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Abstract

We review the current state of knowledge regar ding, Pluto’s heliocentric arbital
motion. Pluto’s orbit is unusually cccentric and inclined to the ecliptic, and over -
laps the orbit of Neptune. Consequently, Pluto suffers planctary perturbations to
a greater degree than any of the other plancts, and its orbit evolves significantly
over long times. The current uncertainty in Pluto’s orbital parameters and its imn-
plications for the long term dynamical evolution of Pluto is reviewed. Numerical
integrations of increasingly long times into the future indicate that Pluto exists in
a dynamical niche - consisting of sceveral resona nces which protects it from close
encounters with the giant platiets, but whiclimay also introduce a chaotic compo-
nent inits motion. The extent and character of this dynamical niche is described.
The emplacement of Pluto in this niche requires some dissipative mechanisin in the
carly history of the Solar System. We discuss two origin scenarios for this unusual
orbit, one invoking a catastrophic giant impact, the other a relatively slow evolution

of the orbit.




1. Introduction

The heliocentric motion of Pluto is of great interest for several reasons. It is ey sically
interesting because Pluto’s orbit departs very sighifi cantly in charactep from the usual wel -
scpar ated, near- cire ular and co: planar g1hits of the major plancts of the Solar System.
During one complete revolution about the Sun (in @ period of 248 years al a mean distance
of about 4(1 AU), Pluto’s heliocentric distance ¢hanges by almost 20 AU from perihelion
to aphelion, and it makes €XCu TS ons of 8 AU above and 13 AU below the plane of the
ccliptic (see Iigure 1); for approximately two decades in every orbital period, Pluto is
closer to the Sun than Neptu ne. Furthermore, Pluto is accompanied in its orbit about
the Sun by a large satellite, Charon; the large mass ratio Of Charon to Pluto m.akes this
truly a binary planct. The origin and stability of this binary planct in a very peculiar
orbit inthe outer reaches of the Planctary systemn is a fascinating questionin Solar Systemn
dynamicsandimay 1101(1 clucs to pla net for nation processes in the outer Solar Systen.
Pluto’s orbital history is also of importance for the geophysical and ¢imate evolution of
this system (cf. chaptlers in BULK PROPERTINS and ATMOSPHIIRISS).

It was recognized carly on that Pluto’s! orbitalperiod is exactly 3/2 that Of Neptune.
Owing 1o this orbital resonan ce and Pluto’s large cccentricity and inclination, the usual
analytlical incthods of celestial mechani'cgsave been o £ limited use in deterinining the
Jlong termimotion of Pluto under theinfluence of 1)CItillDiifi[)lls fromthe giant plancts.
Thercfore, most studics of Pluto’s orbital dynamics have involved numerical integrations of
imcreasingly long times. The enormous increase in computin g speed facilitated by digital
¢ omputers and faster num erical integration algorithins inrecent years now allows the
exploration of planctary dynamics over billion year timescales with relative case. We now
know that Pluto’s Jong term motion exhibits a rich variety of dynamical phenomen a: the
strong mecan motion resonan ce with Neptune, several resonances and near-resona nices with
the sccular motions of the giant plancts, aswell as cvidence of deterministic chaos. The

111 the M€ pest of brevity, we will refer tothe heliocentricinotion of the center-of-mass of the Pluto-
Charon binary as simply that of ‘Pluto’.



Jatier is especially curious, because numerical evid ence also suggests that over billion ycar
timescales Pluto is sccure from macrosco pical ly large changes in its orbital paramecters.
This complicated dynamics has motivated two new scenarios for the origin of this orbit;
il appears plausible that Pluto formed in a more ordinary ncar-circular, co-planar orbit
beyond Neptune and was transported to its curren { peculiar orbit by dynamic al processcs
in the carly history of the Solar Syster n. We note that these theories are a striking
departure from the early speculations of Pluto being an escaped Neptunian satellite.
This chapter reviews the current state of knowledge about the orbit of Pluto and is
organized as follows. Scction 2 deseribes the history of Pluto’s orbit determi nation and
disc usscs the quality of the present ephemerides and prospects for improvement inthe
future. Section 3 describes Pluto’s orbital evolution on long tinic scales. In Section 4 we
discuss the mmechanisms that determine Pluto’s orbital stability. In Sccetion b we review
two most plausible scenarios for the origin of Pluto’s orbit. Section 6 summarizes the

chapter and indicates avenues for future studies.

2. Current Orbit

Although Pluto was discovered in 1930, there exist prediscov ery photographs which pro-
vide its positions back to 1914, Thus Pluto has been observed for nearly 80 years, or 1/3
of its orbit period. The following osculating, heliocentric elements in the J2000 coordi-
nate system arc taken from the most recent planctary and luna r ephemeris, D15 245, by
Standish, Newhall, and Williamns (1993) and use a Sun/Pluto mass ratio of 135,000,000
(Beletic ef al. 1989).  They are based on app roximately 900 astrometric positions ob-
scrved over n carly cight decades. I addition to the six Keplerian elements (semimajor
axis a, cccentricily ¢, inclination ¢, node €2, argument of perihelion w, and incan anomaly
M), some auxiliary quantitics (imcan motion s, orbital period, perihelion distance ¢, and

aphclion distance Q) arc also listed.




Pluto’s orbi tal elements

cpoch MJD40400.0
a [AU] 39.71445 1 41
c 0.2533182 1 85
¢ [deg] 17.13487 -4 3
Q) [deg) 110278631 -119
w [deg] 112.98240 -1 130
M [deg] 331.37659:1 130

n [deg/day] 0.00392914:1 6
period [yll  250.8502 :1 40

g [AU] 29.69886 -1 11
Q) [AU) 49.85004 173

These elements are aflected by short-period planctary perturbations. If those effects arc
reinoved, the average (over a few centuries) orbital period is 248 yr.

Orbit determination for observation times less than an orbit period give best accu-
racics in the observed are of the orbit and degraded accuracies clsewhere. The difliculties
stemming fromn an incomplete orbit are complicated further by systematic star catalog
crrors. Pluto’s orbit suflers from nonuniforim accuracy: the semimajor axis is less well
known than the perihclion distance (perihclion passage occurred in1989 and is in the
observed arc), the perihclion dircction and mcan @101 naly are coarser than the other an-
gular clements (but the mean longitude, A = w - Q-1 M, is known ncarly an order o f
magnitude better, 0.00016°), and the error ellipse for the orbit pole is clongated by 2 to
1

The uneven orbit accuracy shows up in predictions of Pluto’s future position. Pre-
dictions only a decade beyond the last observation are noticeably in error (Seidelmann
¢l al. 1980, Standish 1993). At present the Jeast well known coordinate is the radial
distance with an uncertainly whit.]) exceeds 10,000 k. A future spacecraft imission to
Pluto would benefit from high ephemneris accuracies. lower accuracics cause pointing
uncertaintics. ‘1’0 maintainthe highest accuracy inthe future, it is necessary to make

positional obscrvations and to regu larly update the orbit.

3. Lo ng term evolution




Li ke the innermost planct Mercury, the orbit of distant Pluto is distinguished fromn the
other planets by the size of its cccentricity and inclination. 1igure 1 shows the orbits
of the five outer plancts. The extent of both radial and out-of- cchipti e-plane excursions
far cxceeds those of all othermajor plancts. Pluto’s perihelion distance is smaller than
Neptune’sincandistance - indeed its present peribelion (29.7 AU) is slightly sinaller than
Neptune’s (29.8 AU, both with short-period variations 1 cinoved). The question natur ally
ariscs whether close approaches hetween 1°luto and Neptune prevent orbital  stability. I 'he
size of the eccentricity and inclination of Pluto’s orbit and its cross ing perihiclion do not
make it anat tractive subject for studies by analytical perturbation theory. Conscquently,
numnerical integrations have dominated the studies of Pluto’s orbit evolution and the
speed of avail able computers has imited the leng th of those integ rations. Over the past
three decades the succession of integrations with loniger and loniger times is testimony to
the improvement in computer speed and innovative numerical integration algorithims. A

suminary of these numerical integrations follows.

Numerical Integrations of Pluto

Authors Pub Date Span Comp Time
Cohend& 11 ubbard 1965 120kyr 3d
Cohen, 11 ubbard& Ocsterwinter 1967 ( 300 kyr

Williams & Benso 1971 4.5 My]” 11
Cohen, 11 ubbard & Ocsterwinter 19°/3 1 Myr

Kinoshita & Nakai 1984 H My 4 hy
Milani et al. 198(i 9.3 My1
Applegate et al. 19S(i 217 Myr 14 d
Sussman & Wisdom 19s8 8§45 Myr
Richardson & Walker 19s8 1 Myr G5 d
Milani, Nobili & Carpino 1989 100 Myr

Quinn, Tremaine & Duncan 1991 3 Myr 65 d
Wisdom & ] 1olman 1991 ] Byr 14 d
Sussman & Wisdom 1992 100 Myr 40 d

Planctary perturbations can be divided into short and long period effects. The short-

period perturbations depend on the positions o f  the bodies in their orbits, 2.¢. on the




. g rae . rp " . . .
recall anomalics or meanlongitudes. The Jonger period effects, commonly called sccular
perturbations, include the sceular motions of nodes and perihelion direc tions and long:
period variations innodes, periliclion directions, cccentricities, and inclinations. Pluto

exhibits resonances with both types of perturbations.
3:2 Resonance

Cohen & HNubbard (1965) integrate d the five outer planets for 120,000 yr. They discovered
that the orbit of Pluto is locked in a 3:2 mcan motion resonance (commensu rability) with
Neptune. During every five centuries, Pluto makes two revolutions and Neptune three,
and thetwo plancts pass onc another once. After five centuries the geometric pattern
ncarly repeats (sce Cigure 2). A resonance argument, ¢, ca n be defined using the mean
longitudes of Pluto and Neptune, A and Ay respectively, and the longitude of Pluto’s
periliclion, w,

¢: 3N v W 1)

Cohen & Hubbard found that this arguiment librates about 180° with an amplitude of 76°
and a period of 19,700 y]*. The importance of the libration about 1S0” can be scen by

writing the resonance argument as
s
(f) : M- ‘)’(/\N : /\), (?)

where M= X - w is Pluto’s mcan anomaly. I'or Pluto to be at perihelion (M @ ()) while
passing Neptune (A = Ay), the resonance argu ment, ¢, would need to approach zero.
Thus the libration of ¢ about 180° prohibits very close app roaches and causes Pluto’s
conjunctions with Neptune (i.e. the configuration when the two planets share the same
heliocentric Jonigitude) to be closer to Pluto’s aphelion than perihelion. Aviothier way to
understand the reson ance protection is to note that the libration of ¢ about 1800 mcans
that at perihelion (M (1), Pluto’s mcan longitude is near 90° away f1 om Neptunc’s
longitude, thereby avoiding ¢ onjunctions of the two plancts when Pluto crosses the orbit

of Neptune. This is shown in Figure 2 in a coordinate svstem rotating with Neptune’s




mean rale.

Cohen and Hubbard showed that over five centur y cycles the distance between Pluto
and Neplune has three minima, the sinallest of them (18 AU) occurs when the plancts
have similar heliocentric longitudes and Pluto is near aphiclion. Thie other two minima
occur closer to Pluto’s perihelion (at the small loops in Figure 2), but the Jongitudes
of the two plancts are very diflerent and the distances are larger. Figure 3 illustrates
how the distance between Pluto and Neptune changes during the 20 kyr Libration. It is
interesting 1o note that Pluto makes closer (and more frequ ent) approaches to Uranus
than to Neptune (see Figure 4). However, the Pluto Uranus distance varies so rapidly in
successive close approaches that the Uranian short-period perturbations arce periodic over
only a few thousand years and do not accumulate sig nificantly over longer time scales.

Subscquent 3(K1 kyrand 1 Myrintegrations (Cohen, Hubbard & Oesterwinter 1967,
1973) revised the libration amplitude o f ¢ to 80° and shightly short ened the hibration
period. Kven longer numerical integrations since these orig imal studies have confirmed
the 3:2 resonance libration and the protection it provides against dose approaches with

Ne ptune (sce Figure b).
w Libration

Themajor plancts exhibit sizable *(see.ula]” variations on tine scales from 46 kyito 2
Myr. These variations are not associated with the fast time scale of the orbit periods,
but with the much slower precession o f  the periliclia and nodes. During Cohen and
Hubbard’s original 120 kyr integration the argument o f Pluto’s perihielion ;) w, moved only
1.4°. Becausc the present perihelion and aphelion arve 16° out of the plane of the ccliptic,
the possibility remained that the 3:2 libration would not survive for times comparable
to cither the circulation of the perihelion or the secular perturbations. Isven if the 3:2
resonance remained Jocked in libration, the possibility existed that the closest approach
distance would be reduced when the encounter point got closer to the ecliptic planc. But

commenting on the very slow argument of perihichion motion during 1?0 kyr, Brouwer



(19966) suggested another possibility: w might librate instead of circulating.

A Jonger integration of 4.5 Myr was undertakenby Williams and Benson (197(1).
Numcrical averaging techniques were used to Keep the computer usage modest. 1t was
found that the argument of periliclion librated around 900 witha 4 Myr period and a 24°
amplitude. During the integration the minimum distance between the two planets was
found to be 1 7 AU. The libration of w keeps the closest approach point out of the planc
of Neptuye’s orbit making the minimum distance larger.  Both librations tend to nake
the cammulative perturbations smaller in magnitude than they would otherwise be.

The 4 Myr periodicity of Pluto’s argument of perihelion is accompanied by 4 Myr
osc.illstiolls of the cceentricity and inclination. The inclination varies 2° peak-to-peak and
the cccentricity varies by 0.05. The extrema of these ¢ and 2 variations (one a naximum
and the otlier a minimum) occur W hen w = 907 ) 1 other words, when the aphelion
contracts toward the Sun its latitude increases. This helps to incrcase the minimum
Neptune Pluto distant.c.

For orbits of modest inclination, planctary perturbations normally dr ve the perihe
lion precession prograde. The perturbations by Jupiter, Saturn, and Uranus follow this
pattern. The 3:2 commensurability with Neptune, however, contributes a retrograde pre-
cession. As arcsult, the net rate of precession of Pluto’s argument of perihelion is always
small and averages zero (Lthe longitude of periliclion rate is negative and on average is
cqual to the average node rate). An carly attempt (Hori and Giacaglia 1968) to analyti-
cally compute Pluto’s orbit evolution based 011 three-body theory (Sun, Neptune, Pluto)
failed to find the w libration, butl subscquent work based on periodic orbits and scinian-
alytic techmiques using multiple perturbing planiets (Nacozy and Dichl 1 974, 1 978al,) did
confirm the w libration. The first direct numneri cal integration (no averaging techniques
or scaimianalytic treatment) with alolig enough span to confirm the w librat jon was that
of Kinoshitaand Nakai (1984)who integrated the five outer plancts for a timeshan of o

Myr. They found that the w libration had a 3.8 Myr period and an amplitude of 23°.




Othlerre<g1311(111¢<s

Williams and Benson (1971 ) had suggested that Pluto might exhibit.two other “sccular”
resonances involving Pluto and Neptune’s node and perihelion precession rates and Pluto’s
argument of p eriheli onlibration, but their 4.5 Myr integration was not long cnough to
confirm this possibility. Since that work, much longer integrations have been perforimed
(100 Myr 1 Byr, sce below). Long period variations of Pluto’s orbital clements were
reported by Applegate ef al. (1986) in their 210 Myr integ ration. Some of these were
subscquently identified by Milani et ol (1989) with the secul ar resonances p roprosed by
Williams & Benson.

Applegate et al. (1986) used a special purpose computer - the Digital Orrery - {o
numeri cally integrate the orbits Of the outar plan ets (the 4 giant plancts plus a zero-
mass test particle representing 17 lute) for:1100 Myr. 'This was a lcap by afactor of
~ 40 over the longest integrations till that time.  Pluto’s orbit was determined to be
stablc and the previously known librations of ¢ andw were preserved over this time span.
Some interesting new features also emerged. The w libration was found to be modulated
with a 34.4 Myr period, its amplitude varying between ~ 18° and ~ 28° (1} figure 6) .
Because Pluto’s ¢ and 7 arce strongly coupled through the w libration , both these orbital
clements also exhibitsignificant validations. The 3.8 Myr oscillations of ¢ were found to
be strongly modulated by the 34 Myr period, and there were indications of cevenlonger
period variations. k= esinw was report ¢d to exhibit a strong modulation with a 27 Myr
period, as well as a 137 Myr period.

Sussman & Wisdom (1988) extended the Digital Orrery integration to a time span
of 845 Myr. This integration confirmed all the above features in Pluto’s motion. They
also reported a 150 Myr period in the va riations of Pluto’s inclination and indications
of ancvenlonger periodof a))]~lc)xill-lately 600 Myr. 11 addition, theyfoundevidence of
determinisli ¢ chaos (sce below and Figure 7).

Anindependent 100 Myrnumericalintegration of t e outer plancts was performed by




he LONGSTOP project (sce Nobili 19SS for arcview of thiswork). 111 athoroughpaper
onthe analysis of their numerical solution for Pluto, Milani et al. (1989) discovered that
there was a 1:1 comnensurability between the libration period of w and the circulation
period of (Qn - Q). They refer to this as a “super-resonance”, and identified the 34.5
Myr modulations with the libration period of the super-resonance. This resonance has a
gcometrical co nsequence when considering the inclination of Pluto’s orbit: the 3.8 Myr
variation intheinclination with respect to the invariable planc is opposed to the inclina-
tion variations of Neptune’s orbit (actually the cocflicient associated with the principal
frequen cy) so that Pluto’s inelination with respect to Neptune’s orbit plane varies by only
1,

Milani ¢t al. al s o attenpted to determine the origin o f the longer period perturba-
tions and the signature of chaos detected inthe Orrery calculations. They identified yet
another “super-resonance”:  the difference of the longitudes of perihichion of Pluto and
Neptune, (w - wy), circulates with a period of 1.267 Myry close to 1/3 of the 3.8
Myr circulation period of (Q0n - Q). (Because of the first super- resonance, this guaran-
tees a commensurability with the w libration also. ) Inthe 1, ONGSTOY integration, the
combination of an gles, (w - wy) 3(ny - ), was close to but not Jocked in resonanice;
however, in the Orrery integration, the average rate of this angle was indistinguishable
from zero within numerical resolution. Milani ef al. have suggested that the origin of the
cliaos in the Orrery calculation could be this super-resonance. Whether Pluto is Jocked

1 this resoniance remains an outstanding question.

. . : .
Comparison of integrations

T'he accuracy of Pluto’s orbital cleinents has improved with time and our knowledge
of the outer planct masses benefited greatly from the Voyager flybys. The influence of
mass correction and orbit uncertaintics on the long- terim orbit evolution will be considered
here. Thie 210 Myr integration by Applegate ¢t al. (1986) and the 100 Myr integration

of Milaniel al. (1 989) arc the longest that have been analyzed for their fundamental
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frequencies and amplitudes and will be used here.

Most of the integrations have used a Neptune mass which is 0.51% larger than the
Voyager value; the value used by Milani et al. is 0.10% smaller than Voyager’s. To a good
approximation the 3:2 libration frequency scales as the square root of Neptunc’s mass.
When corrected to the Voyager value, the libration periods from both Milani et al. and
Applegate ci al. arc within 6 yr of 19,912 yr.

The 3:2 libration amplitude is very sensitive to the measured mean motion. The
libration causcs Pluto’s mean motion to oscillate by 0.6% about the mean value imposed
by the derivative of the resonance argument.  Conscequently, relative mean motion un-
certainty is amplified by two orders- of-mna gnitude when determining libration amplitude
uncertainty. For the mean motion uncertainty given in Section 2, the amplitude uncer-
tainly is 0.1°. The two papers give peak, rather than mecan, hbration amplitude, and
they differ by 2° (84° for Milanict al. and 86° for Applegate et al)). A's the libration
center oscillates by 3° about 180° (Williams & 13 enson 1971, Milani et al. 1989), the incan
libration amplitude appears to be about 82¢, but is somewhat uncertain.

The libration period for the argument of periliclion, w, is ncar 3.8 Myr. Applegate o
al. give 3.796 Myr and Milani i «l. find 3.783 Myr. The 0.3% diflerence is plausibly due
to mass differences since the lihration frequency depends upon the square root of a lincar
combination Of all of the outer planct inasses, but the cocfli cients of the lincar combination
arc nol known. Asswiming that the libration frequency is dominated by Neptune’s mass
gives the right size correction, but the wrong sign.

Because the w hibration is TS0 ant with the difference in the nodes of Pluto and
Nep tune, (Qn - ), consideration of the sensitivity of the node precession rate to outer
planct masses should permit adjustment.  This can only be done approximately, but
the approximation from Laplace- L agrange theory is better known than that for the w
libration. Yor Pluto’s average node rate, bothintegrations correct to - 0.3502" /yr. The

average long itude of periliclion rate will be the same (owing to the w libration). lor

1



Nc})t,tnlc’s average node rate, the discrepancy between the two integrations is made worse
by adding a mass correction (- 0.6921”/yr for Applegate et al. and - 0.6930"/yr for Milani
et al). Mass corrected, the periods forafull cycle of (1x - 2) are 3.791 Myr and 3.78)
Myr, and these should match the w libration periods.

Neptune’s average longitude of perihiclion rate is also of interest. Here the agrecinent
is good and a mass corrected value is 0.6730”/yr. T'he diflerence of thelongitudes o f
perihelion Of Pluto and Neptune, (w - wy ), completes a cycle in] .267 Myr, very closc to
1/3 of the periods of the w librationandthe circulation] of (§2n - §2). For the combination of
angles, 3(Q2 - Qn) - (wn - w), the mass con ected rate for Applegate et al. is 0.0024" /yr,
about half the Milani ¢l al. value of 0.0051”/yr. We cannot predict whether the mass
corrected value of Applegate el al. would be resonant.

The inability to correct to the same rates in the two integrations is due to some
combination of the approximations used for the mass sensitivities, the resona nees, diflerent
initial conditions for the plancts, and modeling.  The planctary orbits have now been
fit using the improved planctary 111.asses andcould serve as starting conditions for long
integrati ons. Rather than trying to rcconcile the consequences of diflerent masses and
mmitial conditions of past integrations, the time scamns ripe to perform new integrations
which climinate these uncertaintics.

The average w rate is zero, but the libration causes the rate to vary with time. The
average w amplitude from the two long integrations is between 21° and 22°, 1'here should
be a sinall influence of the difference inthe Neptune 11 hass, approximately ().1°, onthe

amplitude.

4. Dynamical stability and chaos

The dominant perturbations on Pluto’s motion arise from Neptune. Because Pluto’s
mass is ~ 10 that of Neptune, the sim plest model for analyzing these perturbations is
to consider the planar restricted three body problem consisting of the Sunand Neptune

as thenassive primaries in circular orbits about their center of mass, and Pluto as a
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;nasslcss {est particle. This modelhas theimportantadvantage that ticstrnc.tinrcqftjic
phase space can be visualized in a 2-1) surface-of-section. In such & picture, quasiperiodic
(i.e. secularly stable) motion appcars as points that lic on a smooth, closed curve, while
chaotic (or sccularly unstable) motion appears as points that fillup a 21) region (sce
Henon 1983 for further details). Iigure 8 shows the structure of the phase space 1 the
vicinity of the 3:2 Neptune-Pluto resonance in terms of canonical resonance variables. In
obtaning this SilI'faC.C-Of-SCCtiOI"l, the value of the Jacobiintegral was set cqual to that
for the observed Pluto but with its inclination suppressed. It is obvious from this that
stable librations of the resonan ce angle are possible only in a narrow region of the phase
space. The approximate half-width of this stable 1 esonance region interms of scinimajor
axis is only Aa =~ 0.5 AU. Librations with amplitude greater than ~100° are chaotically
unstable on very short tilllesc.ales, O(10%)yr. The obser ved libration amplitude of Pluto is
§2°, and is inside the stable region. Thus, within this approxiipate model, Pluto’s motion
isboundedand stable for all time.

The question: naturally arises whether the motion remains stable in the realistic case,
inwhich Pluto has anon-zero inclination]], Neptune’s orbit is not on a fixed circle but has
a small cccentricily and inclination, and the perturbations of the other plancts are al so
imcluded. It can be argued that the third degrec of freedom (Pluto’s inclination) by itself
will not make the orbit unstable. However, taking ac count of the non-circular orbit of
Neptune, and the perturbations of the other plancts introduces new dynamical features
whose cflects on Pluto’s long term orbital stability are more difficult to analyze. The
most significant of these is the w libration described in the previous section. The high
inclination of Pluto’s orbit together with the w libration helps to keep Pluto’s perihiclion
out of the ecliptic plane, and thercfore hiclps reduce the magnitude of the planctary
perturbations.  Other weak resonances (“super-resonances” in Milani el al. 1989) that
have been identified 1n the long term numerical integrations of the outer plancts also

have the effect of increasing the closest approach distance between Pluto and Neptune.
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on the other hand, it is well established that resonance regions are accompaniced by
chaotic zones in phase spa ce, The relevant question, therefore, is whetlier the dynarnical
protection mechanisms remain robust for a sufliciently wide range of initial conditions

and paramcters that encompass those of the actual Solar System. We discuss this below.
Lyapunov caponend

Chaotic solutions of a dynamical system arce characterized by an extreme sensitivity to
initial conditions which is most dircetly mecasured by its maximal lyapunov exponent, |,
This is the quantity that measures the rate of exponential divergence of two trajectorics

im phasc space that initially are arbitrarily close to cach other:

P T T (‘[({’3/‘](0)). (3)

d(0)-»at-reo
Here d(0) is the initial separationin phasc space and d(t) the separation at time . 1na
regularregion of phase space, 1' is zero;in a chaotic region it is finite and positive. The
assoc jatedtimescale for chaotic. divergence of orbitsis 73,: 17"+ In practice, innmunerical
experiments one determines the so-called finite-time maximal Lyapunov exponent,

In dad)
b ! ) (4)

where d(0) is smallbul liml-zero. Thiery, at increasingly large 1, 4 asymptotically ap-
proaches 1.

The Lyapunov exponent, vy, for Pluto’s motion has now been determinedin several
long numerical integrations. In the first of these (Sussman & Wisdom 1988), the orbits of
the four mnassive outer plancts and a massless “I’lut o were integrated{or a period of 845
Myr using a special purpose cor npu ter (the Digital Orrery) and the multi-step Stormer

integrator. The maxima] lyapunov exponent was foundto be 10- 3

yro. Ina more
recent effort, the same system was integrated for 1 Byrusing a symplectic mapping method
(Wisdom & Holman 1991). Inthis work, ] *luto’s Lyapunov exponent was reported to be

“consistent with” that obtained in Sussiman & Wisdom (198 S). Most recently, several
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" different numerical experiments were reported il Sussman & Wisdom 1 992, In on ¢ of

these, all 9 plancts were integrated for 100 Myr; in the other experiments, the four outer
plancts only, together with a massless 1 ‘lute, were intcgrated for time periods ranging,
from 250 Myr to 1 1 3yr. Fach of these runs yiclded a positive Lyapunov exponent for
Pluto, with Lyapunov timescale between 10 Myr and 20 Myr. The Vaue of tile Lyapunov
exponentobtained is evidently sensitive Lo the integration met hod and step size used, as
well 8 to shight differences i the modeling and in planctary ma sses and initial conditions.

The chaotic character of a dynamical systein also manifests itself in the power spec-
trum of its dynamical variables. Yorregular (quasiperiodic)motion, the power spectrum
has discrete lines composed of linear combinations of the fundamental frequencies of the
system. However, for irrcgular (chaotic) motion, the 1) OWCrspectrum has a broad band
componcent. in their 8§45 Myrintegration, Sussiman & Wisdom (1988) reported just the
latter typc of spectrum for Pluto’s k= esin e, thus providing corroboration for the

chaotic character of their numerical solution for Pluto’s orbit.

Stable chaos

The determination of a positive Lyapunov exponent for a dynamical system is usually a
guantitative confinmation of chaos that is readily @pparentjythe time evolution of its
dynamical variables. Ilowever, Pluto’s orbit has now been integrated for 30 100 times its
]Lyapunov time, and yct no obvious chaolic behavior is to be found in the evolution of its
orbital clements.

Could Pluto’s motion be a case of “stable chaos”? An example of “stable chaos™ has
been reported recently in @ numerical study of the long term evolution of asteroid 522
Helga (Milani & Nobili 1992). This asteroid lids a Lyapunov time of only 6900” years,
yetits orbit remains narrowly confined for more than 1000 times its Lyapunov timescale.
Other examples are described in Gladiman (1993) where chaotic orbits are found to be
bounded for times as long as 105 Lyapunov times! Pecrhiaps this should not come as a

complete surprise: a positive Lyapunov exponent is ameasure of a localinst ability only;
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;¢ does not necessarily imply large scale chaotic behavior.

All the long integrations to dale show no Jarge scale instability for Pluto’s motion on
billion-yecar timescales. Jn their 845 Myr integration, Sussman & Wisdom (1988) reported
that the divergence of two initially ncarby I’ lutes saturates at a distance of 45 AU. It
was pointed out by Milaniel al. (1 989) that this saturation should be expected if the
different 1’lutes remain inapproximately the same orbits, but simply diverge inphasc
while preserving the libration of ¢ with an amplitude ncar 807, This suggests that the
chaos dctected by Sussman & Wisdom does not aflect the stability of the 3:2 resonance
libration. Milani ¢l el have argued that the origin of the chaos is onc of the weaker
supcer-resonances and that the positive Lyapunov exponent indicates that Pluto may be
ncar a chaotic orbit associated with that resonance. Thercefore, if Pluto does indecd hive
in a chaotic zone, that zonc is exceedingly narrow. Whether it is connected to a larger
chaotic zone (which would alow large scale chaotic changesin its orbit, such as happens to
asteroids ncar the 3:1Kirkwood Gap (Wisdom 1988)) remains an open question. A final
point to note here is that the Sussman & Wisdomn calculations used a value for Neptune’s
mass which is off by about 0.5% frointhe corrected post-Voyager value; we cannot predict

how this correction would affect the Lyapunov exponent calculation.

5. Origin of Pluto’s orbit

According; to the accepted paradigm for the origin of the Solar System, the plancts ac-
cumulated in a flattened disk of dust and gas orbiting the young Sun approximately 4-5
Byr ago. Internal dissipative processes cfliciently damped the random non-circular and
oul-of-planc motions of the forming planct s, and, as aresult, the major planets move on
ncarly circular and co-p lanar orbits. Mercury andPluto are the striking exceptions to
this general rule, Pluto being the more extreme case.

The earliest speculation about the origin of Pluto was a suggestion by Lyttleton
(1936) that Pluto may have been a satellite of Neptune which escapedinto a heliocentric

orbit ducto ararc catastrophic event. The main observations that led to this suggestion
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wercthal Pluto’s orbit crosses that of Neptune, and that Neptune itsclf possesses alarge

satcllite, Triton, similar in brightness to Pluto. Various means of accomplishing such
cscape have been considered in the literature (Lyttleton 1936, Horedt 1974, Harrington
& van Flandern 1979, Farinella et l. 1979, Dormand & Wool fson 1980). This Liypothesis
has fallen out of favor inrecent years as a result of iinproved knowledge about the charac-
teristics of the Pluto- Charon system which strongly support its formation in a heliocentric
orbit. The detailed arguments are reviewed inthe chapter by Stern, McKinnon & lunine.

If 1°luto’s formation was similar tothat of the other plancts, it would have formed
in anecar-circular, low inclination) orbit about thcSun. Indeed, it may have been one of
several smallicy plancts that formed inthe outer planctary region. Its pecnliar orbit must
then be explained as aresull of post-formation dynamical processes. Here we summmnar ze
two scenarios proposed recently which appear promising. In both these scenarios, Pluto
formedin a low-c, Jow-z orbit beyond Neptune, and outside the 3:2 resonance; and both

require a dissipative process 0 evolve Pluto into its resonant Neptune- crossing orbit,
A . Chaos - Giand impact

A scenario that has been around ina general way is the 1)arwinian s~ll~~il’a-c)f-t llc-fittest:
namely, that Pluto was onc of a swarm of siiilar sinall bodies which were continuously
scattered by their mutual collisions into and out of the 3:2 resonance with Neptune; Pluto
simply happened to be the one that survival to the present time inits protected orbit,
while the other bodies were ranoved by collisions with the giant planets. The existence of
Triton, Pluto and Charon lends support to theidea t hat there were other similar ice- dwarf
plancts inthe outer Solar System.

Numcrical calculations by Applegate ¢f 01. (19S6), Kinoshita & Nakai (I 934), and
Olson-Steel (1988) have indicated tlhat, given the current masses and orbits of the gi-
ant plancts, most 1)lutlc-like orbits near the 3:2 Neptune resonance exhibit Jarge scale
chaotic variations over very snort timescales,~ 1 0°yr. Recent numerical integrations by

Holma n & Wisdom (1 993) and Levison & Stern (3 993) have further explored the orbital
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‘ (jynmﬁiéﬁ necar the 3:2 Neptune resonance. 1hescauthors find that test particles placed
in imitially low-cceentricity, low-inclination orbits ncar this resonance evolve rapidly (on
~ 10%r iimcsc.ales) into orbits with high cccentricity and inclination similar to that of
Pluto. Jurthermore, Levison & Stern find that some of these orbits exhibit resonant libra-
tions of ¢, but with large amplitudes that vary chaotically between 100° and 120°. The
dynamical lifetime of such orbits (before a closc approach to Neptune) was foundto be
short, @(107) yr, althiougl in some cases, the time to first Neptune encounter was almost
1 Byr.

Levison & Stern suggest that a “Pluto” on such a chaotic orbit mnay be stabilized by
mecans of a collision with a smaller mass body. Intheir scenario, the collisionresults in
the formation of the Pluto-Charon binary; the orbit stabilization is accomplished if the
collision knocks the libration amplitude of ¢ to a value smaller than ~80°.

This proposal is atiractive for it accounts for the high cccentricity and inclination of
Pluto’s resonant orbit. However several questions regarding its plausibility remain: (4)
Pluto’s initial low-c, low-7 orbit is requiredto beina very narrow range of «; (74) the
underlying dynamical mechanisim for the excitation of ¢ and1 is not known; the numerical
calculations rcly upon the current configuration of the giant plancts; is the ¢,7 excitation
~mechanism sufliciently insensitive to the evolution of the outer planct masses and orbits
durinig their formation? (#i7) the window- of- opportunity for a Charon-forming impact is
a short period of tine after Pluto becomes Neptune-crossing and before it hasa c.lose
cncounter with Neptune; (iv) the type of collision that would stabilize the chaotic orbit (a
gentle “nudge” that places the plancet close to the edge but inside the stable libration zone
of the 3:2 Neptune resonance) is different in character from the giant impact required for
the formation of the Pluto-Charon binary; the former indicates a very small impactor-to-
targcel mass ratio, whereas the giant-im pact origin for the Pl uto-Charon binary involves
ncarly cx-equal colliding bodics. Finally, the origin of the w libration and the other secular

resonances of Pluto remainundetermined in this sceriario. Farther studies on this origin




modcl will doubtless prove valuable.

. Resonance caplure

Phase-locking as arcsult of some slow dissipative process is aphenomenon well-kllolvll
innaturc. in the Solar System, orbit-orbit resonances (as well as spin-orbit resona nees)
are commonly found amongst the satellites of the giant planets. Capture into an orbit-
orbit resonance occurs when the orbits of two bodies approach cach other through some
dissipative process. The origin of resonances amongst planctary satellites is thought to
be duc to tidal friction andisa wc]] understood  phienomenon (Peale 1986). One of us
(Malhotra (1993)) has proposedihat Pluto may have been captured into the 3:2 Neptune
resonance during the late stages of planct formation, when Neptune’s orbit expanded as
aresull of angular momentum exchange with residual planctesimals.

The mechanism is summarized as follows. The giant plancts’ gravitational cffects
cleared out their il)ter-planetary regions by scattering the unacercted mass of planctesi-
mals. (Some fraction of this mass now resides in the Oort Cloud of comets in a roughly
isotropic distribution surrounding the planetary system (Weissman1990), but most has
been lost from the planctary system.) A planctesimal scattered outward gains angular
momentum, while one scattered inward loses an gular momentum at the expense of the
plancts. The back reaction of planctesimal scattering on the planets caused the planct
orbits to evolve.. Consider the eflect on Neptune: approximately equal numbers of plan-
clesimals are scatteredinward as outward; thosc planctesimals scattered outwards by this
planct end up in the Qort Cloud, orrcturn to be rc-scatted. A fraclion of the latter
set is againscattered inwards. The inwardly scattered planctesiials arc systematically
cjected from the planetary system by the more inassive Jupiter which resides interior to
Neptune. in effect, the outer less massive planets, Neptune and Uranus, transfer control
of the cjection process Lo the inner more massive Jupiter (and to a lesser extent, Saturn).
Numerical siimulations confirm this general picture: Neptune, Uranus and Saturi’s orbits

expand, while Jupiter’s orbit shrinks (I'ernandez & Ip 19S4).
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If Pluto were initially in a ncarly circular and co-planar orbit beyond the orbit of
Neptune, then as Neptune’s orbit expanded, its exterior orbital resonances approached
Pluto. In particular, if Pluto’s initial orbital radius were such that the 3:2 resonance was
the first major Neptune resonance to sweep by, Pluto would be captured into this reso-
nance. The resonance capture occurs with100% probability if Pluto’s initial cccentricity
were smaller than  ().(0)3; the capture probability is sialler for higher initia ccecentricitics
(1 0% for Ginitin == 0.1 5). In the subsequent evolution, as Neptune’s orbit continued to
expand, the resonant perturbations increased Pluto ’s orbital cccentricity. Malhotra finds
the followi ng relation between Pluto’s cecentricity and Neplunc's semimajor axis:

1 aN #

2 2 s N,final r

hinal * Cinitial ¥ - ) (%)
< OGN initial

T'his equation shows that 1 ‘lute’s current cccentricity would have been produced by its
capturc into the 3:2 yesonance when Neptune’s seiimajor axis was app roximately 25 AU
(~5 AU less than its current value). By implication, Yluto’s initial orbits] radius was
~ 33 AU. This cqualion also indicates a rather weak dependence of the final cccentricity
on the initial @ and e. We note that in this sccnario, Plutois initially notina Neptune-
crossing orbit; although the resonan ce forces the high cecentricity on Pluto, it also provides
protection against close approaches during the entire evolution.

Malhotra’s numerical simulations confirm the feasibility of this theory for accounting
for the observed cecentricity as well as the observed libration amplitude of ¢. 1 3ut the
theory is not complete: Pluto’s high inclination, the w libration, as well as its other
secular resonances remain to be explained.  The magnitude of the radial migration of
Neptune (as well as the other giant plancts) irnplied in this theory has other theoretical and
observational conscquences thatl remain Lo be evaluated. The apparently high cefficiency
of resonance capture and its implications for the evolution of other small bodics in that
region also needs to be examined. The formation of the Pluto-Charon binary pair is not
addressed, but that is not a difficulty withthe theory; a Pluto-C haron binary formed in

a low-¢, low-7 orbit would undergo the same resonance capture evolution.

20




¢. Summary

The heliocentric orbit of the Pluto- Charon pair has been observed for nearly one-third of
its orbit period. Iiphemerides of the pair (collectively called “7luto” in this chapter) fit the
known observations wall. However, onc must bear in mind that the span of observation is
stillmuch less than anorbit period, and there is a nced for future positional observations
andorbitl fits. A spacecraft mission to I’Juto would need ephemerides of high accuracy.
Pluto’s orbit is the most cccentric and inclined of the major plancts (Figure 1). At
perihiclionit ventures closer to the sunthan Neptune, scemingly violating the well-s])accd,
hicrarchical pattern of the other plancts that is associated with long-term orbital stability.
Investigation of the dynamical evolution of this configuration shows a surprisingly complex

behavior involving at least threcresonances.

i. very 494 yr Pluto orbits the Sun twice while Neptune orbits three times. The
resonant perturbations from Neptune cause P’luto’s orbital period to librate about
247 yr and the resonance argument (cf. Ig. 1 ) to librate about 180° with an am-
plitude of 82°. The libration period is 19,912 yr. This resonance prevents Pluto
from passing close to Neptune; when the two plancts have the saine heliocentric
longitude Pluto is closer to its aphelion than its perihelion (Figure 2). So effective
is this resonance at keeping the two plancts apart that Pluto can approach Uranus
more Closely thanNeptune. The 3:2 resonance is a strong stabilizing influence on
orbit. Indeed, integrations of I'luk-like orbits just outside of theresonancelibration

region display strong chaotic behavior inonly a few million years.

it. Pluto’s argument of perihelion dots not precess through 360°; rather, it librates
about a value of 90°. The libration period is 3.8 Myr and its amplitude averages
21¢Thus, Pluto’s perihclion and aphelion never cross Neptune’s orbit plane. This

also helps keep the two planets apart.
2. The difference between Pluto and Neptune’s nodes circulates every 3.8 My r the
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it has anassociated libration period of 34 Myr.

Pluto is near a fourth resonance, but the diflerences between independent integrations can
support either an exact resonance with a librating arguient, or a near-resonance with a
circulating; argument. Thedifference of thelongitudes of perilichion of Neptune and Pluto
circulates in1.267 Myr - one-third of the period of the argument of perihelion libration,
and also of the circulation period of the node difference. 13ccauseresonance separatrices
arc usually associated with chaotic zones, there will be uncertainty about this potential
source of chaotic behavior until Pluto’s true placement with respect to this reson ance is
known.

That Pluto’s orbit is chaotic is indicated by the positive Lyapunov exponent deter-
mination in several different long numerical integrations. However, the integrations which
indicate the presence of chaos do not show obvious crratic changes inthe orbital clements
that one might expect with the snort Lyapunov time of O(107)yr. Indeed, al the evidence
suggests that th ¢ protection accorded Pluto by the 3:2 Neptune resonance is robust over
Dillioll-year timescales. 1 here remains a degree of uncertainty in the magnitude of the
Lyapunovtimescale - shghtly different values obtainedin different numerical integrations.
The origin of the chaos remains unknown, as well. *J'henear-resonance described above
is onc possible but unprovensource of the chaos; it dots illustrates an important point:
the magnitude of the chaotic orbital perturbations may be siall and bounded, or, if un-
bounded, may require times muchlonger thant heage of the solar system to be dangerous
to Pluto’s existence. Nevertheless, a Lyapunov timescale of (9(3107)yr implics a relatively
short horizon of predictability for its exact positionand velocity.

I's it significant that small differences in the modeling or integration methods result
“inlyapunov exponents diflering by a factor of severa? If Pluto’s orbit is chaotic., what is
the origin of the chaos, and how is it manifested inits orbital clement evolution? Because

Pluto’s chaotic motion may be assoc jated with a narrow chaotic zone, it is desirable to
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\ ‘;,é,ninat@lv'thé uncertaintics in past num crical integrations duc to (now known) crrors in
planctary masses and orbital initial conditions. The Voyager flybys of the outer plancts
have provided a muchimprovedset of outer planet miasscsand continued analyses of posi-
tional dalasctls has provided compatible ephemerides for the planctary initial conditions.
I'uture numerical integrations should take advantage of these improvements.

What role do the various resonances play in the origin and continued existence of
the Pluto- Charon system? Because some of the resonances are protective in that they
increase the minimum distance between I'lute) and Neptune, hias adynamical “survival of
the fittest” left objects only in protected orbits? Or, might the resonances have captured
these (and perhaps also other) objects that did not start out in resonant orbits'? We
have discussed two origin scenarios proposed recently, one incach of these two categories.
Both these scenarios suggest the formation of Pluto in an initially non-resonant, nearly
circular and co- planar orbit in the outer reaches of the Solar System, beyond the orbit of
Neptune. One invokes a catastrophic impact to einplace Pluto in its stable resonant orbit;
the othier suggests a sfow evolution of the orbit during the late stages of formationof the
outer plancts. Much work remains to be done to establish the details of cach of these
modcls. Detailed studies of the dynainics of cach of Pluto’sresonances willhelp to evaluate
the relative merits of these models. They can also be expected to provide clues to the
underlying causcs of the large-lyapunov- ex ponent- without- large-scal ¢- chaoti c-behavior.,
Inturn,the mbit of this pair of bodies althcedge of the planctary system may hold clucs
{othe early dynamical cvolution of the Solar System.

The fast.illatinp; dynamical complexity of Pluto’s orbital evolution could not have
been gucessed at its first sighting as a moving point of light in 1 930. A large munber of

questions invites further study of the Pluto-Charon pair.
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yigure 1.

Figure 2.

Figure 3,

Figure 4.

Figure b.

FIGURIE CAPTIONS

The orbits of the outer planets in a heliocentric reference frame. (a) Projection in the
planc of the ccliptic. (b) Projection in cylindrical polar coordinates (r is the distance

from the Sun projected in the ecliptic, and z is the distance above the ecliptic).

The orbits of the outer plancts for 40,000 years in a reference frame co- rotating with
the mcan motion of Neptune. Inthisreference frame two orbits of 1 ’luto trace out
a complete loop in~ 500 yr. This figure visualizes the cffects of the most important
resonance of 1 °Juto’smotion: the 3:2 resonance libration which causes Pluto’s helio-
centric longitude conjunctions with Neptune to I brate about aphelion with a period of

about 20,000 yr; its perihelion librates 90° away from Neptune with that same period.

The distance between Neptune and 1’luto. The synodic period of Neptune and Pluto
is ~ 500 yr.Their closest approach distance (ncar aphclion) varies between ~17 AU

and ~22 AU.

The distance betweenUranus and Pluto. The synodic period of Uranus and Pluto is
~ 130 yr.The closest approach distance between these plancts varies bhetween ~ 12

AU and ~26 AU.

The resonance argument, ¢ = 3A - 2 Ay - w (in degrees) as a function of time, in

years, from the present. (Reproduced, with permission, from Milani et al. 1989).

Figure 6. Pluto’s argument of perihelion,w for 2?14 My'. The abscissa is time, in days. The

Figure 7.

3.8 Myr libration is modulated with a 34 Myr period. (Reproduced, with permission,

from Applegate ¢t al. ] 986).

The finite- time Lyapunov exponent of 1'lute, v as a function of time. In this log-
log plot, convergence to a positive Liyapunov exponent (for a chaotic trajectory) is
indicated by aleveling off”; for a regulartrajectory, thistrace would approachastraight

line with slope - 1. (Reproduced, with permission, from Sussiman & Wisdom 19S8).
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/

Surface of sectionin the circular Planar restricted 3- body modcl for the Neptune-
Pluto 3:2 resonance. The parameters o f the model are my /g = 5.146 x 107 °| the
Sun-Neptune scparation is 1.0, andthe Jacobiintegral has the value C o~ - 1.4899;
the dynamical variables arc¢:=3X - Ay - w, J = /a(l - \/(] - ¢?)), where a is in

units of the Sun- Neptune distan ce.
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