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ABSTRACT

Test particle stability in the outer solar system is surveyed. Roughly 7000 test particles are numerically
integrated for durations ranging from 20 to 800 million yr. The initial conditions of the test particles fall
into two categories: (1) orbits initially near the Lagrange L, and L points of the Jovian planets, and
(2) circular orbits in the invariable plane with semimajor axes of 5-50 AU. Clusters of test particles
near the triangular Lagrange points of Jupiter, Saturn, Uranus, and Neptune survive the full
integration. However, the stable regions near Saturn’s L, and Ls points exclude the actual Lagrange
points. Nearly all particles between the outer planets are removed by close encounters with the planets
during the course of these integrations. Numerous test particles between Neptune and 43 AU are
removed by close encounters with Neptune, some quite late in the integrations. The particles which
have late encounters reach Neptune by a path that roughly preserves semimajor axis while the
eccentricity varies irregularly. The distribution of encounter times suggests that the times to first
encounter can reach several billion years. The flux of new encounters decays slowly, roughly as the
inverse of time. This gives new insight into the dynamics of the delivery of short period comets from
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the hypothesized Kuiper belt. An estimate of the mass of the Kuiper belt is given.

1. INTRODUCTION

Were there initially asteroids beyond Jupiter? Are there
regions between the giant planets in which small bodies are
stable against planetary encounters for the age of the solar
system? Do Saturn, Uranus, and Neptune have Trojan-like
asteroids? Are planetesimals in the hypothesized Kuiper
belt stable against close encounters for the age of the solar
system or is this region already depleted? On what time
scale is material removed from different regions of the solar
system? These questions motivate our survey of the long-
term stability of small bodies in the outer solar system. In
this study we extensively examine the stability of test par-
ticles in the regions between the outer planets and beyond
Neptune.

In Sec. 2, we review observational searches for slow-
moving objects in the outer solar system. Section 3 reviews
previous test particle surveys. Section 4 describes the
method of this survey. Section 5 presents the details and
results of our survey of the regions near the triangular
Lagrange points of Jupiter, Saturn, Uranus, and Neptune.
Section 6 presents the results of our survey of the invari-
able plane. Section 7 presents a summary.

2. OBSERVATIONAL SEARCHES

A number of observational surveys to detect slow-
moving objects in the outer solar system have been con-
ducted. Tombaugh (1961), Kowal (1989), Luu & Jewitt
(1988), and Levison & Duncan (1990) have all conducted
such investigations. In reviewing these investigations we
consider in which regions each survey could have detected
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624 Hektor, a bright Jupiter Trojan asteroid. At H=7.49,
624 Hektor would be roughly V=17, V=20, and V=22 if
it were at the distance of Saturn, Uranus, or Neptune,
respectively (Innanen & Mikkola 1989).

Tombaugh examined the ecliptic region to a limiting
magnitude of m,,=17 for slow-moving objects. Although
he searched the Lagrange points of Saturn, his survey
might have just missed the hypothetical bright Trojan at
that distance. Other than the discovery of Pluto in 1930, no
outer solar system bodies were found.

Kowal photographed about 6400 deg? of ecliptic region,
to a limit of V=20, for slow-moving objects. Only one
object was found beyond Saturn, 2060 Chiron. At V=17
mag and 17 AU from the Sun at the time of its discovery,
Chiron was 3 mag above Kowal’s detection limit. Chiron is
large (100 km) and cometary (Meech & Belton 1990). Its
orbit is planet crossing, highly eccentric, and highly in-
clined. We have not yet determined if Kowal actually ex-
amined the triangular Lagrange points, however, if he did,
it would have been possible to detect 624 Hektor at the
distance of Saturn and possibly Uranus.

Luu & Jewitt (1988) surveyed 297 deg? near the ecliptic
to a limiting magnitude of ¥ =20 using Schmidt plates and
0.34 deg? to a limit of R~24 with a CCD camera. Like
Kowal’s, their plate survey could detect 624 Hektor at
distances of Saturn and possibly Uranus. With the CCD
survey they could detect the test object even at Neptune
distances. At the times of Luu and Jewitt’s observations,
from February to June, 1987, Saturn, Uranus, and Nep-
tune were quite close together. In fact, the Ls points of
these three planets were near opposition. Consequently, the
centers of about two-thirds of the fields observed by Luu
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and Jewitt are within 30°, along the ecliptic, of the Ls
points of Saturn, Uranus, or Neptune. This amounts to
observations of about 200 deg® near the Ls points observed
to ¥'=20. A few of the fields are quite close to the Ls
points. Considering the range of libration observed for sta-
ble test particles in our integrations, their choice of fields is
appropriate for detecting objects at the Lagrange points.
However, they found no slow-moving objects in this
search. Recently, Luu & Jewitt (1992) reported the dis-
covery of a slow-moving object beyond Neptune, 1992
QBI. Although its orbit is not well determined at this time,
one possible solution places its semimajor axis at 41 AU.
However, it is also possible that this object is on a parabolic
or near-parabolic orbit. ‘

Finally, Levison & Duncan (1990) examined 4.9 deg2
of the ecliptic, explicitly limiting their survey to a search
for slow-moving objects in the range 25-60 AU. Their de-
tection limit was V'=22.5. 624 Hektor at the distance of
Neptune would be very near the detection limit. Detecting
nothing, they report a 99% confidence level result that
fewer than one object per deg? brighter than V' ~22.5 lies
between 25 and 60 AU. Of the 26 fields examined 8 lie
within 30° of the L, or L points Neptune. This amounts to
observations of about 1.5 deg? near Neptune’s triangular
Lagrange points. Several more fields are within 45° still
within range of the widest librators. Even so, this is not a
great deal of area considering the range of libration.

In summary, the surveys of Tombaugh, Kowal, and
Luu and Jewitt could all have detected bright Saturn Tro-
jans. Some of the observations, including those of Levison
and Duncan, could have detected bright objects at the dis-
tances as far as Neptune. To date, only one candidate for a
small body in a nearly circular orbit in the outer solar
system has been found, but its orbit is as yet undetermined.

3. PREVIOUS TEST PARTICLE SURVEYS

There have been test particle surveys of both the La-
grange points of the outer planets and the regions between
and beyond the outer planets. The Trojan asteroids occupy
the regions near Jupiter’s Lagrange points. Similar Trojan-
like configurations have been seen in satellite systems, and
the asteroid 1990 MB appears to be a Mars Trojan (Holt &
Levy 1990; Bowell 1990a,b; Kinoshita 1990). Yet, are the
L, and Ls points of other planets stable? Can material
placed around these points remain there for the age of the
solar system, or will the perturbations of the other planets
induce its removal? Analytic methods are inadequate to
answer these questions. We must rely on numerical explo-
ration to investigate the long-term stability in realistic
models. Levison ez al. (1991) studied the stability field of
the Jupiter Trojans. They integrated 110 test particles in
the field of the Sun and four Jovian planets with a fourth-
order symplectic integrator. They explored a two-
dimensional grid of proper eccentricity and libration am-
plitude (see Shoemaker et al. 1989 and Erdi 1978, 1979).
Their integrations extend to 150 000 Jupiter periods or
about 1.8 million yr. Zhang & Innanen (1988a,b,c) and
Innanen & Mikkola (1989) investigated the stability of the

triangular Langrange points of all the Jovian planets. They
studied the evolution of a few test particles for 10 million
yr, subject to the perturbations of the four Jovian planets.
They found that test particles placed at the triangular La-
grange points of Jupiter, Uranus, and Neptune survived
without close encounter for 10 million yr. However, test
particles placed at Saturn’s L, and Ls points approach
Saturn on short time scales; whereas those initially placed
a small distance away from the Lagrange points librate
without close approach. Recently, Mikkola and Innanen
(1992) provide a detailed description of the evolution of a
number of orbits over 20 million yr. We build upon the
work of Innanen & Mikkola (1989) and Mikkola & Inna-
nen (1992) in the context of our model.

There have been a number of previous surveys of test
particle stability in the regions between the outer planets,
most of which focus on the region between Jupiter and
Saturn (Lecar & Franklin 1973; Franklin et al 1989;
Soper et al. 1990; Weibel et al. 1990; Duncan et al. 1989,
hereafter referred to as DQT89; Gladman & Duncan 1990,
hereafter referred to as GD90). Various models have been
used to study this region. These models range in complex-
ity from planar models that include Jupiter and Saturn
following circular orbits to three-dimensional models that
permit Jupiter and Saturn to fully interact. As the models
have become more realistic a general consensus on this
region has emerged. It is observed that most test particles
develop planet crossing orbits or suffer a close encounter
with Jupiter or Saturn within 10*-10° yrs; a few test par-
ticles survive longer, 10° yr. Our study is the first to inves-
tigate the Jupiter-Saturn region including all four giant
planets in a self-consistent n-body integration.

Fewer studies have examined the test particle stability in
the regions between the other outer planets. DQT89 stud-
ied the stability of test particles in the region 0.6-34 AU
using a simplified two-planet mapping approach. With this
method they examined the regions between each pair of
adjacent planets, including only those two planets as per-
turbers and approximating the perturbations on the test
particles as impulses at each conjunction. Their integra-
tions extended to 4.5 billion yr. Aside from including only
the two adjacent planets as perturbers other approxima-
tions were: (1) the planets and test particles were coplanar;
(2) the planets were restricted to fixed circular orbits; and,
(3) the eccentricities of the test particles were assumed to
be small. In the model of DQT89 many nearly circular
orbits in the Saturn-Uranus and Uranus-Neptune regions
survive for the age of the solar system. GD90 studied the
invariable plane from 3 to 40 AU with direct numerical
integration of the three-dimensional n-body equations of
motion, with a fourth-order symplectic integrator (Candy
& Rozmus 1990; Forest & Ruth 1990). For test particles
beyond Saturn they included all four giant planets as per-
turbers. GD90 integrated roughly a thousand test particles
for periods up to 22.5 million yr, removing any test particle
which encountered a planet or left the system. GD90 reach
a very different conclusion from DQT89. GD90 observe
that almost all of the test particles on orbits between the
planets are unstable against close encounters on a time
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