and that most partic
are ejected to the outer Solar System despite collisions.

This work echoes that of SW01 because, from a q
itative point of view, we also find that planetesimals s
fer a rapid collisional evolution at the very beginning
their gravitational scattering by Jupiter and Saturn. Ho
ever, from a quantitative point of view, the use of our n
approach, which couples collisions and dynamics, rev
that the erosion process is less efficient than suggeste
SW01. In SW01, only 0.1 to 10% of the bodies larger th
1 km in the Jupiter–Saturn region survive the collisio
grinding and are ejected towards the Oort cloud. In our
culations, the corresponding fraction ranges from 15 to 9
depending on the parameters used in the simulation. T
differences show the importance of following a more sop
ticated approach like the one that we have developed, ra
than a classical Particle-In-A-Box approach as in SW01.
differences in the results are in fact entirely due to the dif
ent computational approach. Indeed we are able to rec
SW01 results if we artificially suppress the dynamical sc
tering of the planetesimals by the giant planets (the typ
destruction timescale we find is about 6000 years for str
material, close to 4000 years found by SW01).

For what concerns the problem of the origin of the O
cloud, our results suggest that the conclusions of SW
should be tempered and reabilitates the classical collis
less model of the formation of the Oort cloud by gravi
tional scattering, as described in Duncan et al. (1987).
conclusion on the insubstantial role of collisions is stric
valid only for the Jupiter–Saturn region, which is well know
to have only a minor role in the formation of the Oort clo
for dynamical reasons. For a more appropriate study of
role of collisions in the Oort cloud formation process, in
future paper we will extend our analysis to the entire gia
planet region, up to the Kuiper belt. We stress that our c
putational approach is suitable for a variety of interest
problems, such as the collisional evolution of the Kuip
belt, the asteroid belt and of the population of the irregu
satellites of the giant planets, during the primordial sculpt
of the Solar System.
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