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We report on numerical simulations exploring the dynamical sta-
bility of planetesimals in the gaps between the outer Solar Sys-
tem planets. We search for stable niches in the Saturn/Uranus and
Uranus/Neptune zones by employing 10,000 massless particles—
many more than previous studies in these two zones—using high-
order optimized multistep integration schemes coupled with round-
off error minimizing methods. An additional feature of this study,
differing from its predecessors, is the fact that our initial distribu-
tions contain particles on orbits which are both inclined and non-
circular. These initial distributions were also Gaussian distributed
such that the Gaussian peaks were at the midpoint between the
neighboring perturbers. The simulations showed an initial tran-
sient phase where the bulk of the primordial planetesimal swarm
was removed from the Solar System within 10° years. This is about
10 times longer than we observed in our previous Jupiter/Saturn
studies. Next, there was a gravitational relaxation phase where the
particles underwent a random walk in momentum space and were
exponentially eliminated by random encounters with the planets.
Unlike our previous Jupiter/Saturn simulation, the particles did not
fully relax into a third Lagrangian niche phase where long-lived par-
ticles are at Lagrange points or stable niches. This is either because
the Lagrangian niche phase never occurs or because these simula-
tions did not have enough particles for this third phase to manifest.
In these simulations, there was a general trend for the particles to
migrate outward and eventually to be cleared out by the outermost

planet in the zone. We confirmed that particles with higher eccen-
tricities had shorter lifetimes and that the resonances between the
jovian planets “pumped up” the eccentricities of the planetesimals
with low-inclination orbits more than those with higher inclinations.
We estimated the expected lifetime of particles using Kinetic theory
and even though the time scale of the Uranus/Neptune simulation
was 380 times longer than our previous Jupiter/Saturn simulation,
the planetesimals in the Uranus/Neptune zone were cleared out
more quickly than those in the Saturn/Uranus zone because of the
positions of resonances with the jovian planets. These resonances
had an even greater effect than random gravitational stirring in
the winnowing process and confirm that all the jovian planets are
necessary in long simulations. Even though we observed several
long-lived zones near 12.5, 14.4, 16, 24.5, and 26 AU, only two par-
ticles remained at the end of the 10°-year integration: one near the
2:3 Saturn resonance, and the other near the Neptune 1:1 reso-
nance. This suggests that niches for planetesimal material in the
jovian planets are rare and may exist either only in extremely nar-
row bands or in the neighborhoods of the triangular Lagrange points
of the outer planets. © 1999 Academic Press

1. INTRODUCTION

Why is there an apparentlack of planetesimal material betwec

the outer planets in the Solar System? Is it due to observation
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bias—the bodies are there, but are distant and dark and just ddrenus/Neptune zones (by virtue of their semimajor axes, al
not be observed? Did these regions suffeahtinitio depletion though not necessarily where they spend the majority of thei
of planetesimal material for reasons as of yet not understoddfie). Comets whose semimajor axes place them in the Saturt
Or is it simply that these regions are dynamically unstable ovdranus zone include Comet P/Halley and the Earth-threatenin
long time periods? This third hypothesis is one we can test. \@®@met P/Tempel-Tuttle. In the Uranus/Neptune zone is Come
therefore seek to explore the dynamical stability of planeteB{Swift—Tuttle, another Earth-crossing comet, which is associ:
imals in the gaps between the outer Solar System planetsdtgd with the Perseid meteor stream. As with the Centaur aste
simulating the evolution of 10,000 massless test particle placeids, all of the short-period comets whose semimajor axes lie it
in each of the interplanet gaps. The particles are initially dhe range between Saturn and Neptune are on planet-crossin
random orbits (selected from the prescription described belowgnce unstable, orbits.
and their trajectories are simulated using high-order optimizedOur computational simulations support these observations
multistep integration schemes coupled with roundoff error mihike our earlier Jupiter/Saturn study we find that, even taking
imizing methods. into account the longer dynamical time-scales associated witl
In contrast with the Jupiter/Saturn zone, there have been caimese regions, there appear to be no stable niches for planete
paratively few computational studies of planetesimal lifetimegals in the outer Solar System apart, perhaps, from the neigk
in the Saturn/Uranus and Uranus/Neptune zones. This is labrhood of the triangular Lagrange points of Saturn, Uranus
most certainly a byproduct of the extreme computational eand Neptune. Though we found one Neptune coorbiter, our ini:
pense that results from the much slower dynamical evolutitial distributions were biased against finding a large number o
of these regions when compared to the Jupiter/Saturn zone.duoter planet “Trojans.”
deed, our present studies—with 10 times fewer particles than our
Jupiter/Saturn simulation (Graziet al. 1999, hereafter called 2 PREVIOUS WORK
Paper I)—took approximately 30 times as many CPU hours. In
Paper | we delineated three distinct phases of planetesimal evoluthere have been several earlier investigations of these region
tion in the Jupiter/Saturn zone. Using kinetic theory to estimatethe first of these focused studies, Shoemaker and Wolfe (198¢
depletion rates for each phase, @lr initio calculations pre- hereafter SW84) examined the dynamical evolution of planetesi
dicted that the initial rate of depletion of planetesimals would bwgals situated between Uranus and Neptune. Modeling planeta
a factor of 80 slower in the Saturn/Uranus and Uranus/Neptudese encounters usir@pik’s method, SW84 followed the or-
zones than in the Jupiter/Saturn zone. Our calculations also inttal evolution of 2000 test particles for 4.5 Gyr. They found that
cated that this factor would increase to at least 200 for the secdhd vast majority of the particles initially situated in this zone
phase. In the simulations, the factor for this second phase of ewere ejected from the Solar System. Nine percent of their initial
lution was more nearly 400. In the early stages of this simulatiosample survived the entire simulation, however.
we employed as many as 50 fast Hewlett—Packard workstation$n 1989, Duncaret al.(1989; hereafter referred to as DQT89)
running simultaneously, each having identical planetary posiefined a two-adjacent-planet mapping that approximated th
tions, but with different planetesimal populations. restricted three-body problem. In their model, planets were con
There are very few known objects with semimajor axes in thimed to circular, coplanar orbits; test particles had initially small
range between Saturn and Neptune. The Jet Propulsion Lab@eeentricities and were similarly confined to the invariable plane
tory maintains the Horizons database of all known Solar Systd®article orbits were treated as Keplerian, except at conjunction
bodies for which the orbits are well-determined (Giorgihal. where they were given impulsive perturbations. Using this map-
1996). This database contains only eight asteroids, knownpaisg method, they examined the zones between each of the out
Centaurs, whose semimajor axes lie in the Saturn/Uranusptainets for up to 4.5 Gyr. They found that many of the nearly cir-
Uranus/Neptune zones. Even the term “asteroid” can be neldar orbits in both the Saturn/Uranus and the Uranus/Neptun
ulous in describing bodies in the outer Solar System becawgsps might survive over the lifetime of the Solar System—in
the composition of many such bodies is more cometary in nahat they called “Kuiper Bands.”
ture. Chiron, probably the most well-known Centaur, has both The following year, Gladman and Duncan (1990; hereafter
an asteroid designation (2060 Chiron) and a comet designat®bB90) presented results that were in dramatic contrast witt
(95 P/Chiron). The latter was a result of the observations ththbse of DQT89. Using a fourth-order symplectic mapping
Chiron both has a dust coma (Meech and Belton 1989) and exethod developed by Candy and Rozmus (1990), GD90 pel
hibits bursts of outgassing (B al. 1991). The orbits of all formed a three-dimensional integration of the trajectories of
the known Centaur objects are very eccentric and cross the t80 nearly circular, coplanar zero-inclination particles—90 in
bits of at least one planet. In fact, 1996 PW is an Earth-crossiagch of the Saturn/Uranus and Uranus/Neptune zones—for u
asteroid. These planet-crossing asteroids almost certainly haw@2.5 Myr. The positions and velocities of the planets in their
orbits that are unstable over long time periods. simulation were not coplanar and were selected according t
The outer Solar System is also host to a handful of comedtee LONGSTOP 1B initial conditions (Nobiit al. 1989). They
whose orbits place them ostensibly in the Saturn/Uranus found that most of the test particles were removed by close
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approaches within 10 Myr. GD90 reported that one band, camethod. We expanded upon this methodology in Paper | an
tered at about 26 AU, contained particles that survived the giresented the results of several tests designed to determine
tire integration while maintaining low eccentricities. They conenergy and longitude error growth properties of this integra
cluded that the survival of this band over Solar System lifetiméisn method. A detailed and mathematically rigorous develop
was doubtful. ment of this method, as well as related multistep methods, i
Holman and Wisdom (1993; hereafter HW93) used their syrm Goldstein (1996). Information and test results specific to the
plectic mapping technique (Wisdom and Holman 1991) to suntegrator used in this study can be found in Grazier (1997). /
vey the outer Solar System for stable orbits in the range froversion of the modified $tiner integrator similar to that used
5 to 50 AU. In the HW93 simulations, the integrations wera this study is available on the World Wide Webhdtp://
performed in three dimensions—using three-dimensional imgentalith.astrobiology.uclaedu/varadi/NBI/
tial planetary conditions from Coheat al. (1973)—but with all NBLhtm|
planetesimals initially on zero-inclination circular orbits. After Our simulation began with ten thousand test particles place
an 800-Myr simulation, they found that no particles survived b elliptical, inclined heliocentric orbits, and their trajectories
tween Saturn and Uranus, and only 6 (of 438) survived betweerre integrated for up to one billion years—a 10-fold increas
Uranus and Neptune. Similar to GD90, 4 of these were ndartime beyond our previously reported results (Grazgeal.
26 AU. HW93, like GD90, found that most of the test particle$995)—or until they were removed from the simulation. The Sur
in these zones were removed o' 4@ar time-scales. HW93 and all of the jovian planets were included as perturbers and we
also performed integrations of particles initially situated at thautually interacting, but the test particles were treated as mas
triangular Lagrange points of the outer three planets. They fouleds. Initial planetary positions were determined for one epoc
that the neighborhood near the L4 and L5 points of Uranus afidm the DE245 ephemeris (Standish, personal communicatio
Neptune was stable for up to 20 Myr. The corresponding poirt994) and were identical to those in our Jupiter/Saturn stud
for Saturn were unstable, although patrticles initially situated ilthough input/output was given in heliocentric coordinates, all
an annular region surrounding the L4 and L5 points were stalifi¢éegrations were performed in a barycentric frame.
for 20-Myr time frames. This last result was corroborated by de The initial test particle semimajor axes were Gaussian
la Barreet al. (1996), who found Saturn librators (which theydistributed so that the mean semimajor axis peaked at the me
termed “Bruins”), which were stable for up to 412 Myr. value of the two neighboring planets (14.35 AU for Saturn/
Levison and Duncan (1993) and Duncan and Quinn (1998fanus; 24.62 for Uranus/Neptune), and thefints were co-
used a modified Wisdom—Holman scheme, in which the plarniacident with the planets’ orbits. No orbits were allowed within
tary motions were determined from a synthetic secular perturtiab AU of the innermost planet or 0.5 AU beyond the outer-
tion theory, and examined these regions for up to 1 Gyr. Usimgost. The initial distributions in inclination, eccentricity, phase
low-inclination, nearly circular orbits, they found that nearlangles, longitude of nodes, and longitudes of perihelia were tt
all of the test patrticles initially in these zones became planesame as those in our Jupiter/Saturn study.
crossers within 19years—except for a few long-lived bands at In this simulation, a test particle was considered to be elim
16, 24, and again, 26 AU. All particles became planet-crossiimtated if it met one of three criteria—exactly those we usec
by 1 years. for Jupiter/Saturn. Particles were removed from the simula
Most recently Holman (1997), also using the Wisdomtion if they (1) underwent a close-encounter and passed withi
Holman symplectic scheme, simulated the orbits of “severtle sphere of influence of a planet, (2) were ejected from th
thousand” test particles in the Uranus/Neptune zone in the rarmar System, or (3) collided with the Sun. Further details o
of 24 to 27 AU. Their orbits were integrated for durations up tthe elimination criteria can be found in Paper I. Similar to our
4.5 Gyr. The particles in this simulation had inclined and noncidupiter/Saturn study, no “Sun-grazers” were detected for eithe
cular orbits, with initial inclinationsig) ranging from 0 to 10°,  Saturn/Uranus or Uranus/Neptune planetesimals.
and initial eccentricitiesgp) less than 0.05. Holman found that
all test particles withey > 0.03 orip > 3° were removed within 4. THE SATURN/URANUS ZONE
1 Gyr, while all test particles witky > 0.01 orip > 1° were re-
moved within 4.5 Gyr. The study found that two bands, one nearln Paper |, we delineated three distinct phases in the evolutio
24.6 AU and the other near 25.6, can preserve planetesimal mafgzarticles situated in the interplanet gaps (based upon the nur
rial for billion-year time periods. In fact, five test particles in théer of surviving particles as a function of time): a transient phase
band near 25.6 AU survived the entire 4.5-Gyr simulation, simé-gravitational relaxation phase, and a Lagrangian/niche phas
lar to previous studies which suggested a stable band near 26 Rurthermore, we developed a kinetic theory to describe the e
pectede-folding times for the first two of these phases. Becaust
3. NUMERICAL METHODS of the different orbital periods and mass ratios of the neighborin
perturbers, we expect to find significant differences in the evolu
The numerical method used for the integration is a roundoffen of the Saturn/Uranus zone—as well as the Uranus/Neptur
minimized truncation-controlled 13th-order modifiedbf®tér zone—in comparison with the Jupiter/Saturn zone.



356 GRAZIER ET AL.

Eject

10“5.,..,.,..,....1.... R RARE N RS
i TABLE |
16° | Depletion “Mechanisms” for All Saturn/Uranus Planetesimals
& F E as a Function of Their Initial Semimajor Axis Range, in 0.2-AU
g ] Increments
<
g r i
& 1021 a Distance Alive Jupiter Saturn Uranus Neptune
I ] 9.0 0 0 3 0 0 0
g r ] 9.2 0 0 0 0 0 0
& ol | 9.4 0 0 2 0 0 0
g E 9.6 0 0 8 0 0 0
§ 3 9.8 0 0 13 0 0 0
i 1 10.0 0 0 19 0 0 0
ol e e b e e L 10.2 0 0 21 0 0 0
0 1 2 3 4 5 6 4 3 10.4 0 1 20 5 0 0
' g 10.6 0 0 31 1 1 0
Time (107yr) 10.8 0 0 44 5 0 0
FIG.1. Number of surviving planetesimals as a function of simulation time 11'2 8 i ?I 12 (2) ?)
for the Saturn/Uranus zone. We see the first two of three phases we delineatel%'4 0 0 - 14 0 0
in our Jupiter/Saturn study—the system appears to be in transition to the thir%lle 0 1 112 20 1 0
phase at the simulation’s end. 118 0 0 118 39 0 0
. . i 12.0 0 0 137 40 5 0
In Flg. 1, we plot the number of surviving planeteglmals asjo o 0 1 156 46 2 0
a function of time for the Saturn/Uranus zones. The first phasei2.4 1 4 226 51 4 0
what we have termed the “transient phase,” extends from thé&2.6 0 2 233 51 6 1
beginning of the simulation to.Q x 10° years. In this phase, the E-g 8 g ;g; 112 i g
bulk of the particles removed from the simulation are initially ;5’5 0 5 250 132 - 0
situ_ated _in the wings_ ofthe distribution and are removeql by int_er13.4 0 1 255 164 8 0
acting with the activity spheres (see Paper I) of the neighboringa.e 0 0 275 172 12 0
planets by differential rotation. A lesser effect is that many of thel3.8 0 2 283 210 6 0
very eccentric particles throughout the distribution, regardless*-9 8 i 228 52421 13 8
of initial semimajor axis, are terminated during thl§ phase. 14.4 0 4 299 259 10 0
Based upon this argumen_t, we expect the coII|_3|on frquencyﬂhﬁ 0 2 175 285 15 0
v to vary asno Av, wheren is the number density of collid- 14.8 0 0 57 412 0 0
ers (i.e., the jovian planetsy, is the “collision cross section” 15.0 0 0 30 373 3 0
of the collider, namelyr R? whereR is the radius of the two 152 0 1 21 sr7 0 0
- . L 15.4 0 0 26 346 4 0
activity spheres, and\v is a measure of the velocity differ- 15.6 0 0 29 313 N 0
ence betwgen planetesim_al and planet (Sor_nmerfel_q 1956). W g 0 0 24 291 2 0
used a weighted geometric mean of the activity radii of Saturne.o 0 0 12 276 2 0
(0.36 AU) and Uranus (0.35 AU)—weights appropriate to the16.2 0 0 9 239 2 0
ratio of the number of particles removed by Uranus to those reig-g 8 8 g igg (2) 8
moved by Saturn. Taking that ratio to be 1.5 (see Table I), WEg'g 0 0 6 142 1 0
3/5 2/5 o .
useR= RUranusX RSa_tum_yleldl_ng R=0.35 AU. . 17.0 0 0 0 112 1 0
The number density is estimated from the volume appropri-17.2 0 0 4 104 1 0
ate to our initial planetesimal distribution and has the form of17.4 0 0 4 57 0 0
a torus extending between the orbits of the two adjoining plani’-6 0 0 0 64 0 0
. . . .,17.8 0 0 2 46 0 0
ets, subtending an angle normal to the invariable plane W|tr180 0 0 5 45 0 0
respect to t_he Sun of40° (chosen to include 9_9% of the ini- 4g- 0 0 0 14 0 0
tial population). We calculated the corresponding volume to bes.4 0 0 0 20 0 0
~9136 AL’. Because the circular velocity o« a~%2, where 186 0 0 0 7 0 0
a is the semimajor axis, we estimated the differential velocity18-8 0 0 0 6 0 0
. I 19.0 0 0 0 9 0 0
Av according to the velocity difference between a planet at thelg 2 0 0 0 5 0 0
center qf an gctivity sphere and a planetesimal on a circulajg 4 0 0 0 1 0 0
orbit at its periphery, hencAv ~ (Aa/2a)v, whereAa = Ry Totals 1 o8 3996 5851 123

(whereRytis the activity sphere radius). For the Saturn/Uranus

[
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zone, we obtainedv ~ 2.1 x 10-2 AU/year. Combining these Wy T T T

quantities yields an approximagefolding time, i.e., the recip- ; I ‘ ‘ \ | ‘ ‘ l l ‘ ]

rocal ofv, of 5.5 x 10° years while the computational result was 10 E

3.5x 10° years. 3 ]
In the second, gravitational relaxation, phase, the wings of the

particle distribution are replenished as planetesimals undergo

form of random walk in momentum space—caused by inter-

mittent gravitational boosts—as they migrate among the jovian

planets. We can employ the Virial Theorem to help us deter-- i

mine the time-scale associated with this process—describing E ll

the length of time required for a particle to undergo a major de- :

flection by a planet. We relat®v to the effective interaction dis- 1035_ q l I

tancer between a planetesimal and a planet of mdssamely i J ' H | : \ ‘ ‘ E ‘ | ’ E i

GM/r ~ Av2. Accordingly, we replace the “hard sphere” cross L T T T

sectiono introduced above by the velocity-dependent version Semimajor Axis (AU)

o, according tarr? ~ 7(GM/Av?)?. Then, the appropriate

time scaler varies as\v®/7n(G M)2. This expression shows us FIG. 2. Particles were grouped according to initial semimajor axes in

that gravitational collision times are smallest whenis small- 0.2-AU intervals and sorted with respect to their lifetimes. High and low values

. ; - esent the first and third quartiles, respectively. Jupiter and Saturn comme
est, hence, planetesimals that closely flank the activity Spheg%%bilities are indicated across the bottom, while those for Uranus and Neptut

are among the first to be deflected into the path of these Sph%{rgsndicated at the top. With the exception of the long-life band centered &
of influence. Particles in our simulation |n|t|a”y had a Gaussiaiy.2 AU, we see that 75% of the planetesimals are eliminated7i|ya@‘s, We
distribution with respect to their semimajor axes, and thus thos® also see long-life bands centered at 12.5 and 16 AU.
closer to the center of the Gaussian distribution require much
more time to complete their random walk into the path of a motigation, agreement was substantially better. One possible e
ing activity sphere. We estimate the lifetime of those particlgganation here is the consequence of our employing a factc
that must undergo the greatest changain of 10 fewer particles. However, we believe that the other plan
We first calculated the velocity of a particle on a circular orets, particularly Jupiter, have an especially important role in th
bit halfway between Saturn and Uranwg,. = 1.66 AU/year, Saturn/Uranus zone. In addition to Saturn and Uranus, there a
then approximatedv by Av ~ (Aa/2a)v. Our averagé\v was a number of resonances from both Jupiter and Neptune whic
0.56 AU/year. Because we wish to consider gravitational scaffectively scatter particles throughout the Solar System.
tering by either Saturn or Uranus, we will employ a weighted Evidence for this can be seen in Fig. 2. We have grouped th
geometric mean of theiG M values, weighted in the sameparticles by initial semimajor axis in 0.2-AU intervals and sorted
manner as were the activity radii for the transient phase, gihe particles in each interval with respect to lifetimes. The higt
ing 3.7 x 10-3 AU%/yeaf. We obtain, therefore, a gravitationaland low values represent the first and third quartiles, respectivel
relaxation time-scale.® x 10’ years, in comparison with our Along the bottom of the figure, we indicate the positions of low-
empirical value of & x 10’ years. order mean motion commensurabilities of Jupiter and Saturr
We observe here that, by the end of the simulation, the syghile across the top we show commensurabilities with Uranu
tem is making the transition to the third phase, but for the masitd Neptune. The location of mean motion commensurabilitie
part this Lagrangian/niche phase is conspicuously absent. Wat we have indicated are those at the start of the simulation ar
attribute this to two reasons. First, ?1@ears is not sufficient do not reflect short- and long-term variations of the semimajo
for the full gravitational relaxation of the Saturn/Uranus zonexes of any of the planets.
Second, for our planetesimals, the initial Gaussian distributionFigure 2 clearly indicates that, with the exception of a banc
in semimajor axis is such that the tails lie at the orbits of Satucentered at 14.2 AU, the overwhelming majority of the particles
and Uranus. Compared to our Jupiter/Saturn survey, the partici¢his region are depleted within 19ears. In Fig. 2, we also ob-
density near the wings is rarefied—we have employed 10 timgsrve rapidly depleted bands whose existence would be difficu
fewer particles over nearly twice the semimajor axis range. Owrexplain merely as the combined effect of Saturn and Uranu:
initial conditions, therefore, vastly reduce the odds that theBer example, the region from 12.6 to 13.2 AU is a band in whict
simulations will yield Saturn or Uranus coorbiters. Had the syfhe particle lifetimes are relatively short. The position of this
tem reached full gravitational relaxation (i.e., which perhagzsnd is not easily explained when we look at Saturn and Urant
might emerge had the integration been continued to the ageatiine, but we see that the Jupiter 1:4 mean motion resonan
the Solar System), we are not convinced that the third phasay have aided in clearing this band of planetesimals. If so, thi
would have manifested. confirms the conclusion in GD90 that, in order to capture the
For the first two phases, our kinetic theory yields reasonalignamics of the Solar System, any simulation must necessari
order-of-magnitude estimates, but in our Jupiter/Saturn invaselude all of the jovian planets.
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In Table I we indicate the relative importance of various mech- ~ S00————F——— 77— 1T
anisms for depleting particles from the Saturn/Uranus zone acg i
cording to the planetesimals’ initial semimajor axes. In eachs
0.2-AU interval, we enumerate how many test particles sur-:
vived until the end of the simulation, how many were elimi- <

Q

nated through collision with the activity spheres of the jovian & 4yl

—

planets, and how many were ejected from the Solar System’s
In our Jupiter/Saturn study, we found that the ratio of particles %

eliminated by Saturn to that by Jupiter was basically uniform 2 20

—

and explicable by simple geometrical-kinetic arguments. Hereg:
we see a much more intricate pattern that no longer preserve °

400F

mals

Uranus

a

the ratios and that shows a pronounced asymmetry, which Wi—é 100

attribute to the symmetry-breaking influence of Jupiter and, to.2

a lesser extent, Neptune. Also in our Jupiter/Saturn study, we ol s
found that a greater number of particles was eliminated by inter- 8 10 12 14 16 18 20
action with the activity sphere of the outer planet, rather than by Semimajor Axis (AU)

the 'n.ner' This 'S_ as eXpeCteq' Smc? a pIaneteS|maI _on an OrblIt:IG. 4. The number of particles eliminated by both Saturn and Uranus as
crossing the orbits of both neighboring perturbers will spendadunction of the initial particle semimajor axis. As with Fig. 5, we fit Gaussian
greater time in the proximity of the outer planet. functions through the data to indicate more clearly where the results are peake:

In Fig. 3 we plotthe number of particles eliminated by Jupité/ye see a much greater splitting of the peaks than in the Jupiter/Saturn zone.
and by Saturn as a function of initial semimajor axis. This plot

yields two Gaussian-like curves, peaked at 6.98 AU (particl i :
eliminated by Jupiter) and 7.54 AU (particles eliminated b?LS8 AU versus a 9.7-AU range. We see two possible reasons fc

termine where the curves are peaked. The peak-to-peak d|Stan(§:r1ee: 6.5 for Saturn/Uranus, 3.3 for Jupiter/Saturn, and 1.1 fo

IS 056 AU within an overall range of 4.8 AU.' In_Flg_. 4we preser]\Jranus/Neptune. Additionally, we may also be seeing the com
a similar plot for the Saturn/Uranus zone, indicating the numbgr

of particles eliminated through interaction with the neighboringmed effects of Jupiter and Neptune.

. - . Complementary to Table | is Table II, in which we present
planets. Again, we see two Gaussian-like curves with the outer -~ s . o
eI o . - The mean and standard deviation of initial and final semimajol
planet eliminating the majority of the planetesimals. As wit

Fig. 3, we have plotted the best-fit Gaussian function throu Ghes for all particles ellmlnated by the activity spheres of the
. . vian planets. Further, in Table Ill, we enumerate the numbel
the curves to determine where the data are peaked. In Fig. 46 e

peaks of the two curves at 13.3 and 15.1 AU have a distance oPar_tches that ended the smulauon with their SEMIMajor axe:
in various ranges. Three particles ended the simulation havin

semimajor axes between 5.2 and 9.5 AU—in the Jupiter/Satur
zone. This accounted for less than 3% of our sample. The bulk
the particles, nearly 93%, was situated between 9.5 and 19.2 Al
when they were terminated—stillin the Saturn/Uranus zone. De
spite the general trend of the particles to migrate outward durin

4000 e

3500

3000

Saturn

2500 TABLE 11

Initial and Final Mean Semimajor Axes, and Standard Devia-
tions, of All Saturn/Uranus Planetesimals Eliminated by Each of
the Jovian Planets

2000

cate v b gl

1500 Jupiter /

1000 Planetesimal mean Planetesimal SD

Planet Planetary
(AU) distance Initial Final Initial Final

Number of Planetesimals per 0.1 AU Bin
i
S

s leseelevya g

D L N Jupiter 5.20 13.24 11.30 1.19 5.28

5 6 7 8 9 10 11 Saturn 9.54 13.25 13.37 1.21 3.47

Semimajor Axis (AU) Uranus 19.18 15.14 16.08 1.38 1.44

Neptune 30.06 14.00 22.11 1.23 2.61

FIG. 3. Results taken from our Jupiter/Saturn study indicating the number

of particles eliminated by both Jupiter and Saturn as a function of the initial Note With the exception of the particles eliminated by the activity sphere

particle semimajor axis. We have fit Gaussian functions through the datadfoJupiter, which was only 28 particles, we see an outward migration in the
more clearly indicate where each curve is peaked. semimajor axes of the planetesimals, even for those eliminated by Saturn.
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TABLE 111 we see, as would be expected, that more highly inclined particle
The Number of Planetesimals Whose Final generally have increased lifetimes. Any planetary perturbation
Semimajor Axes Fell into Various Ranges of Interest to low-inclination particles would directly modify the magni-
tude of the particle’s angular momentum. For inclined cases
Inner Number Outer . .
such perturbations have both an in-plane and an out-of-plar
0<a 3 a< 52 component and .affe_ct t_he .orie.ntati_on of pgrticlg’s angulgr mo
5.2<a 227 a< 95 mentum vector (i.e., its inclination) in addition to its magnitude.
9.5<a 9295 a< 192 One implication of this is that mean motion resonances with th
19.2<a 457 a< 301 jovian planets would be much more efficient in “pumping up”
30.1<a 12 a< 400 h icities of low-inclinati | imals than th
4002 3 a- 500 the eccentricities of low-inclination planetesimals than those ¢
50.0<a 0 a< 600 higher |ncI|n§1t|ons. S -
60.0<a 0 a< 700 Table IV yields an indication of the relative significance of
70.0<a 1 a< 800 various mechanisms of depleting the planetesimal swarm as
80.0=a 0 a< 900 function of initial planetesimal inclination. In each tange,
123'((52 é :z;gg% we indicate the number of planetesimals that were eliminate
200.0<a 0 ' by the activity spheres of the jovian planets, how many were
1 ejection ejected from the Solar System, and how many survived the el
tire integration. In our Jupiter/Saturn study we sought to ex
Note Nearly 93% of the particles initially situated between plain, through a simple geometric argument, not only why more
Saturn and Uranus were still in this zone at the time of their eli- particles were eliminated through interaction with Saturn’s ac

mination from th_e simulation. Just under 5% were in the Uranus/ tivity sphere as opposed to Jupiter’s, but also the ratio. We a:
Neptune zone; just over 2% were between Jupiter and Saturn. sumed that the annulus a planet’s activity radius sweeps o

Only three particles were kicked interior to Jupiter, and there was : . p ; y p
only one ejection. in an orbit was a target—the ratio of the areas of these annu
should yield a reasonable “back of the envelope” estimate c
%ratio of the number of particles eliminated by the activity
zone; only 18 planetesimals had semimajor axes beyond tt%)[, eres of the neighboring planets. l_Jsmga5|_m|_Iar e_lrgument,v_\
would expect Uranus to be responsible for eliminating approxi

including one ejection. X ' s
g ) ﬁg,atelytwme the number of particles as does Saturn. In reviewin

the simulation, less than 5% ended up in the Uranus/Nept

This is consistent with the results of our Jupiter/Saturn stu ble IV that this estimate d i K |
and with the results of researchers who have performed com go'e v, we see thal this estimate does not work nearly as we

tational studies of galaxy dynamics and have seen such a “mgggtdid forthe Jupiter/Sgturn zone and that for particles inclinel
segregation” (Farouki and Salpeter 1982, Faraikal. 1983, up to ZQ’ the a_ctual ratio varies from 1.84 dOV\.m o 1'12.‘ We
Spitzer 1962), where lighter particles migrate outward. Sin&an attribute this to two factors. Resonances with all the jovial
the planetesimals we modeled were massless, they had no ef-
fect upon evolution of the planets. However, we believe that |,
Tables Il and llI, as well as Fig. 4, indicate that our system at

least partially exhibited the mass segregation phenomenon. Pa

l“MN-&{i‘.!;ﬂ L L R L1 B B R L S AR e

R

ticles terminated by collision with the activity sphere of Uranus %0 0.8

had semimajor axes that were, on average, nearly 1 AU greate'§

than that with which they began the simulation. Even particles# 06

terminated by Saturn had, on average, greater final semimajo8 —i=0°
S ——io 50

axes than initial.
It should be noted that the results of other dynamical simula-== ¢4
tions of the outer Solar System have indicated that planetesimal -
situated between the three outer planets may, in fact, have mi'%
gratednward (Fernandez and Ip 1981, 1983, 1984). These stud-&  ©2
ies, however, included particles of nonnegligible mass and mod-
eled planet/planetesimal close-encounters with(")pik-type I T R R R R T R - K
algorithm. This type of algorithm ignores the roles of resonances o 100 1¢¢ 10t 10° 100 107 10t 10°
on dynamical evolution and assumes that all significant orbital Time (yr)
changes occur because of planet/planetesimal close-encounters.
In order to visualize the effect of initial inclination on plan- FIG.5. Fraction of remaining particles as afunction qftimg_for_incl_inat_ions
. e L. . . . 5, 10, 15, and 20 Each curve represents particles with initial inclinations
etesimal I.|fet|m§s, we presgnt Fig. 5—remaining planeteSIm%raSO of the aforementioned values (except for the zero-inclination curve tha
asafunction oftime for particles of 0to®), 5+ 0.5°,10+ 0.5°,  ranges from 0 to B°. Here we see that the more highly inclined particles
15+ 0.5°, and 204 0.5° inclinations. In the Saturn/Uranus zoneyenerally have longer lifetimes.

artic

----- i=10°
----- i=15°
--------- i=20°
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TABLE IV 1.0
Depletion “Mechanisms” for All Saturn/Uranus Planetesimals as ]
a Function of Their Initial Inclinations, in 1.0-Degree Increments o0 1
£ 08 .
Inclination Alive Jupiter Saturn Uranus Neptune Eject g |
] 4
0<i<1 1 0 310 500 12 0 z 0.6 -
1<i<2 0 2 258 479 10 0 5 i ]
2<i<3 0 1 301 488 12 0 g 1 Py ]
3<i<4 0 9 321 444 7 o = oal T S olo .
4<i<5 0 2 256 446 7 0 - e e=015 1
5<i<6 0 2 273 439 11 0 2 [ e e=020 |
6<i<7 0 1 249 378 12 0 g o2k
7<i<8 0 1 254 346 8 0 B . 1
8<i<9 0 2 235 302 8 0 - 1
9<i<10 0 1 226 292 5 0 0.0 sl il el s e
10=<i <11 0 0 186 239 12 0 0 100 100 10t 1 100 1w 1t 10
11<i <12 0 1 168 232 2 0 Time (y1)
12<i <13 0 1 148 179 3 0
13<i<14 0 1 130 180 7 0 FIG.6. Similarto Fig. 5, Fig. 6 is a “family of curves” indicating the frac-
14< ' <15 0 3 105 179 2 0 tion of particles remaining over time as a function of initial eccentricity. Curves
15<i <16 0 0 89 139 1 0 areforeccentricity ranges0.025 0.05+ 0.025 0.10+ 0.025, 0.15+ 0.025,
165! <17 0 0 88 106 2 0 and 020+0.025. Generally, highly eccentric particles are eliminated quickly,
17=i<18 0 0 83 107 1 0 and we are increasingly left with a population of particles that began on more
185! <19 0 0 57 65 1 0 circular orbits. The lone possible exception is for the 0.05 curve that has &
19<i <20 0 0 54 68 0 0 depletion rate very similar to that for the 0 eccentricity curve for the firt 10
20<i <21 0 0 36 50 0 1 years.
21<i <22 0 1 29 45 0 0
22<i <23 0 0 28 42 0 0 o ) .
23<i <24 0 0 23 28 0 o forthe Saturn/Uranus zone in Fig. 7, in 1-Myr increments rang-
24<i <25 0 0 27 16 0 0 ing from the beginning of the simulation up to 5 Myr. Further,
25<i <26 0 0 15 18 0 0 this figure portrays only an approximate representation of the
ggi: <§; 8 8 1;‘ 12 g g system evolution—we have examined the number of particle:
28<i zzg 0 0 7 4 0 0 suryi\_/ing at diff_erer_lt times in the simulation as a fu_nction _of
29<i <30 0 0 8 5 0 o theirinitial semimajor axes—the orbits of many particles will
Totals 1 28 3987 5834 123 1 have certainly been altered over time. Nevertheless, we clearl

see the system quickly evolve into both rapidly depleted anc
long-life bands. The depleted band at 15 AU corresponds tc

planets have the effect of pumping up the eccentricities for a
substantial fraction of the particles so that they cross the orbits
of both Saturn and Uranus. This would explain why we see a
general outward migration in the semimajor axes of the particles,
yet Saturn is responsible for removing a greater-than-expecters
number of particles. Second, but not as easily quantifiable, wez
are dealing with a sample siz¢10 that of our Jupiter/Saturn
study, and our uncertainties are higher.

The role of initial eccentricity on patrticle lifetimes can be
see in Fig. 6. Here we examine the number of particles remain-
ing as a function of time for initial eccentricities afl® 4 0.025,
0.05+0.025, Q10+ 0.025, 015+ 0.025, and R0+ 0.025. 100
Particles which are more eccentric at the onset of the simu-
lation are, in general, much more short-lived than those on more o
circular orbits. This is as would be expected and is as we have 9
seen in our previous study. Semimajor Axis (AU)

In Paper | we introduced what we call the “evolution plot” - . , .
for the Jupiter/Saturn zone. in which we plotted the number FIG. 7.‘ The number of surviving planetesimals as a function of tlme and

o p ) v ., P i ; ) mtlal semimajor axis range. We see strong resonant effects have quickly de
surviving particles as a function of initial semimajor axis at difpjeted bands near 13 and 15 AU, while we see bands at 12.5, 14.4, 15.5, ar
ferent points in the simulation. We show a similar evolution plats AU, in which particles are longer lived.
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the Saturn 1:2 mean motion commensurability. However, veebasic kinetic theory. For the phase that we have termed tt
observe that Saturn’s 2 : 3 resonance, which is at 12.5 AU, &pansient” phase, we use a toroidal volume of 30300°Atb
pears stable. We also see a more subtle effect from the Urapgimate the average cross sectional area of the colliders, \
3:2 and 4: 3 commensurabilities at 14.7 and 15.9 AU, resparsed the weighted geometric mean of the activity radii of Uranu
tively. Though this represents only the early evolution of thg=0.35 AU) and Neptunex£0.58 AU) to approximatdR, where
Saturn/Uranus zone, we can easily identify three, arguably fotR= R,f,g)tunex Rf,/rinus R had the value of 0.46 AU, giving a
long-life bands centered at 12.5, 14.4, 15.5, and 16 AU. cross section of 0.67 AtJ To estimateAv we used the mean
At the end of the simulation, however, only one particle sudifference between the planetary velocities and particles orbitin
vived the entire 1-Gyr integration. This particle had a semimajat their periphery, 7 x 10-? AU/year. Using these values in the
axis of 12.48 AU (just inside the Saturn 2 : 3 resonance), an eguations given above, we find a theoretical time-scale for th
centricity of 0.055, and an inclination of33°. Though only one transient phase in the Uranus/Neptune zone34  10° years;
particle survived the entire integration, we found three bandsthe computational result was5l x 10° years. Of all our esti-
long-lived particles, stable over 100-Myr time periods, centeredates for depletion rates this had, by far, the greatest error.
at 12.5, 14.4, and 16 AU. In a search for stable orbits in the The gravitational relaxation phase describes the length of tim
Saturn/Uranus zone over Solar System lifetimes, these baneguired for a particle to undergo a major deflection by a plane!
are the best candidates for a more focused search. Taking iAtain, the first step is to calculate the velocity-dependent colli
consideration the roles of eccentricity and inclination on plasional cross section. To estimate we first calculated the ve-
etesimal lifetimes, such a search would be most efficient wdoeity of a particle on a circular orbit halfway between Uranus
it confined to nearly circular orbits over a range of inclinationand Neptuneypg. = 1.27 AU/year, then approximatedv by
Now we turn our attention to the Uranus/Neptune zone, whichw ~ (Aa/2a)v. Our average\v was 0.28 AU/year. Fo& M we
as we will shortly see, shows some significant differences ased the weighted geometric mearGMyranusandG Myeptune

well as some remarkable similarities. 1.9 x 10-2 AU®/yeaF. Hence, for the relaxation phase, our the-
oretical estimate was.2x 10’ year; the simulation value was
5. THE URANUS/NEPTUNE ZONE 5.9 x 10’ years. As with Saturn/Uranus, our theoretical esti-

mates fore-folding times for the Uranus/Neptune zone are not
In Fig. 8 we plot the number of surviving planetesimals asas near in agreement with the computational results as we
function of time for our Uranus/Neptune zone survey. As witthose for Jupiter/Saturn.
the Saturn/Uranus zone, we find that the system is in transidtis noteworthy thaall of the time-scales, for both the Saturn/
tion to the third phase of evolution that we described in oWwranus and the Uranus/Neptune cases, are much longer thar
Jupiter/Saturn study—indicating that, like the Saturn/Urantise corresponding Jupiter/Saturn cases, by as much as a f:
zone, 16 years is not sufficient time for full gravitational re-tor of 380. Interestingly, the simulaticsfolding times for the
laxation of the Uranus/Neptune zone. Uranus/Neptune zone were actually smaller than those for tr
Similar to Saturn/Uranus above, we have estimated the &aturn/Uranus zone, suggesting that the Uranus/Neptune zo
pected lifetimes of particles in the Uranus/Neptune zone usings, in general, more rapidly evacuated. One potential reas
for this is that the ratio of the mean motions of the bounding
10 pr T e T Ty planets is lower in the Uranus/Neptune zone (2.0) than in th
: ] Saturn/Uranus zone (2.8).
] In Fig. 9, we examine the expected lifetimes of particles ir
- the Uranus/Neptune zone as a function of their initial semima
] jor axis (in 0.2-AU intervals). As with Fig. 2, we have indicated
the position of several jovian planet mean motion commensurz
bilities. Jupiter and Saturn resonances are indicated across t
bottom of Fig. 9 and those with Uranus and Neptune at the toy
In Fig. 9, as with Fig. 2, we see the bulk of the particles are
removed from this zone on $0to 10/-year time-scales.
E We note two bands, at 23 and 25 AU, where mean motiol
] commensurabilities appear to have dramatically decrease
planetesimal lifetimes. The effect of Jupiter and Saturn on thi
100 L . zone does not appear to be as pronounced as the effect of Jupi
0 1 2 343 6 7 8 and Neptune on the Saturn/Uranus zone, as could have be
Time (10" yr) expected. The short-life band at 25 AU is coincident with the
FIG.8. Number of surviving planetesimals as a function of simulation timé\leptune 4:3andUranus2:3 cor_nmensurabllltles. Figure 9 als
for the Uranus/Neptune zone. Here we see a curve very similar to that from &#9gests that there was a long-life band centered at 26 AU,
Saturn/Uranus study. agreement with results from similar previous studies.
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TABLE V

GRAZIER ET AL.

Depletion “Mechanisms” for All Uranus/Neptune Planetesimals
as a Function of Their Initial Semimajor Axis Range, in 0.2-AU

TABLE V—Continued

Distance Alive Jupiter Saturn Uranus Neptune Eject

Increments
29.4 0 0 0 0 21 0
Distance Alive Jupiter Saturn Uranus Neptune Eject 29.6 0 0 0 0 7 0

29.8 1 0 0 0 6 0
18.0 0 0 0 0 0 0 30.0 0 0 0 0 6 0
18.2 0 0 0 0 0 0 30.2 0 0 0 0 5 0
18.4 0 0 0 0 0 0 30.4 0 0 0 0 3 0
18.6 0 0 0 1 0 0 30.6 0 0 0 0 1 0
18.8 0 0 0 0 0 0 Totals 1 2 16 4364 5615 2
19.0 0 0 0 2 0 0
19.2 0 0 0 7 0 0
19.4 0 0 0 8 0 0 ) o
19.6 0 0 0 23 0 0 It should be noted that if, over the span of their lifetimes, the
19.8 0 0 0 15 0 0 planets (particularly Uranus and Neptune) migrated either sun
20.0 0 0 0 19 0 0 ward (Kaula and Newman 1992), or anti-sunward (Fernande:
38'421 8 8 8 2(3) 8 8 and Ip 1981, 1983, 1984; Malhotra 1993) as a result of interac
20.6 0 0 0 37 5 0 tlon_s_W|th a planeteS|_maI swarm with nonnegligible mass, the
20.8 0 0 0 54 4 o positions of mean motion resonances would have “scanned” (cf
21.0 0 0 0 67 4 0 Ward 1981), thus sweeping out these regions even more rapidl
212 0 0 1 69 6 0  than indicated in these simulations.
21'2 8 8 é 13; 2‘2 g In Table V we examine the termination mechanisms for all
218 0 0 0 119 24 o barticles as a function of their initial semimajor axes in 0.2-AU
220 0 0 1 134 41 o increments. Consistent with both the Jupiter/Saturn and the
22.2 0 0 0 140 38 0 Saturn/Uranus zones, we see that collisions with the oute
22.4 0 0 0 161 47 0 planet’s activity sphere, in this case Neptune, are responsibl
;g'g 8 8 g 13; 23 8 for removing the bulk of the particles. This is consistent with
23.0 0 0 2 231 60 o our ea_rl|er two S|mulf_;1t|ons in WhICh we saw a gener_al outward
232 0 0 0 225 87 o migration of the particles, and, in fact, only 18 particles were
234 0 0 1 196 157 0 removed by Jupiter (2) and Saturn (16).
23.6 0 0 0 219 159 0 Only two particles were ejected from the Solar System, both of
23.8 0 0 0 196 219 0 : Al At e ;
4.0 0 0 0 109 202 0 which had inclinations of less than 1 degree. In their simulation
24.2 0 0 1 182 264 0
244 0 1 1 175 254 0 10® F T T Ty
24.6 0 0 0 148 290 0 RN N
24.8 0 0 0 160 276 0 T .
25.0 0 0 0 140 274 0 o g Tl E
25.2 0 0 0 119 266 0 F ] 1
25.4 0 0 1 115 257 0 & 1wk | m ] 4
25.6 0 0 0 90 236 0 o
25.8 0 0 0 91 243 1 o T Al .
26.0 0 1 0 89 229 0 Eg 10§ . 3
26.2 0 0 0 74 245 1 é’ & E l [1 ]
26.4 0 0 0 64 203 0 2 L J
26.6 0 0 2 45 191 0 - £ E
26.8 0 0 0 38 188 0 - ]
27.0 0 0 0 28 179 0 10 E
27.2 0 0 0 22 141 0 g | ‘ ‘ | ‘ ]
27.4 0 0 2 18 137 0 102.5.|.5..§........|...|...
27.6 0 0 0 14 112 0 18 20 22 24 26 28 30 32
27.8 0 0 0 3 80 0 Semimajor Axis (AU)
28.0 0 0 0 9 72 0
28.2 0 0 0 5 47 0 FIG.9. Similarto Fig. 4, particles were grouped according to initial semi-
28.4 0 0 0 4 51 0 major axis in 0.2-AU intervals and sorted with respect to their lifetimes. High and
28.6 0 0 0 4 46 0 lowvalues represent the first and third quartiles, respectively. Jupiter and Satur
28.8 0 0 0 1 29 0 commensurabilities are indicated across the bottom, and those for Uranus ar
29.0 0 0 0 0 27 0 Neptune are indicated at the top. We see the long-life band at 26 AU. With the
29.2 0 0 0 0 16 0  exception of particles near to the Uranus and Neptune 1: 1 commensurabilities

75% of the planetesimals are eliminated i ¥@ars.
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of the Uranus/Neptune zone, SW84 reported that the “vast ma- TABLE VI

jority” of their planetesimals was ejected from the Solar System.Initial and Final Mean Semimajor Axes, and Standard Devia-
The SW84 study used &pik algorithm, which, as noted previ- tions, of All Uranus/Neptune Planetesimals Eliminated by Each of
ously, assumea priori that all significant changes in the orbitsthe Jovian Planets
of the planetesimals arise from close planet/planetesimal en-

, L . Planetesimal mean Planetesimal SD
counters. As we have outlined at the beginning, we terminateRianet Planetary — - — -
particle when it enters the sphere of influence, or activity spheré:Y) distance Initial Final Initial Final
of a planet—we mgke no attempt to model close appr'oaches.gaﬁter = 20 25,25 2416 120 2250
the other hand, Weissman (1994) has argued that neither Uraggigm, 9.54 24.11 26.00 211 6.70
nor Neptune are large enough to eject a significant numberwénus 19.18 23.70 23.11 1.67 2.14
comets from the Solar System, so perhaps the high percentagtapfune 30.06 25.46 26.68 1.60 2.20

ejections seen by SW84 was, in fact, an artifact oftheirnumeri(,d;\l o Th — articles eliminated by the activity sof |
methods. Our results not only support this—with only one pa. 0 = o B o bt thase st by Nootu
. . . ranus and Jupiter showed an inward migration, butthose eliminated by Neptur
ticle in the Sa_lturn/Uranus zone and two in the UfanUS/Neth&ﬁj Saturn generally migrated outward. Because Neptune was the planet tl
zone being ejected—but also suggest that Saturn, too, is not &iginated the majority of the planetesimals, we see a general outward m
enough to eject many planetesimals into interstellar space. gration of planetesimals, consistent with our Jupiter/Saturn and Saturn/Urant
In Fig. 10 we plot the number of planetesimals eliminated Bymulations.
the nearest neighbor planets, as a function of initial semimajor

axis, and as with Figs. 3 and 4 we have fit Gaussian functionsrape v/| depicts the mean and standard deviation of initial ant
through these curves. We see two peaks, at 23.6 and 25.3 fa| semimajor axes for all particles eliminated by the activity
with the outer planet responsible for the elimination of morgyheres of the four planets. Because the particles eliminated |
planetesimals. The peak-to-peak distance in this plotis 1.7 Aldniter and Saturn represent a statistically insignificant subset
over an 11-AU range. Taken together, Figs. 3, 4, and 10 woyl¢h opylation, we will focus only on those eliminated by Uranus
seem to indicate that Uranus and Neptune had a trivial effegty Neptune. We see that, on average, the particles eliminat
on the dynamics of the Jupiter/Saturn zone, but the combingdine activity sphere of Uranus migrated approximately 0.6 AL
effect of Jupiter and Neptune on the Saturn/Uranus zone p“'kﬁ%ard, but those eliminated by Neptune migrated 1.2 AU out

apart the peaks we see in Fig. 4. In the Neptune/Uranus zofg,q. Because Neptune was responsible for eliminating mor
we see the two peaks intermediate in distance between thosﬁléﬂ*netesimals than Uranus, again we see a general outward r

the Jupiter/Saturn and Saturn/Uranus zones, suggesting thai#igion. This effect is corroborated by Table VII, in which we

combined effect of the inner jovian planet had a lesser, althoughy the number of particles that fell into various semimajor axis
nontrivial, effect on the dynamics of the Uranus/Neptune zone

than in Saturn/Uranus.

TABLE VII

300 The Number of Planetesimals Whose Final Semimajor
- e e e Axes Fell into Various Ranges of Interest
= : 1
2 250 - I Inner Number Outer
~ L ]
S - N O<a 0 a< 52
g 200r ] 52<a 1 a< 95
K2 L ] 95<a 142 a< 192
£ 1sof ] 192<a 9479 a< 301
2 r ] 30l<a 360 a< 400
] r 1 400<a 4 a< 500
= loof . 500<a 3 a< 600
%3 3 1 600<a 0 a< 700
5 L ] 700<a 0 a< 800
g€ O ] 800<a 0 a< 900
= C ; . ] 900<a 0 a<1000

ol Ll A W W - S 100.0<a 0 a <2000
16 18 20 22 24 26 28 30 32 200.0<a 0
Semimajor Axis (AU) 11 ejections

FIG. 10. The number of particles eliminated by both Uranus and Neptune Note Nearly 95% of the particles initially situated between

as a function of the initial particle semimajor axis. As with Figs. 5 and 6, we fit Uranus and Neptune were still in this zone at the time of their elim-
Gaussian functions through the results to indicate more clearly where they are ination from the simulation. Only 1.4% were in the Saturn/Uranus
peaked. We see more splitting of the peaks than in the Jupiter/Saturn zone, but zone; just over 3.6% were exterior to Neptune. There were only two
less than Saturn/Uranus. ejections.
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ranges at the time of their removal from the simulation. Com- 1.0
pared to our Jupiter/Saturn and Saturn/Uranus studies, a muc I
greater percentage of particles in the Uranus/Neptune zone firg,
ished their lives having semimajor axes in the interplanet zones
in which they began the simulation. This is almost certainly
due to the comparatively smaller gravitational pull of the neigh-%~ ¢ |
boring perturbers, along with the much greater distance scale I
over which these perturbations acted. We see that less th%n 1
of the particles evolved sunward, and approximate@#@had
semimajor axes greater than that of Neptune. Nearly 95% of
the particles were terminated while still, strictly speaking, in the
Uranus/Neptune zone.

The particles in this zone were more “confined” than in our [
Jupiter/Saturn and Saturn/Uranus simulations (i.e., agreaterpe o0
centage of particles were eliminated while having their semima- 10" 100 10* 100 100 10° 10° 100 107107
jor axes still in their original zone). Because a higher percentage Time (yr)

‘?f particles IF} the Other tWO studies migrated outside thell’ N~ F1G. 11, Fraction of remaining particles as a function of time for incli-

tial zones, this functionally increased the volume of their “Contions of 0, 5, 10, 15, and 20Each curve represents particles with initial

tainer,” and this would argue that our kinetic theory would haveclinations+0.5° of the aforementioned values (except for the zero-inclination

beenirclosesagreement with the actual simulation rates for thesrve which ranges from 0 to.. The zero-inclination curve has a sharply

Uranus/Neptune zone—instead, agreement with a simple kiné@ﬁfeas_ed de_ple_tion rate.for the firsk5L0° years, with_rgspect particles ha_ving

theory was worse for the zone between the outer two planetszlore hlghly_ |nc||_ned orbits. By % 106_year§, aI_I surviving particles are either
N . . ear to the invariable plane or very highly inclined.

We suggest that the reason for this is a combination of our
choice of initial conditions and the location of a low-order mean
motion resonance which manifests in this zone. Our initial parti- As we have done in our previous two studies, we show &
cle ensemble was Gaussian-distributed in semimajor axis so tHamily of curves” in Fig. 11, depicting the comparative deple-
the peak of the distribution was located halfway between neidiien rates of particles as a function of their initial inclinations.
boring jovian planets. In the Neptune/Uranus case, the peaKldife tolerance ranges for each curve are the same as for o
this distribution was at 24.6 AU; the Neptune 4 : 3 resonance3aturn/Uranus simulation. Unlike our two previous studies, how-
at 24.8 AU. Indeed, throughout the Uranus/Neptune zone, loewrer, Fig. 11 yields two surprises. The first is that in the first
order commensurabilities are more evenly distributed, rathex 10° years of simulation time, planetesimals very near to the
than “clumped” as in the Saturn/Uranus zone, so we don't sewariable plane have muchhigher depletion rate than those
such dramatic peaks in particle lifetimes as we did at 14.4 AU which are inclined even as little a8.5
the Saturn/Uranus zone. The Jupiter/Saturn zone is so dynamiin hindsight, this may not be surprising after all. As we have
cally unstable from the gravitational “stirring” of the two largesalready pointed out, the eccentricities of low-inclination plan-
jovian planets that, even though we clearly saw decreased peiesimals are increased more readily by resonant effects the
ticle lifetimes at the Jupiter 2: 3 and Saturn 3: 5 resonancesthie eccentricities of more highly inclined bodies. We have alsc
is very likely that resonant effects had a greater relative inflaseen that the Neptune 4 : 3 resonance may have been responsi
ence in depleting the Saturn/Uranus and Uranus/Neptune zoriesthe elimination of a greater-than-expected number of parti-
It is likely that this is especially true when the Neptune 4: 8les during the transient phase of evolution. It is logical, then,
resonance manifests itself very near to the peak of the initthlt this and other commensurabilities preferentially affectec
distribution. low-inclination planetesimals, causing an increased depletiot

This effect not only would explain the order-of-magnitude elsf bodies near the invariable plane. The second surprise is th:
rorin our kinetic theory estimate of the Uranus/Neptune transidnt 5x 10° years, the zero-inclination curve crosses the 5 anc
phase depletion rate, but also would explain why the Nepturiél curves. The very long-lived planetesimals, then, are eithe
Uranus zone was depleted more rapidly than the Saturn/Uramigse to the invariable plane or very highly inclined.
gap. In the Saturn/Uranus zone, the peak of the distributionin Table VIII as with Table 1V, we enumerate the compara-
(14.4 AU) was very near the long-life band we reported centertide elimination mechanisms of particles as a function of initial
at 14.2 AU. Not only were a large number of Uranus/Nepturigclination in T increments. As with our previous two studies,
zone planetesimals initially situated in a rapidly depleted bandge see that the outer planet is responsible for eliminating mor
but also a similarly large number of Saturn/Uranus planetesimalanetesimals than the inner planet for all inclination ranges, ex
were initially located in a long-life band. This would also exeept for the very high inclinations that show the effects of small
plain why over twice as many Saturn/Uranus zone planetesimaignber statistics.
survived beyond 100 Myr (135) than Uranus/Neptune particlesin Fig. 12 we examine the role that initial eccentricity had
(61). We discuss this further below. on particle depletion rates and find no surprises. Figure 12 i
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TABLE VIII

Depletion “Mechanisms” for All Uranus/Neptune Planetesi-
mals as a Function of Their Initial Inclinations, in 1.0-Degree

Eject

Increments
Inclination Alive  Jupiter  Saturn  Uranus  Neptune
O<i<1 0 0 1 350 471 2
1<i<2 0 0 2 308 471 0
2<i<3 0 0 0 336 452 0
3<i<4 1 0 2 330 457 0
4<i<5 0 0 2 282 409 0
5<i<6 0 0 1 309 408 0
6<i<7 0 0 2 276 354 0
7<i<8 0 1 2 282 344 0
8<i<9 0 0 0 257 291 0
9<i <10 0 0 0 234 277 0
10<i <11 0 0 0 199 251 0
11<i<12 0 0 0 182 237 0
12<i <13 0 0 0 147 163 0
13<i<14 0 0 0 153 173 0
14<i <15 0 0 2 115 150 0
15<i <16 0 0 1 131 121 0
16<i <17 0 0 0 74 122 0
17<i <18 0 1 0 80 94 0
18<i <19 0 0 0 54 72 0
19<i <20 0 0 0 53 66 0
20<i <21 0 0 0 41 53 0
21<i <22 0 0 1 33 37 0
22<i <23 0 0 0 31 39 0
23<i<24 0 0 0 25 26 0
24<i <25 0 0 0 20 24 0
25<i <26 0 0 0 15 16 0
26<i <27 0 0 0 11 8 0
27<i <28 0 0 0 12 6 0
28<i <29 0 0 0 6 5 0
29<i <30 0 0 0 5 6 0
Totals 1 2 16 4351 5603 2
1.0
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FIG. 12. “Family of curves” indicating the fraction of particles remaining

over time as a function of initial eccentricity. Curves are for the same eccentri
ranges as in Fig. 8. Highly eccentric particles are eliminated quickly, and
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FIG. 13. The number of surviving planetesimals as a function of time
and initial semimajor axis range. We see a more symmetric winnowing and
suggestion that resonant effects are more evenly spaced in the Uranus/Neptt
zone than for Saturn/Uranus. We see bands at 22.5, 24.5, and 26 AU in whic
particles are longer lived.

another family of curves whose parameters are the same as thc
in Fig. 5. Here we see once again that more eccentric particle
are eliminated more quickly.

Figure 13, as with Fig. 7, is an evolution plot of the Uranus/
Neptune zone, showing the number of remaining particles as
function of initial semimajor axis at 1-Myr intervals. Qualita-
tively, we see a much different picture than for the Saturn/Uranu
zone. In the Saturn/Uranus zone, we saw how very strong me:
motion commensurabilities almost completely deplete bands o
very short time-scales, although there are numerous particles
other long-life bands. In the Uranus/Neptune zone, we see ne
ther the very unstable bands nor large numbers of particles |
very stable bands. Instead, we see hints of weaker resonanc
eroding the planetesimal swarm in a more symmetric fashior
As with Fig. 9, we observe a depleted band at 22.6 AU, prob
ably as a result of the Neptune 3: 2 resonance. We see anott
centered at 25.2 AU, corresponding to the Uranus 2: 3 and tt
Neptune 4 : 3 resonances. We also see hints of long-life bands
22.4,23.2,24.5, and 26 AU.

Insimilar recent studies, HW93 and Holman (1997) found tha
particlesinthe band near 26 AU that are on low-inclination, near
circular orbits can survive for up to 4.5 Gyr. Two factors readily
explain the fact that these studies produced survivorsin this ban
while the present simulation did not. The simulation presente
here employed more particles than either of the other two cite
works, but the initial distribution included particles over a much
wider range of eccentricities. HW93 and Holman (1997) con
fined their initial trajectories to circular or near-circular orbits.
In all three studies, it was the low-eccentricity particles which
survive for long time periods. Another factor which could aid

C\ﬁi explaining the disparity lies in the fact that the studies use

are increasingly left with a population characterized by particles that began'gdically different integration techniques. HW93 and Holman
more circular orbits.

(1997) employed the Wisdom—Holman symplectic integratior
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scheme (Wisdom and Holman 1991), while we have used amore 0006 . . . . .
accurate, although computationally slower, modifiedr®@er i , o
. . | g7 — Longitude of Perihelion

multistep integrator. ooosf Longifudo of Node ]

In the Uranus/Neptune zone, only four particles of the ini- - -
tial 10,000 survived the first 100 Myr, and all were orbits nearly
commensurate with Neptune. One of these four particles was the
only particle in the simulation to survive the entire 1-Gyr inte-
gration time. HW93 showed that particles situated at Neptune’s &
triangular Lagrange points were stable for up to 20 Myr; here .
we see evidence that they are stable for much longer periods o«z%“
time.

ts)
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6. SECULAR INSTABILITIES IN THE SATURN/URANUS 0-0000
AND URANUS/NEPTUNE ZONES

The long-term survival of particles in the outer Solar System FIG. 14. Fourier spectra of longitudes of perihelion and node for a test
is strongly influenced both by mean motion and by secular rggrticle. The largest peaks can be identifed as perturbations due to the majt
onances. The locations of the former are easy to compute.planets, namely g5 through g8, s6, and s7, using the terminology of Knezevi
order to determine the location of secular resonances, howe\?é@!-(lggl)- The pfealfs gQ and sO corresponq to free pscillations and are flanke
one has to rely on secular perturbation theory. In this regard, tegmaller peaks, indicating that the motion is complicated.
work most relevant to the present study is that of Knezeval.

(1991). Using a particular averaging method, they determinéée frequencies of perihelion (g0) and node (s0). In a numbe
the location of the most important secular resonances. of cases, the spectra around g0 or sO have considerable pow

Before comparing their predictions with our numerical simFhese most likely indicate the presence of chaotic component
ulations, we must address three issues. First, the perturbaiiothe orbit. Cases with power in very broad frequency bands
theory developed by Knezewvit al. (1991) is approximate. The were not considered further.
underlying problem is sufficiently complex that the details of In the Saturn/Uranus zone, there are three clusters of part
the calculation should be situation-dependent—i.e., there is cles with stable orbits for the duration of the simulation. The
“magic formula.” Second, the predictions of Knezewtal. first one, with semimajor axis near 12.5 AU (Fig. 7), appears tc
(1991) are expressed in terms of so-called proper elements whiohrespond with the 2: 3 mean motion resonance with Saturr
emerge from their pertubation theory. Owing to the complexiffhe corresponding Fourier spectra are broad in bands at larc
of their theory, it is very difficult to compute the proper elefrequencies and no meaningful estimates of secular frequencie
ments, and making detailed comparisons lies beyond the scopald be obtained.
of this work. However, the patrticles which appear to have stableThe particle cluster between 13.6 and 15 AU appears to be fe
orbits could be excellent test cases for secular pertubation tfrem mean motion resonances. Eccentricities do not exceed O..
ories. The particle orbits are complicated but sufficiently stablteit inclinations can be as large as’32he secular frequencies
for meaningful estimates of the Fourier spectra of their dynarare easy to determine from Fourier spectra. There are no obviot
ical variables to be computed. Third, secular resonances, eithatterns evident from plots of these frequencies versus semim:
inside or very close to mean motion resonances, must be tregtedaxes or eccentricities. The relationship between frequencie
as special cases (Morbidelli and Moons 1993; de la Betred. and inclinations in Fig. 15, however, is quite striking. Larger
1996). In general, these are the cases for which theory and sintlinations imply smaller frequencies, since an increase inincli-
ulations disagree most. nation leads to a decrease in the perturbative torque on orbits. |

In order to estimate the secular frequencies associated witle case of perihelion frequencies, there appears to be a gap: fr
the orbits of stable particles, we computed spectral estimatesdoencies near those of the major planets are avoided. Knezev
many test particles of the variablesin(@) andi sin(2), where et al. (1991) predict secular resonances between 15 ahih20
e is the eccentricityj the inclination,zw the longitude of peri- inclination. The observed gapin Fig. 15 is at somewhat larger in.
helion, andQ2 the longitude of ascending node. By comparinglinations, as well as broader, but the general agreement—give
the spectra of individual particles with those of the major plarthe imperfectness of the comparison—is good.
ets, the frequencies of the free oscillations can be determined ifThe cluster around 16 AU is near the 4 : 3 mean motion reso
many cases. A typical Fourier spectrum for a particle is shomance with Uranus. Fourier spectra indicate that regular motiol
in Fig. 14. Most of the largest peaks, g5 through g8, s6, atakes place outside of any mean motion resonance. We see tt
s7—using the notation of Knezevét al. (1991)—correspond for a particular orbit in Fig. 15. For this orbit, both the eccentric-
to perturbations due to the jovian planets (forced oscillation®y and the inclination are small, not exceeding 0.066 a:gd, 1
The peaks g0 and s0 can be identified as the particle’s properespectively. Thus these secular frequencies should be close
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. . . , . . these particles was a Neptune librator, indicating that planete

oy P ok ,:..‘.:“ . imals orbiting at the triangular Lagrange point of Neptune may

g,: i ", {1 be stable over long time periods.

2 : "i‘\-i, In comparison with our Jupiter/Saturn study, we see that th

g § T, time-scales relevant to the dynamical evolution of the outer Sole

E e 5t 1  System are truly different! In the Jupiter/Saturn zone, planete:

g - imals were eliminated on #0to 1(P-year time-scales. Particles

2 ok : : : : : __ in both the Saturn/Uranus and the Uranus/Neptune zones st

' ' ' ' ' ' vived much longer, on average, and were eliminated 6a tb0

& Fetes gt 10’-year time-scales.

gg 10} P Vg N ] In our simulations, the Neptune/Uranus zone was deplete

2 8 T more rapidly than the Saturn/Uranus zone, but this was ver

3 & st + . 1 likely because of the fact that our initial conditions place a

2 large number of Uranus/Neptune zone particles in location
strongly affected by more mean motion resonances. This, pe

0 0 S n s 0 > 0 35 haps, may also explain why our kinetic theory estimate of plan
Inclination (deg) eteS|ma_I depletion rates was in much better agreemept in bo
our Jupiter/Saturn and our Saturn/Uranus zone studies. Res
FIG. 15. Secular frequencies of free oscillations in the motion of particlenant effects may have also preferentially depleted the Uranu
with stable orbits around 14.5 AU. The heavy horizontal lines represent tN?eptune zone of low-inclination particles. In comparison to the
secular frequencies for the major planets. In the case of _penheha, they are iter/Saturn zone, resonances appear to have a greater efl
g7, and g8, from top to bottom. There appears to be a wide gap around thegi h of th . han did o | stirring.”
and g7 frequencies in the distribution of particles with stable orbits. In the ca oth oft esel reglops t an_ : glraV|tat|ona stirring.
of nodes, the heavy lines represent s7 (upper) and s8 (lower). The distribution ofl N€ planetesimals in our simulation underwent a general ou
test particles does not reach low frequency and, thus, the effect of the associgedd migration. This is consistent with the results of our Jupiter
secular resonances cannot be assessed. Saturn zone study and with the results of researchers who ha
performed computational studies of galaxy dynamics and hav
those predicted by Knezevat al. (1991). In the case of sO, weseen such a “mass segregation” (Farouki and Salpeter 198
have very good agreement (around 10 arcsec/year). In the dagepukiet al. 1983; Spitzer 1962).
of g0, we obtained 12.5 arcseclyear, in contrast with the pre-
dicted value of around 30 arcsec/year. The source of this latter

discrepancy is not clear. 30 — . .

Inthe Uranus/Neptune zone, the cluster between23and27Alg o ) ]
shows a gap emerging between 24.8 and 25.2 AU (Fig. 16). Theg P e :
4 :3mean motion resonance with Neptune is at 24.85 AU, whichg = 10 | ]
seemingly defines the inner edge of the gap. The frequencies fa 0 , i e 8

high inclinations are much smaller than those predicted for low ..

. . . . . - . S~ . '
inclinations. For this cluster it is difficult to make meaningful <% 10 F ; s, ]
. . . . . Q9 o
comparisons with predictions, since we are too close to the meais § s -
=8 E R

motion resonance. However, overall we find the destabilizings
. . . A »,

effect of secular resonances is manifest in the absence of stabl 0 S = . :

particle orbits near the secular resonances (denoted by horizont:

S .ot
lines in Fig. 16) of the major planets. £g “r ’ i
Eé 2 | oA . .
7. CONCLUSIONS 0 . ‘ :
23 24 o 25 . 26 27
The most important outcome of this study, relevant to our Semimajor Axis (AU)

Solar SySt_emS ongin, 1 that_mChes for pr.|mord|.al planetesi- FIG. 16. Mean inclincations (top) and secular frequencies (middle and
mal material between the jovian planets will be, if not NoNeXswttom) in the motion of particles with stable orbits between 23 and 27 AU, a:
istent, few and far between. Consistent with other studies, Wections of mean semimajor axes. Heavy horizontal lines indicate the secul:
find long-life bands between the outer planets centered at 12rgjuencies of major planets, as in Fig. 15. In the case of perihelia, there |
14.4, 16.0, 24.5, and 26.0 AU. Particles in these bands mayao%a_’t'd_e close to g5 but otherW|_se g5 and g7 appear to _defme a gap m_tr
stable on time-scales of up to@_LyDears. Only two planetesimalsd|str|but|on. There are several particles, hov_ve_velr, near g8. E|therthe_|ntegr_a_t|_0|

. - : : were not long enough or Neptune’s eccentricity is too small to cause instabilitie
of 20,000 survived the entire 1-Gyr integration, however: one 4 jarge part of the phase space. In the case of nodes, s7 seems to corresp
each of the Saturn/Uranus and Uranus/Neptune zones. On@afgap.
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