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Simulations of the population of Centaurs – II. Individual objects
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ABSTRACT
Detailed orbit integrations of clones of five Centaurs – namely, 1996 AR20, 2060 Chiron, 1995
SN55, 2000 FZ53 and 2002 FY36 – for durations of ∼3 Myr are presented. One of our Centaur
sample starts with perihelion initially under the control of Jupiter (1996 AR20), two start under
the control of Saturn (Chiron and 1995 SN55) and one each starts under the control of Uranus
(2000 FZ53) and Neptune (2002 FY36), respectively. A variety of interesting pathways are
illustrated with detailed examples including: capture into the Jovian Trojans, repeated bursts of
short-period comet behaviour, capture into mean-motion resonances with the giant planets and
into Kozai resonances, as well as traversals of the entire Solar system. For each of the Centaurs,
we provide statistics on the numbers (i) ejected, (ii) showing short-period comet behaviour
and (iii) becoming Earth- and Mars-crossing. For example, Chiron has over 60 per cent of
its clones becoming short-period objects, while 1995 SN55 has over 35 per cent. Clones of
these two Centaurs typically make numerous close approaches to Jupiter. At the other extreme,
2000 FZ53 has ∼2 per cent of its clones becoming short-period objects. In our simulations,
typically 20 per cent of the clones which become short-period comets subsequently evolve into
Earth-crossers.

Key words: stellar dynamics – celestial mechanics – Kuiper belt – minor planets, asteroids –
planets and satellites: general.

1 I N T RO D U C T I O N

The Centaurs are a transition population of minor bodies between
the trans-Neptunian objects and the Jupiter-family comets (see, for
example, Horner et al. 2003, and the references therein). Centaurs
typically cross the orbits of one or more of the giant planets and
have relatively short dynamical lifetimes (∼106 yr). Their prop-
erties are exemplified by the first known Centaur, Chiron, which
was found in 1977 on Palomar plates (Kowal, Liller & Mars-
den 1979). Chiron is a large minor body with perihelion close
to or within the orbit of Saturn and aphelion close to the or-
bit of Uranus. The Centaurs have so far largely eluded the at-
tention of numerical integrators. The only ones that have hith-
erto been the subject of detailed dynamical investigations are Ch-
iron itself (Hahn & Bailey 1990; Nakamura & Yoshikawa 1993)
and Pholus (Asher & Steel 1993). Dones, Levison & Duncan
(1996) also looked briefly at four Centaurs, including Chiron and
Nessus. All these investigations were for durations of less than
1 Myr and involved modest numbers of clones.

Horner, Evans & Bailey (2004, hereafter Paper I) integrated the
orbits of 23 328 clones of 32 selected Centaurs and used the data
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set to evaluate statistical properties of the Centaurs in a model Solar
system containing the Sun and the four giant planets. Hence, these
longer numerical integrations with larger numbers of clones provide
better statistics and highlight some unusual past histories and future
fates for Centaurs. In this companion paper, the behaviour of clones
of five of these Centaurs – namely, 1996 AR20, Chiron, 1995 SN55,
2000 FZ53 and 2002 FY36 – are studied in more detail. The objects
are chosen to span a wide range of properties. 1996 AR20 has the
shortest half-life in our sample, while 2000 FZ53 has the longest
half-life. 1995 SN55 is the Centaur with the brightest absolute mag-
nitude (hence potentially the largest Centaur known), while Chiron
is the only one confirmed to display cometary out-gassing.

Horner et al. (2003) introduced a new classification system for
cometary-like bodies according to the planets under whose control
the perihelion and aphelion lie. For example, we classify Chiron as
an SU object, by which we mean that the position of its perihelion
lies within the zone of control of Saturn, and that the position of its
aphelion lies within the zone of control of Uranus. It is apparent that
perturbations at perihelion, by Saturn, will act primarily to move the
position of the aphelion, and vice versa. In other words, the motion
near Saturn determines whether or not the body gets to Uranus, or
is captured to a more tightly bound orbit, or expelled. Conversely,
perturbations by Uranus, near aphelion, largely determine the future
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perihelion distance. So, in a wider sense, Saturn also ‘controls’ the
aphelion (and Uranus the perihelion), as it determines its numerical
value. However, in this paper, whenever we talk of a planet con-
trolling a minor body at perihelion (or aphelion), we mean that the
motion at perihelion (or aphelion) lies in the zone of control of that
planet.

For our selected five Centaurs, there is one object with perihelion
under the control of Jupiter (1996 AR20), two under the control of
Saturn (Chiron and 1995 SN55), and one each under the control
of Uranus (2000 FZ53) and Neptune (2002 FY36). Clones of the
objects were created by incrementally increasing (and decreasing)
the semimajor axis a of the object by 0.005 au, the eccentricity e
by 0.005, and the inclination i by 0.◦01. Nine values were used for
each of these elements, with the central (fifth) value of the nine
having the original orbital elements for the Centaur, as taken from
The Minor Planet Centre. The other orbital elements aside from a,
e and i are unchanged (see Paper I for more details). This procedure
yielded 729 clones of each Centaur, all of which were numerically
integrated for up to 3 Myr. In this paper, we restrict ourselves to just
two particularly interesting clones for each Centaur.

Although all five of our selected Centaurs have reasonably reliable
ephemerides, only Chiron has been the subject of sustained interest
from observers. For Chiron, there are long-term photometric studies
of the behaviour of the object (Duffard et al. 2002), detailed analyses
of its reflectance spectrum (Foster et al. 1999), as well as the use of
archival pre-discovery images of the object (Bus et al. 2001). There
are little observational data on the remaining four objects.

The detailed studies of individual clones of these objects are im-
portant to illustrate some of the dynamical pathways in the Solar
system. Objects in very stable regimes in the Solar system (such
as some resonances) are long-lived and could be potential targets
for new surveys. A good example is the possible long-lived belt of
objects between Uranus and Neptune claimed by Holman (1997).
Objects in unstable regimes must evolve, and correlations between
observables and orbital properties are then expected. For exam-
ple, bluer colours might indicate a younger, fresher surface and so
be indicative of recent cometary activity. So, a Centaur with blue
colours (such as Chiron) could be a candidate for a passage through
a cometary phase in the recent past. Individual examples allow us
to match an orbital history to such a presumed pathway.

The paper is organized according to object, with 1996 AR20
studied in Section 2, Chiron in Section 3, 1995 SN55 in Section 4,
2000 FZ53 in Section 5 and 2000 FY36 in Section 6.

2 E VO L U T I O N O F A J N O B J E C T: 1 9 9 6 A R 2 0

1996 AR20 is a JN object with its perihelion under the control of
Jupiter and its aphelion under the control of Neptune. Among the
Centaurs, 1996 AR20 has the shortest known half-lives, namely
540 kyr in the forward and 594 kyr in the backward direction. Its
orbit is interesting as its initial position lies close to two prominent
mean-motion resonances. The initial value of the semimajor axis
in the integrations was 15.2 au, which is within 0.02 au of the 1 : 5
mean-motion resonance with Jupiter and within 0.06 au of the 1 : 2
mean-motion resonance with Saturn. In addition, 1996 AR20 has
an eccentricity of 0.627 so that it can approach all the major outer
planets close enough to be perturbed. These factors all contribute
towards making 1996 AR20 one of the least stable Centaurs. Of the
729 clones, 62 become Earth-crossers, 154 become Mars-crossers
and 340 become short-period comets in the forward integration.
These numbers are all slightly larger in the backward integration,
namely 89, 194, and 406, respectively.

Figure 1. The evolution of the population of clones of 1996 AR20 subdi-
vided according to the planet controlling the perihelion (objects controlled
by Jupiter, Saturn, Uranus and Neptune are red, green, yellow and cyan,
respectively). Also shown are the evolution of the number of short-period
comets (black), trans-Neptunian objects and ejected objects (blue). The left
panel shows the results from the forward integration, the right the backward
integration. (This colour convention is employed in all subsequent plots of
this nature.)

Fig. 1 shows how the population of clones of 1996 AR20 changes
over time. Initially, all 729 clones have perihelion under the control
of Jupiter, but by the end of the simulation, in both the forward and
backward directions, over 650 of the clones have been ejected. The
number of objects under the control of Jupiter rapidly decays, with
most either being ejected, or moving to the control of Saturn, or
transferred to cometary orbits. The numbers in each of these classes
peak early within the simulation and then decay as more and more
objects are ejected. Only a small number of clones of 1996 AR20
evolve so that the perihelion is under the control of Uranus and
Neptune. The great majority of objects are ejected by either Jupiter
or Saturn, giving very few the opportunity to evolve all the way out
to Neptune.

2.1 A source for Jovian Trojan asteroids

Fig. 2 shows the evolution of the 12th clone1 of 1996 AR20, inte-
grated in the forward direction. The initial semimajor axis, eccen-
tricity and inclination of this clone are a = 15.177 au, e = 0.617 and
i = 6.◦17. The clone is rapidly captured into a 1:1 mean-motion res-
onance with Jupiter, which it then occupies for over 0.5 Myr before
ejection from the Solar system. The clone displays quite large vari-
ations in a, e and i while in the resonance. By plotting the positions
over time, it is clear that the clone follows a tadpole orbit librating
about the Lagrange point. This is significant as it shows that Cen-
taurs can be captured into the 1 : 1 resonance with Jupiter. Hence,
there may well be Jovian Trojans that were originally Centaurs and
vice versa. It would be interesting to see whether any Jovian Trojans
display cometary out-gassing, since recently captured Centaurs may
still contain volatiles, while any Trojans captured from an original
Main Belt asteroidal orbit are unlikely to display such activity.

In our Centaur orbital integrations, we find that clones are quite
frequently trapped into 1 : 1 mean-motion resonances with all the
giant planets.

2.2 A collision with Saturn

Fig. 3 shows the behaviour of the 66th clone of 1996 AR20, whose
initial orbital elements were a = 15.177 au, e = 0.617, i = 6.◦23

1 The clone label is useful for our internal data management but carries no
other physical meaning.
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drive trapped planetesimals deeper into stable Trojan orbits (e.g.
Shoemaker, Shoemaker & Wolfe 1989; Marzari, Tricarico & Scholl
2003). Based on our orbital integrations, an entirely new supply
route is possibly, namely the capture of Centaurs. This may be tested
by looking for out-gassing from Jovian Trojans, as any recently
captured Centaurs may still contain volatiles. The supply route
works for the other giant planets as well. An example of a clone of
Nessus captured into a horseshoe orbit around the 1 : 1 resonance
with Uranus will be presented elsewhere. This suggests that the Tro-
jan populations of all the giant planets may be partly sustained by
the flux of Centaurs.

The net flux of the Centaur population is inward, as the primary
source is the Edgeworth–Kuiper belt while Jupiter tends to eject
the objects from the Solar system over the course of time. None
the less, examples of outward migration of individual clones often
occur in the simulations, as illustrated by particular clones of Chiron,
1995 SN55 and 2002 FY36 in this paper. The former is particularly
remarkable as it moves all the way in to Earth-crossing, before
moving all the way back out to beyond Saturn. A burst of short-
period cometary activity is followed by a return to the domain of the
Centaurs. Such repeated traversals of the Solar system are a defining
characteristic of the Centaur population, which is therefore expected
to include objects encompassing a wide range of differing physical
and dynamical characteristics.
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