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The origin of the highly eccentric (e 0.25), inclined (i % 17') and resonance-locked orbit of Pluto has 
long been a puzzle, for, in the widely accepted paradigm for the formation of the Solar system, the planets 
accumulated in a highly dissipative disk of dust and gas orbiting the protosun, and thus formed in near- 
circular and nearly co-planar orbits. A quantitative theory has been proposed recently [I] which suggests 
that Pluto's unusual orbital properties may be a natural consequence of the late stages of the formation and 
dynamical evolution of the outer planetary system. In this picture, Pluto is supposed to have formed in a 
common near-circular, low-inclination orbit beyond the orbits of the giant planets. During the late stages of 
the formation of the outer planets, the gravitational scattering and eventual clearing of remnant planetesimal 
debris by the giant planets (and the concomitant exchange of energy and angular momentum between the 
planets and the planetesimals) may have caused a significant evolution of the giant planet orbits [2]. In 
particular, Neptune's orbit may have expanded considerably, and its exterior orbital resonances would have 
swept through a large region of trans-Neptunian space. During this resonance sweeping, Pluto would easily 
have been captured into the 3:2 orbital period resonance with Neptune and its eccentricity pumped up to 
its Neptune-crossing value during the subsequent evolution. The resonance lock would ensure a separation 
in longitude of the planets a t  orbit crossing. An analytical calculation given in [I] predicts the relationship 
between the value of the final eccentricity and the magnitude of the outward radial migration of Neptune: 

The remaining questions regarding the high inclination and the "argument-of-perihelion-libration" (which 
is yet another interesting feature of Pluto's orbit that maintains its perihelion above the mean plane of the 
Solar system) are addressed in this paper by means of numerical simulations. 

A simple model was used for the orbital migration of the Jovian planets whose semimajor axes were 
allowed to vary according to 

a(t) = af - Aa exp(-tlr) (2) 

where af is the semimajor axis at the current epoch and ai G af - Aa is the semimajor axis a t  the start 
of the simulation. The Aa were chosen to be -0.2,0.8,3.0 and 7.0 AU for Jupiter, Saturn, Uranus and 
Neptune, respectively; these values are within the ranges of radial displacements of these planets found 
in the calculations of the late stages of planet formation in ref. [2] The planet masses and other initial 
orbital elements were taken from ref. [3]. Together with the planets, we also integrated 120 test particles 
(representing potential Pluto-like objects) with initially nearly circular and co-planar orbits (e = 0.01, i = 
0.01) with semimajor axes distributed uniformly in the range 29-35 AU. (This is the range of initial a's that 
are expected to lead to final Pluto-like orbits in the 3:2 Neptune resonance with final eccentricities in the 
range 0.2-0.3 (cf. eqn. I).) The timescale, T, of the radial migration of the Jovian planets was taken to be 
4 x 106yr, and the integration was halted at approximately los  yr, long enough for the Jovian planets to 
have reached their present orbits. We used the numerical method described in [4] which is a modification of 
a symplectic mapping method for Solar system problems [5]. .An example of capture into resonance and the 
evolution of the orbital elements of a "Pluto" found in these runs is shown in Figure 1. This "Pluto" started 
out initially on a nearly circular and co-planar orbit at a = 31.25 AU and was captured in the 3:2 resonance 
with Neptune. The resonant transfer of angular momentum from Neptune caused its orbit to expand in 
concert with Neptune's orbit; its eccentricity and inclination were both pumped up during this evolution. 
Note that the resonance angle, 4 = 3Xp - 2XN - wp,  exhibits remarkably stable librations about 180'; the 
argument of perihelion also exhibits librations, but the center of these librations may sometimes 'hop9 from 
-90' to +90°. The distributions of the final orbital elements of the test particle Plutos are shown in Figure 
2. As expected by design, most of the objects were captured in the 3:2 resonance ( a  11 39.7 AU); a few 
stray cases were captured in other nearby resonances; the final eccentricities lie mostly in the range 0.2-0.3. 
The inclination distribution shows a small but significant fraction of the test Pluto's with inclinations in the 
range 10-20 degrees. Thus, we conclude that this resonance sweeping model constitutes a plausible theory 
for the origin of the peculiar properties of Pluto's orbit. 
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FIGURE 1. An example of capture and Figure 2 .  The distribution of a, e and 
evolution of the orbital semimajor i of a population of "test Plutos" 
axis, eccentricity, inclination, captured in orbital resonances with 
argument of perihelion and resonance Neptune near the 3:2  resonance. 
angle in the 3:2  Neptune resonance. 
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