Invited Review for Asteroids/Comets/Meteors 1996

The Dynamical Structure of the Kuip er Belt

H.F. Levison 1 , P.R. Weissman 2 , and M.J. Duncan 3

1 Southwest Research Institute, 1050 Walnut St., Suite 429, Boulder, CO 80302, USA

2 Earth and Space Sciences Division, Jet Propulsion Laboratory, Pasadena, CA 91109, USA

3 Department of Physics, Queen’s University, Kingston, Ontario, K7L 3N6, Canada

ABSTRACT

In the last few years, the astronomical community has witnessed a revolution in the understanding

of the deep, outer regions of our planetary system. This revolution started with the discovery of

the ob ject 1992 QB 1 , which was the �rst of over 30 Kuiper Belt ob jects with radii � 100{200 k m

that have now been discovered by groundbased observations. When 1992 QB 1 was discovered,

the Kuiper Belt was instantly transformed from a theoretical construct used to explain the orbital

element distribution of short-period comets to a bona �de component of the solar system.

Since the Kuiper Belt was discovered in 1992, the amount of data, both theoretical and

observational, concerning it has mushroomed. Among the new results that are discussed are: _ {)

Billion year numerical integrations have lead to an understanding of the dynamical structure of the

Kuiper Belt. However, the observed Kuiper belt orbital element distribution is not consistent with

an initially uniform population of bodies perturbed by the planets in their current con�guration.

Thus, the observed distribution is supplying us with clues about the formation and early evolution

of the outer solar system. _{ _{) Theoretical arguments have strongly suggested that the Kuiper Belt

was initially much more massive than we see today. This result may put important constraints on

the structure of the solar nebula in the outer solar system.

INTRODUCTION

Since its discovery in 1929, Pluto has been traditionally viewed as the last vestige of the planetary

system; a lonely outpost at the edge of the solar system. During the past few years, there has

been a growing realization that Pluto and Charon and, perhaps, Triton may be among the largest

bodies of a population of ob jects that formed in the region beyond Uranus, and that a substantial

population of smaller trans-Neptunian bodies still exists in what has come to be known as the

Kuiper belt.

Although speculation on the existence of a trans-Neptunian comet belt dates back almost 50 years

(Edgeworth 1949; Kuiper 1951), serious work on the topic did not start until Fern� andez (1980)

invoked it as a possible source reservoir for the short-period comets (those with orbital periods

< 200 years). Dynamical simulations by Duncan et al. (1988) and Quinn et al. (1990) showed that

a comet belt beyond Neptune is the most plausible source for the low inclination, Jupiter-family

comets (see Levison 1996 for a recent review). Duncan et al. (1988) suggested the name ‘Kuiper

belt’ for this population, in recognition of Kuiper’s 1951 paper suggesting it. The �rst Kuiper belt ob ject to be found, 1992 QB 1 , was discovered in 1992. Since then a total of 39 trans-Neptunian

ob jects with radii � > 50 km have been found by ground-based searches (as of October 1996: e.g.,

Jewitt & Luu 1995; Williams et al. 1995; Irwin et al. 1995), and � 30 Halley-sized ob jects have

been detected using the Hubble Space Telescope (HST, Cochran et al. 1995).

Since the study of the Kuiper belt is still young, some of what we discuss in the following sections

is speculative, and much of it is likely to change rapidly in the coming years (or even months) as

this �eld matures and more data become available. Nonetheless, researchers have made signi�cant

progress understanding it from both the point of view of the observational searches, and the

computational studies of the bodies in this region. Due to the limited space available here and

that complete reviews of the Kuiper belt are available elsewhere (for example see Weissman

& Levison 1996), we will concentrate on the dynamical structure of the Kuiper belt and the

implications that this structure has for the formation of the outer solar system.

THE OBSERVED DYNAMICAL STRUCTURE OF THE KUIPER BELT

The �rst successful detection of an ob ject beyond the orbit of Neptune (other than Pluto and

Charon) was by Jewitt & Luu (1992, 1993a) in August 1992. 1992 QB 1 was at a heliocentric

distance of 41:2 AU at the time of discovery and has a radius of � 130 k m, assuming a typical

cometary albedo of 0.04. Subsequent observations allowed Marsden (1994) to determine an orbit

for 1992 QB 1 with semima jor axis of 44:0 AU , eccentricity of 0.071, inclination of 2 � , and orbital

period of 292 years. The second discovery of a trans-Neptunian ob ject, was of 1993 F W . A

subsequent orbit solution by Marsden (1995) found a = 43:8 AU , e = 0:051, i = 7:7 � , and P = 290

years. Both of these ob jects have perihelion distances well beyond the orbit of Neptune.

The next four ob jects discovered were signi�cantly di�erent in that their heliocentric distances at

discovery were substantially closer to Neptune, in a region where the orbits cannot be stable unless

protected by some dynamical mechanism (see below). The four ob jects: 1993 RO (Jewitt & Luu

1993b), 1993 RP (Luu & Jewitt 1993b), 1993 S B & 1993 S C (Williams et al. 1995), were found

at heliocentric distances ranging from 32.3 to 35:4 AU . Marsden (1996) has orbit solutions for all

these ob jects but 1993 RP (for which there are insu�cient observations) that show that are in the

2:3 resonance with Neptune.

Continued ground-based searches have now discovered a total of 39 trans-Neptunian ob jects, as

of the middle of October, 1996. Twenty one of the 39 Kuiper belt ob jects have been observed at

two or more oppositions, and thus have reasonably good orbits determined for them. It should be

emphasized that ‘reasonably good’ does not imply exact and that there are signi�cant uncertainties

in the published orbits. The green dots in Figure 1 show the eccentricities of these ob jects verse their

semi-ma jor axes. The blue lines in the �gure show the locations of the mean motion resonances with

Neptune. The known Kuiper belt ob jects appear to fall into two distinct classes. At heliocentric

distances less than � 41 AU , all the known Kuiper belt ob jects are in mean motion resonances

with Neptune and have orbital eccentricities greater 0.1. Beyond � 41 AU the Kuiper belt ob jects

tend not to be in mean motion resonances and most have eccentricities < 0:1. We return to this

issue in the next section.

In addition to large ob jects, in 1994 and 1995 HST’s WFPC2 imaged two �elds in the Kuiper belt

to search for comet-sized bodies. Cochran et al. (1995) have reported detecting approximately

30 ob jects in the �rst �eld with V magnitudes between 27.9 and 28.6 (radii between 5 and 10 k m

assuming an albedo of 0.04). These ob jects had a very small signal-to-noise ratio (� 2{3) and

thus the argument for their detection is statistical. In essence, Cochran et al. found a total of

53 candidate ob jects that appear to be moving in prograde low-inclination orbits while �nding

only 24 that appear to be moving in retrograde orbits. The retrograde detections were assumed

to be noise. A chi-square test indicates that there is less than a 1% chance that the di�erence

between the prograde and retrograde sample is statistical. Therefore, at the 99% con�dence level, the excess prograde candidates are real ob jects. This team failed to detect ob jects in the second

�eld. However, the background in this �eld was brighter than in the �rst and thus the limiting

magnitude in the second �eld was smaller (V = 27:7 compared to 28:6 in the �rst). Since the

brightest ob jects that they discovered in the �rst �eld was V = 27:9, it is not surprising that they

did not discover ob jects in the second. Thus, the lack of detections cannot in any way be construed

to invalidate the detections in the �rst �eld. However, the detection is still controversial, and the

issue will not be resolved until deeper HST observations are obtained (currently scheduled for the

summer of 1997). Given the character of the observations in the �rst �eld, it was not possible to

determine the orbits of any of these candidate ob jects. Therefore, we will not be able to make

use of these observations in our discussion of the dynamical structure of the Kuiper belt in the

following sections.

THE LONG-TERM STABILITY OF ORBITS IN THE KUIPER BELT

The �rst detailed studies of the stability of orbits in the Kuiper belt was by Torbett (1989) and

Torbett & Smoluchowski (1990), who showed that low inclination orbits beyond Neptune are

chaotic with Lyapunov times less than 10 6 years if their perihelion distances are between 30 and

45 AU . Gladman & Duncan (1990) integrated 20 particles initially on circular orbits between 30 and 40 AU for 2 � 10 7 years and showed that ob jects with a � < 34 AU would become planet-crossers

and thus leave the Kuiper belt. These integrations were modest by current standards. Moreover,

Torbett and Smoluchowski assumed �xed orbits for the ma jor planets.

Study of the dynamical evolution of orbits in the outer planetary region over longer periods has

recently been made possible as a result of improved integration codes developed to study the

problem (Wisdom & Holman 1991; Saha & Tremaine 1992; Levison & Duncan 1994), and the

availability of high-speed, low-cost computer workstations which can be dedicated for periods

of weeks or months to a single dynamical investigation. Since the initial studies noted above,

numerical integrations of orbits in the Kuiper belt have been greatly extended and expanded.

Levison & Duncan (1993) and Holman & Wisdom (1993) performed integrations for 10 9 and

2 � 10 8 years, respectively. In both papers, the authors studied the behavior of ob jects initially on

low-inclination, nearly-circular orbits inside of 45 AU .

The most complete study of the long-term behavior of ob jects in the Kuiper belt has been performed

by Duncan et al. (1995). They performed two sets of numerical integrations. In the �rst they

followed the orbital evolution of 1,300 test particles on initial orbits with eccentricities between 0

and 0.3, and initial inclination of 1 � within the Kuiper belt over a period of 4 � 10 9 years, essentially

the age of the solar system. In the second, they followed the evolution of 3,000 particles with initial

eccentricities between 0 and 0.15 and inclinations of 90 � within the Kuiper belt for a period of 10 9

years. Each particle was followed until it su�ered a close encounter with Neptune. Once comets

can encounter Neptune, they will rapidly evolve (� 10 7 {10 8 years) into the inner planets region,

or be ejected to the Oort cloud or to interstellar space (Levison & Duncan 1996).

The results of Duncan et al.’s (1995) 4 � 10 9 year integrations are shown in Figure 1. The colored

strips indicate the length of time required for a particle to become a Neptune-crosser as a function

of its initial semima jor axis and eccentricity. Strips that are colored yellow represent ob jects that

survive for the length of the integration. As can be seen in the �gure, the Kuiper belt can be

expected to have a complex structure, although the general trends are easily explained. Ob jects

with perihelion distances less than � 35 AU (shown as a red curve) are unstable, unless they are

near, and presumably librating about, a mean motion resonance with Neptune. Indeed, the results

in Figure 1 show that many of the Neptunian mean motion resonances (shown in blue) are stable

for the age of the solar system. Ob jects with semima jor axes between � 40 and 42 AU are unstable.

This is due to the presence of three overlapping secular resonances that occur in this region of the

solar system: two with Neptune and one with Uranus (Kne� zevi� c et al. 1991).

Indeed, secular resonances appear to play a critical role in ejecting particles from the Kuiper belt.

This can be seen in Figure 2, which shows some of the results of Duncan et al.’s (1995) 10 9 year

integration. Here, the color strips show the length of time required for a particle to become a

Neptune-crosser as a function of its initial semima jor axis and inclination. These particles all had

initial eccentricities of 0.01. Also shown are the locations of the Neptune longitude of perihelion

secular resonances (in red) and the Neptune longitude of the ascending node secular resonances (in

yellow) as determined by Kne� zevi� c et al. (1991). It is important to note that much of the clearing

of the Kuiper belt occurs where these two resonances overlap. This includes the low inclination

region between 40 and 42 AU . The Neptune mean motion resonances are also shown (in green).

Much of the behavior observed by Duncan et al. (1995) has been independently explained using

analytic methods in recent papers by Morbidelli et al. (1995) and Malhotra (1996).

It is interesting to compare Duncan et al.’s (1995) results to the current best orbital elements of

the known Kuiper belt ob jects as determined by Marsden. This comparison is made in Figure 1.

The locations of all the Kuiper belt ob jects with established orbits are shown as �lled green circles

in the �gure. The main result of this comparison is that ob jects at heliocentric distances less

than � 42 AU have su�ciently high eccentricities that they must be in Neptune mean motion

resonances to be stable. Ob jects at larger distances appear to have lower eccentricities and are not

in obvious mean motion resonances (though one ob ject is in the 3:5). One interesting aspect of

this distribution is that the boundary between the two classes appears to be near the location of the main secular resonances. In addition, there is a region (36 AU � < a � < � 39 AU with i � < 15 �

and e � < 0:05) which is dynamically stable for the age of the solar system. The observations to date

indicate that this region is unpopulated. Therefore, there are clearly discrepancies between the

observed orbital element distribution in the Kuiper belt and that predicted by dynamical erosion

of the planets in their current con�guration.

If these distinct classes of Kuiper belt orbits persist and the unpopulated region remains

unpopulated as new ob jects are discovered and as better orbits are determined, then some

mechanism other than the long-term gravitational e�ects of the outer planets in their current

con�guration must have created them. Three mechanisms that may have accomplished this come

to mind:

� The hypothetical early outward migration of Neptune would cause its mean motion resonances

to sweep through this region thereby capturing most ob jects into these resonances (Malhotra

1995, Holman 1995). The idea is based on the results of Fernandez & Ip (1981) that show

that Uranus and Neptune most likely migrated outward as they dynamically dispersed the

planetesimals surrounding them. Uranus and Neptune evolved outward because they were

much more likely to scatter ob jects down to Jupiter and Saturn, which removed them from the

planetary system, than eject them from the planetary system (also see Levison & Duncan 1996).

Malhotra (1995) showed that Kuiper belt ob jects are likely to have been captured in the mean

motion resonances with Neptune if their initial eccentricities were small. After capture, the eccentricities of the Kuiper belt ob jects increased as Neptune continued its outward migration.

If this model is correct then Neptune initially had a semi-ma jor axis of about 24 AU . This

mechanism was �rst proposed to explain Pluto’s current orbit (Malhotra 1993). It correctly

predicts that almost all ob jects interior to � 41 AU should be in mean motion resonances, and

that there should be some ob jects outside of 41 AU that are on low eccentricity, non-resonant

orbits (Figure 3a). It also predicts a large number of ob jects in the 1:2 mean motion resonance

with Neptune with large eccentricities and small perihelion distances. As of yet, none of these

ob jects have been discovered. This remains a possible problem for this mechanism.

� Some process may have pumped up the orbital eccentricities and inclinations of particles in

this region to values greater than e � 0:05 and/or i � > 10 � where the dynamical lifetimes are

short. One method for exciting random motion in a disk is by mutual gravitational encounters

between ob jects in the disk. In this vein, it is interesting to note that the escape velocity of the

largest known Kuiper belt ob ject is approximately 200 m=s (assuming a density of 2 g =cm 3 ),

which is about 5% of its heliocentric orbital velocity. Thus, if there were initially enough of

these ob jects for the Kuiper belt to be dynamically relaxed by mutual gravitational scattering,

then Kuiper belt ob jects would have a typical eccentricity of a few percent, not quite enough to

depopulate the region of interest. However, if there were larger perturbers in the Kuiper belt,

they could produce higher eccentricities. For example, if the Kuiper belt initially had ob jects

the size of Charon (R = 600 k m), then the typical eccentricity would be = 0:1. Indeed, there

are arguments suggesting such a population in the past (Stern 1991). In this way, the region

of interest may have been depopulated, except in the resonances where high eccentricity orbits

are stable.

� Secular resonances can also excite the eccentricities of particles in the inner Kuiper belt. Levison

et al. (1996) have shown that a massive Kuiper belt would tend to increase the precession rate of Neptune’s perihelion, while decreasing the perihelion precession rates of particles in the disk.

Thus, the � 8 secular resonance would be closer to the Sun if the Kuiper belt were massive.

Levison et al. (1996) performed a set a numerical integrations that followed the behavior of test

particles in the Kuiper belt under the gravitational in uence of the Sun, outer planets, and a

massive disk that slowly dissipated. They found that particles inside of the current location of

the � 8 resonance were pumped to high eccentricities as the � 8 resonance swept outward (see

Figure 3b). These particles were removed from the Kuiper belt if they were not in a mean

motion resonance with Neptune. Thus, this mechanism predicts that most ob jects inside the

current location of the � 8 resonance will be in Neptune mean motion resonances, while ob jects

outside of the � 8 will be in low eccentricity, non-resonant orbits. A possible problem with this

mechanism is that it does not appear to produce ob jects with larger enough eccentricities in

the mean motion resonances with Neptune. In addition, the issue of whether the Kuiper belt

was massive in the past is still open to question (see next section).

These three explanations are not exhaustive. Physical collisions and gas drag may have also

played an important role. Nonetheless, these three models make very di�erent predictions about

the distribution of ob jects in the Kuiper belt. It is hoped that further discoveries and better orbit

determinations will help to resolve whether any of these mechanisms has played an important role.

THE EARLY EVOLUTION OF THE KUIPER BELT

As discussed above, the current orbital element distribution in the Kuiper belt indicates that the

primordial Kuiper belt was signi�cantly di�erent from what we see today. Indeed, over the last

few years, evidence has mounted that supports the idea of a massive primordial Kuiper belt. (The

best estimates are that there currently is only about 0:07 M � between 30 and 50 AU [Weissman &

Levison 1996].)

Stern (1995) and Davis & Farinella (1996) have shown that the Kuiper belt is currently eroding

away due to collisions. The model reported by Davis & Farinella is time dependent; thus it is

possible for them to show that the Kuiper belt will lose a signi�cant fraction of its mass in the

next 10 9 years (see Figure 4). Since the Kuiper belt is currently losing mass due to collisional

erosion, it clearly had to be more massive in the past.

Stern (1995) showed that it is not possible for ob jects with radii greater than about 30 k m to form

in the current Kuiper belt, at least by two-body accretion, over the age of the solar system. The

current surface density is too low to accrete bodies larger than this size. However, Stern (1996)

showed that ob jects the size of 1992 QB 1 could have grown in a massive Kuiper belt if the mean

eccentricities of the accreting ob jects were small, on the order of a few times 10 �3 . This point is

illustrated in Figure 5 which shows the accretion time for a 100 km radius ob ject as a function of

eccentricity and the total Kuiper belt mass within 50 AU of the Sun. A Kuiper belt of at least

several Earth masses is required in order for 100 k m sized ob jects to have formed. It is interesting

to note that according to this model, the 100 k m sized ob jects had to have formed before Uranus

and Neptune, because the presence of those planets would pump the eccentricities of the initial

ob jects too high for QB 1 -sized ob jects to accrete.

The idea of a historically massive Kuiper belt solves a small but puzzling aspect of the problem.

Edgeworth’s (1949) and Kuiper’s (1951) original arguments for the existence of the Kuiper belt

were based on the idea that it seemed unlikely that the disk of planetesimals that formed the

planets would have abruptly ended at the current location of the outermost known planet. An

extrapolation into the Kuiper belt of the current surface density of non-volatile material in the

outer planetary region predicts that there should be about 30M � of material there. However, our

best estimates are that there is only about � 0:07M � between 30 and 50 AU . It would be ironic

if the �rst arguments for the existence of the Kuiper belt are incorrect although the Kuiper belt

itself does exist. If the early Kuiper belt were indeed massive, then the arguments by Edgeworth and Kuiper remain valid.

Finally, the idea of a historically massive Kuiper belt has important consequences for the early

evolution of the Pluto-Charon system (cf. Levison & Stern 1995). A massive Kuiper belt could

be responsible for trapping Pluto into the 2:3 mean motion and Kozai resonances (Levison &

Stern 1995). In addition, it could help to explain how the Pluto-Charon binary formed by increasing

the likelihood of a giant impact.

CONCLUDING REMARKS

With the arguments presented in the last section in mind, it is possible to build a strawman model

of the Kuiper belt, which is depicted in Figure 6. Following Stern (1996), there are three distinct

zones in the Kuiper belt. Region A is a zone where the dynamical perturbations of the outer

planets have played an important role in the Kuiper belt’s heliocentric structure. In this region

the planets have tended to pump up the eccentricities of ob jects. About half of the ob jects in this

region have been dynamically removed from the Kuiper belt (Duncan et al. 1995). The remaining

ob jects have eccentricities that are large enough that accretion has stopped and erosion has become

important. Thus, we expect that a signi�cant fraction of the mass in region A has been removed

by collisions. Indeed, the solid curve in this region of Figure 6 shows an estimate of the current

Kuiper belt surface density from Duncan et al. (1995, reproduced from their Figure 7), while the dotted curve shows an estimate of the initial surface density, extrapolated from that of the outer

planets. If these curves are at all representative of reality, the current surface density in this region

has been depleted by a factor of � 10 3 . The outer boundary of region A is at � 50 AU if the

1:2 mean motion resonance is not populated by ob jects in high eccentricity orbits (52 AU is the

aphelion distance of ob jects in the 2:3 mean motion resonance with e = 0:3) and � 65 AU if the

1:2 is populated by ob jects in high eccentricity orbits.

Region B in Figure 6 is a zone where collisions are important in shaping the structure of the

Kuiper belt, but the gravitational e�ects of the planets are not important. Without the e�ects of

the planets, the orbital eccentricities of ob jects in this region will most likely be small enough that

collisions lead to accretion of bodies, rather than erosion. Large ob jects could have formed here, so

that the size distribution of ob jects may be signi�cantly di�erent than in the region immediately

interior to it. However, the surface density may not have changed very much in this region over

the age of the solar system. The outer boundary of Region B is very uncertain, but will likely be

beyond 100 AU (Stern, personal communication). Region C is a zone where collision rates are low

enough that the surface density of the Kuiper belt and the size distribution of ob jects in it have

remained virtually unchanged over the history of the solar system.

The strawman model presented above and the arguments for a massive primordial Kuiper belt

presented in the last section are only speculative, at best. The only possible methods for testing

these ideas and others discussed throughout this paper will rely on developing a good understanding of the current content of the Kuiper belt through observations. Of particular interest to the issues

discussed here is the orbital element distribution of Kuiper belt ob jects. We point out that the very

slow heliocentric motion of comets in the Kuiper belt requires repeated astrometric observations

over a period of many years to establish good orbital solutions for each ob ject.

Observers are strongly encouraged to support such programs so that the radial distribution and

orbital statistics of the Kuiper belt can be established, and in order to discriminate between

di�erent possible dynamical resonances with Neptune. Only 21 of the 39 Kuiper belt ob jects

have been observed at multiple oppositions and at least 9 ob jects have not been recovered and

are most likely lost (Marsden, this volume). Orbital solutions for even the well observed ob jects

remain somewhat uncertain. If we are to ever understand the dynamical origin and evolution of

the Kuiper belt, more observations, particularly followup observations on known ob jects, must be

carried out.

Acknowledgment: We thank Brian Marsden for extensive discussions on the discovered Kuiper

belt ob jects and their possible orbits. In addition, we are grateful to Alan Stern for discussions

on collisions. This work was supported by the NASA Planetary Geology and Geophysics Program

and the Origins of Solar Systems Program.

References:

Cochran, A. L., Levison, H. F., Stern, S. A., & Duncan, M. J. 1995. ‘The discovery of Halley-sized

Kuiper belt ob jects using the Hubble Space Telescope.’ Astrophys. J., 455, 342-346.

Davis, D.R., & Farinella, P. 1996. ‘Collisional Evolution of Kuiper Belt Ob jects.’ Submitted to

Icarus.

Duncan, M., Quinn, T., & Tremaine, S. 1988. ‘The origin of short-period comets.’ Astrophys. J.

328, L69-L73.

Duncan, M. J., Levison, H. F., & Budd, S. M. 1995. ‘The dynamical structure of the Kuiper belt.’

Astron. J. 110, 3073-3081.

Edgeworth, K. E. 1949. ‘The origin and evolution of the solar system.’ Mon. Not. Roy. Astron.

Soc., 109, 600-609.

Fern� andez, J. A. 1980. ‘On the existence of a comet belt beyond Neptune.’ Mon. Not. Roy.

Astron. Soc. 192, 481-491.

Gladman, B., & Duncan, M. J. 1990. ‘On the fates of minor bodies in the outer solar system.’

Astron. J. 100, 1680-1693.

Holman, M. J. 1995. ‘The Distribution of Mass in the Kuiper Belt’, Proceedings of the

Twenty-Seventh Symposium on Celestial Mechanics, eds. Hiroshi Kinoshita & Hiroshi Nakai.

pps 116-136.

Holman, M. J., and Wisdom, J. 1993. ‘Dynamical stability of the outer solar system and the

delivery of short-period comets.’ Astron. J. 105, 1987- 1999.

Irwin, M., Tremaine, S., & _ Zytkow, A. N. 1995. ‘A search for slow-moving ob jects and the

luminosity function of the Kuiper belt.’ Astron. J. 110, 3082-3092.

Jewitt, D., & Luu, J. 1992. ‘1992 QB 1 .’ IAU Circular 5611.

Jewitt, D., & Luu, J. 1993a. ‘Discovery of the candidate Kuiper belt ob ject 1992 QB 1 .’ Nature,

362, 730-732.

Jewitt, D., & Luu, J. 1993b. ‘1993 RO. IAU Circular 5865.

Jewitt, D., & Luu, J. 1995. ‘The solar system beyond Neptune.’ Astron. J., 109, 1867-1876.

Kne� zevi� c, Z., Milani, A., Farinella, P., Froeschli, Ch., & Froeschli, Cl. 1991. ‘Secular resonances

from 2 to 50 AU .’ Icarus, 93, 316-330.

Kuiper, G. P. 1951. ‘On the origin of the solar system.’ In Astrophysics, ed. J. A. Hynek (New

York: McGraw Hill), pp. 357-424.

Levison, H. 1996. ‘Comet taxonomy.’ To appear in Completing the Inventory of the Solar System, ed. T.W. Rettig.

Levison, H. F., & Duncan, M. J. 1993. ‘The gravitational sculpting of the Kuiper belt.’ Astron.

J., 404, L35-L38.

Levison, H. F., & Duncan, M. J. 1994. ‘The long-term dynamical behavior of short-period comets.’

Icarus, 108, 18-36.

Levison, H. F., & Stern, S. A. 1995b. ‘Possible origin and early dynamical evolution of the

Pluto-Charon binary.’ Icarus, 116, 315-339.

Levison, H. F., & Duncan, M. J. 1996. ‘From the Kuiper belt to Jupiter-family comets: the spatial

distribution of ecliptic comets.’ To appear in Icarus.

Levison, H. F., Stern, S. A., & Duncan, M. J. 1996. ‘The role of a massive primordial Kuiper belt

on its current structure.’ In preparation.

Malhotra, R. 1993. ‘The origin of Pluto’s peculiar orbit.’ Nature, 365, 819-821.

Malhotra, R. 1995. ‘The origin of Pluto’s orbit: Implications for the solar system beyond Neptune.’

Astron. J., 110, 420-429.

Malhotra, R. 1996. ‘The Phase Space Structure Near Neptune Resonances in the Kuiper Belt.’,

Astron. J., 111, 504-516.

Marsden, B. G. 1994. ‘1992 QB 1 .’ Minor Planet Circular 24408.

Marsden, B. G. 1995. ‘1993 F W .’ Minor Planet Circular 25227.

Marsden, B. G. 1996. ‘From Telescope to MPC: Organizing the Minor Planets.’ In Ephemerides

and Astrometry of the Solar System" (IAU Symposium No. 172), eds. S. Ferraz-Mello, B.

Morando & J.-E. Arlot, pp. 153-164.

Morbidelli, A., Thomas, F., & Moons, M. 1995. ‘The resonant structure of the Kuiper belt and

the dynamics of the �rst �ve trans-Neptunian ob jects.’ Icarus, 118, 322-340.

Quinn, T., Tremaine, S., & Duncan, M. 1990. ‘Planetary perturbations and the origin of

short-period comets.’ Astrophys. J. 355, 667-679.

Saha, P., & Tremaine, S. 1992. ‘Symplectic integrators for solar system dynamics.’ Astron. J.,

104, 1633-1640.

Stern, S. A. 1991. ‘On the number of planets in the outer solar system: Evidence of a substantial

number of 1000-km bodies.’ Icarus, 90, 271-281.

Stern, S. A. 1995. ‘Collisional timescales in the Kuiper disk and their implications.’ Astron. J.,

110, 856-868.

Stern, S. A. 1996. ‘The collisional environment and accumulation timescale constraints in the

primordial massive Kuiper disk.’ Submitted to Astron. J.

Torbett, M. V. 1989. ‘Chaotic motion in a comet disk beyond Neptune: The delivery of short-period

comets.’ Astron. J., 98, 1477-1481.

Torbett, M. V., & Smoluchowski, R. 1990. ‘Chaotic motion in a primordial comet disk beyond

Neptune and comet in ux.’ Nature, 345, 49- 51.

Weissman, P., & Levison, H. 1996. ‘The population of the trans-Neptunian region: the

Pluto-Charon environment.’ To appear in Pluto, eds. D.J. Tholen and S.A. Stern.

Williams, I. P., Fitzsimmons, A., O’Ceallaigh, D., & Marsden, B. G. 1995. ‘The slow-moving

ob jects 1993 SB and 1993 SC.’ Icarus, 116, 180-185.

Wisdom, J., & Holman, M. 1991. ‘Symplectic maps for the N-body problem.’ Astron. J., 102,

1528-1538.