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Abstract

We analyze the Centaur population as a group of objects with perihelion distances (g) of less than 30 AU and heliocentric distances outside
the orbit of Jupiter, formed by objects entering this region from the Scattered Disk (SD). We perform a numerical integration of 95 real Scattered
Disk Objects (SDOs) extracted from the Minor Planet Center database and of 905 synthetic SDOs compensating for observational biases. SDOs
have in the Centaur zone a mean lifetime of 72 Myr, though this number falls with a decrease of g. After this incursion, 30% of them enter the
zone interior to Jupiter’s orbit. We find that the contribution to the Centaur population from the SD gives a total of ~2.8 x 108 Centaurs with a
radius R > 1 km. We also propose a model for the intrinsic distribution of orbital elements of Centaurs and their distance and apparent magnitude

distribution.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Centaurs have a transitory nature being an intermediate
state as bodies from the Trans-Neptunian Region (TNR) or the
Edgeworth—Kuiper Belt (EKB) in transit to the Jupiter Family
Comet (JFC) zone. There is not a universally accepted defin-
ition of Centaurs. They can be defined by a semimajor axis
a between 5 and 30 AU, by a perihelion distance ¢ in this
same range or according to the Tisserand parameter (7') with
respect to Jupiter being 7 > 3 and a > a; where ay is the
semimajor axis of Jupiter. Nevertheless, it is generally accepted
that they are objects which enter the planetary region from
the TNR evolving towards the JFC zone (Fernidndez, 1980;
Duncan et al., 1988; Levison and Duncan, 1997).

At present, it is possible to identify three characteristic kinds
of dynamical groups in the TNR (Chiang et al., 2006): the
classical objects (CKBO), with a greater than ~42 AU, low ec-
centricity and non-resonant orbits; the resonant objects, those
in mean motion resonance with Neptune (the 3:2 resonance,
where there are plutinos, is the most populous one); and the
Scattered Disk Objects (SDOs) with g > 30 AU and a > 50 AU
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in large eccentricity orbits. Levison and Duncan (1997) studied
the evolution of 20 TNO with ~34 < a < ~44, eccentricities
e < 0.05 and inclinations i < 16° plus clones. They found, as
a sub-product of this evolution, a group of objects in Neptune
crossing orbits and scattered by this planet, which they called
Scattered Disk Objects. They also proposed that there must be
a large population of objects in the SD. Duncan and Levison
(1997) gave another explanation for the SD as objects scattered
by Neptune during the evolution of the Solar System—a ver-
sion that is currently more accepted (Morbidelli et al., 2003).

SDOs are capable, through encounters with Neptune, of
evolving into the planetary region, becoming Centaurs.

The goal of this work is to study the Centaur population
through numerical simulations, taking into account the con-
tribution of the SD. We accept as a definition of Centaurs
those objects with ¢ < 30 what distinguish them from SDOs
(Tiscareno and Malhotra, 2003).

Tiscareno and Malhotra (2003) numerically investigate the
dynamical behavior of observed Centaurs for 10® years under
the perturbations of the four giant planets. They present a gen-
eral model of the Centaur population obtained through their
integration.

Horner et al. (2004a, 2004b) dynamically integrate 23,328
particles based on the orbits of 32 well-known Centaurs for
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3 Myr. In the first paper they broach the Centaur population as
a whole and in the second one they focus on individual objects.
Emel’yanenko et al. (2005) carried out a numerical study
of orbits based on observed objects with perihelion distances
q in the range 28 < g < 35.5 AU and semimajor axes a in
the range 60 < a < 1000 AU to predict the orbital distribu-
tion of Centaurs in the zone 5 < g < 28 AU. They argued that
most Centaurs come from the Oort cloud. But, on the one hand
they only integrated SDOs with 60 < a < 1000 AU. Ferndndez
et al. (2004) have shown that the resonances in the region
50 < a < 60 AU are important residence niches of SDOs, and
in fact, the dynamical evolution in this region cannot be consid-
ered a random walk in energy. Therefore, any study of the link
between SDOs and Centaurs should consider these resonances.
Besides, in the region 60 < a < 170 AU, there are several mean
motion resonances at high eccentricities that are even stronger
than the ones at a < 60 AU, making the distinction between
these two initial populations rather artificial. High eccentric-
ity initial conditions as the ones used by Emel’yanenko et al.
(2005) correspond to orbits less bounded, and therefore more
affected by the “Neptune’s dynamical barrier” (as discussed in
Fernandez et al., 2004), and are more prone to diffuse outwards
before becoming a Centaur by the action of planetary or, more
likely, external perturbations. On the other hand, Emel’yanenko
et al. (2005) initial conditions are partially corrected by the ob-
servational bias in inclination, as discussed in Brown (2001).

The achievement of our work is to investigate the Centaur
population studying their evolution from objects in their main
source and following them for the age of the Solar System. This
is a long-term integration in contrast with the papers by Horner
et al. (2004a, 2004b), and we begin our study in the Centaur
source, in contrast with Tiscareno and Malhotra (2003)’s paper.
In the following sections, we will compare some of their results
with ours.

Descriptions of the initial conditions and of the simulation
are given in the next section. In Section 3, we present the gen-
eral outcomes of the simulation. In Section 4, we estimate the
number of Centaurs. In Section 5, we describe the general dy-
namical evolution in the Centaur zone. In Section 6, we present
the intrinsic distribution of orbital elements, distance and mag-
nitudes of Centaurs. Section 7 is devoted to conclusions.

2. Numerical simulation
2.1. Scattered Disk Objects

Scattered Disk Objects are then defined by their perihelion
distance g > 30, but they are also limited in their semimajor
axes to those with a > 50 AU. In the Minor Planet Center
database,! SDOs as previously defined, appear together with
Centaurs. Whatever the origin of the SD was, SDOs have peri-
helion distances under the control of Neptune, so there should
also be SDOs with semimajor axes of less than 50 AU. How-
ever, the zone of objects with a < 50 AU is plenty of CKBOs

1 http://cfa-www.harvard.edu/iau/lists/Centaurs.html.
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Fig. 1. Observed SDOs as defined in Section 2 (crosses), classical TNOs
and plutinos (dots), ESDO (filled squares). The curves of perihelion distances
g =30 AU and ¢ = 39 AU, that limit our initial orbits (for eccentricities greater
than 0.2) are also shown.

and it is difficult to discern one from another. So, in order not
to mix those populations but to have a complete sample of
the SD, we selected from the Minor Planet Center database of
TNOs2 as SDOs in the zone of 40 AU < a < 50 AU, those
objects with 30 AU < g < 39 AU and eccentricities e > 0.2.
This limit in eccentricity is also considered as a distinguishing
feature between CKBOs and SDOs in Elliot et al. (2005). We
chose these objects together with the SDOs with a > 50 AU
and 30 AU < g < 39 AU from the MPC databases in Novem-
ber 2004. They are 32 objects in the zone 40 AU < a < 50 AU
and 63 with a > 50 AU. From the list of SDOs and Centaurs,
we removed those objects with g > 39 AU that probably belong
to the Extended Scattered Disk (ESD) (Gladman et al., 2002),
a region that would be part of a primordial trans-neptunian belt
not tied to the Neptune scattering process. In Fig. 1, we show
SDOs as we have previously defined them, plutinos, CKBOs
and ESDOs. Fig. 2a shows the distribution of the real SDOs of
our sample in semimajor axis.

2.2. The integration and initial conditions

We performed a numerical integration of 95 real SDOs ex-
tracted from the Minor Planet Center database as explained
before, and of 905 synthetic SDOs, for a total of 1000 particles.
We considered the real and the synthetic SDOs to be massless
particles under the gravitational influence of the Sun (including

2 http://cfa-www.harvard.edu/iau/lists/TNOs.html.
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Fig. 2. (a) Semimajor axis distribution of the real SDOs of our sample. For
clarity, the two real objects with @ > 200AU of our sample were omitted in this
figure. (b) Semimajor axis distribution of all the SDOs (real + synthetic SDOs)
of our initial conditions. The dotted line represent the power law distribution of
SDO’s semimajor axis given by Eq. (3).

the masses of the terrestrial planets) and the four giant plan-
ets. The simulation was performed with the hybrid integrator
EVORB (Fernandez et al., 2002) with an integration step of
0.5 years. Each particle evolved for 4.5 Gyr, unless removed
due to a collision with a planet, to reaching a semimajor axis
a > 1000 AU, or to entering the region inside Jupiter’s orbit
(r < 5.2 AU), where the perturbations of the terrestrial planets
are not negligible.

2.2.1. Initial semimajor axis distribution

The number of synthetic SDOs were generated in the same
way as they were in Ferndndez et al. (2004), i.e. to account
for the bias in the discovery probability for different semimajor
axes.

If we assume that SDOs can be discovered when they are
close to their perihelia (say within a limiting heliocentric dis-
tance rp ), then from Kepler’s equation, the fraction of time that
the body remains within the reach of Earth’s observers (i.e. with
r<rp)is

AT 1 .

:ng(eL—esm(sL)), (1)
where AT is the time that the body has r < rz, P is its or-
bital period and ¢y, is the eccentric anomaly corresponding to
rr given by

T

L =cos_l<é(l —rL/a)>. )

Applying the correction fraction given by Eq. (1), we found
that the distribution of semimajor axes of SDOs follows approx-
imately the power-law

f(a)da xa? da, 3)

where § = 2. We have divided the real sample in bins of 2 AU.
Next, we have generated a series of random numbers, each one
representing a semimajor axis, in the region of a occupied by
the real SDOs and following the distribution given by Eq. (3).
If the semimajor axis generated by this procedure lie inside
an empty bin of the real sample, this semimajor axis was dis-
carded. In this way, we have obtained a distribution of 1000
random semimajor axes with the desired distribution. This dis-
tribution is shown in Fig. 2b. The number of synthetic SDOs
we have to generate for each one of the bins in a is simply the
difference between the histograms shown in Figs. 2a and 2b.
All these synthetic SDOs were created from the real SDOs by
generating their initial mean anomaly at random in the interval
[0°, 360°] with uniform distribution.

As for some real SDOS we have to generate a very large
number of synthetic SDOs, we also change the semimajor axis
by an amount §, for nearly half (taken at random from the total
sample of synthetic SDOs) of them in order to guarantee that
synthetic SDOs are really different one of each other. § being
a small random number in the interval (=2 x 10742 x 10™%)
it does not change the overall distribution of a previously ob-
tained. This strategy also takes into account the decrease in the
accuracy of the orbit determination with a.

Up to now, we have 1000 SDOs with 40 AU < a < 227 AU
that follow the unbiased distribution of semimajor axes of
SDOs used by Fernandez et al. (2004).

2.2.2. Initial inclination distribution

There is also an observational bias that affects the inclina-
tions of observed SDOs. The observed distribution of KBO
inclinations includes inclinations as high as 40°. But, the obser-
vational surveys are strongly biased towards low inclinations.
Brown (2001) estimates the inclination distribution for the three
classes of KBOs by linking the real distribution of KBO in-
clinations to the inclination distribution of bodies crossing the
ecliptic at any time. For SDOs in particular he obtained

F(i)di ocsini exp™ /297, 4)

where o; = 20°.

However, this method is based on considering circular orbits
for the KBOs, which is far from reality. SDOs have large ec-
centricities, so this law is only an approximation. A better fit to
the parameters of the law obtained by Brown (2001) is given in
Morbidelli et al. (2003) who propose a value o; = 12° based on
a model in which the high inclinations observed in the KB (the
three populations) had a common origin as primordial scattered
objects originally coming from an inner denser region of the
original planetesimal disk (Gomes, 2002). This new o; value
for SDOs is near the value for CKBOs and Plutinos.

We also changed the inclinations of all the synthetic SDOs
in order to fit the total distribution of inclinations to that given
by Eq. (4), with o; = 12°.
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We proceeded as follows: we took bins of 1° from incli-
nations between 0° and 40° noticing how many particles we
should have in each bin according to Eq. (4). We subtracted
from this number the number of real SDOs that are in each bin,
obtaining then the number N; of synthetic SDOs to which we
had to change the inclinations. We took at random from our
synthetic SDOs sample N; particles giving them an inclination
at random between the minimum and maximum value of the in-
clination in this bin. The process follows until all the synthetic
SDOs have random inclinations, and the total sample is finally
distributed according to Eq. (4). The distribution of inclinations
of our initial conditions are shown in Fig. 3 where the theoreti-
cal distribution given by Eq. (4) is also shown.

3. General results
The results of our integration are first classified according to

zones of particle’s initial conditions. Because of the nature of
SDOs we divided them first according to their perihelion dis-
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inclination [degrees]

Fig. 3. Histograms showing the distribution of inclination of our initial con-
ditions and of the real SDOs. The dashed curve is the theoretical distribution
given by Eq. (4) (see main text).

tance being less or more than 35 AU, and then in intervals of
semimajor axes. In Table 1 we show, for each initial zone, the
number of particles and the percentages of particles that: col-
lide with a planet, reach the zone of r < 5.2 AU, survive the
total integration time, are ejected from the Solar System and
the ratio between number of ejected and survivor particles. We
also show the percentage of particles from each zone that are
Centaurs for some time, and the corresponding mean lifetimes
in this state. We have 4 collisions with Neptune and 1 with Sat-
urn. 25.8% of the particles survive the total integration time,
51.9% are ejected from the Solar System, and 21.8% enter the
zone interior to Jupiter’s orbit. There is a strong dependence on
q of the relation: number of ejected (N, )—number of survivors
(Ny) particles. The ratio N,/Ny is always greater than 1 for
q < 35 AU, though for a < 50 it is greater than for a > 50 AU,
where it does not change so much. For the zone ¢ > 35 AU and
40 < a < 50, N,/ Ny is only a bit greater than 1 (in contrast with
the zone of g < 35 AU), but for ¢ > 35 AU and a > 50 N./N;
is less than 1. This is consistent with the fact that the perturba-
tion of Neptune in this zone is weak, so it is more stable. But,
N, is incomplete because particles are not followed when they
reach the zone of r < 5.2 AU. Nevertheless we can speculate
that it is probable that almost all these particles will be finally
ejected and then they should be gather to N,. If this were the
case, the behavior of the relation N, /N, with the initial perihe-
lion zone and semimajor axis zone will be the same, and may
be calculated from the numbers in Table 1.
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Fig. 4. Number of particles against lifetime in the Centaur zone for all SDOs in
our simulation.

Table 1
Number of particles (Np) in each initial zone according to initial perihelion distance (g) and semimajor axis (a)
Np Col. r<52AU Surv. Eject. Ne¢/ Ny q <30 Ic [106 yl
246 q <35 40 <a <50 0.8 37.8 6.5 54.9 8.5 96 81
146 q <35 50 <a <60 0.7 26.7 11 61.6 5.6 90 61
68 q <35 60 <a <70 1.5 20.6 13.2 64.7 4.9 88 108
89 q <35 70 <a <90 0 14.6 12.4 73 5.9 89 55
130 q <35 a>90 0 10 13 77 5.9 89 82
60 q>35 40 <a <50 0 23.3 33.4 433 1.3 67 73
261 q>35 a>50 0.4 12.2 64.8 22.6 0.4 36 46

Percentages of particles that: collide with a planet, reach the zone of r < 5.2 AU, survive the total integration time, are ejected from the Solar System and the ratio
between number of ejected and number of survivor particles. The last two columns show the percentage of particles that are Centaurs (¢ < 30), and the corresponding

mean lifetimes in this state.
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Fig. 5. Mean lifetime of SDOs in the Centaur zone versus initial inclinations.

There is an evident correlation with the initial perihelion dis-
tance and also with the initial semimajor axis of particles that
reach the zone of r < 5.2 AU. We have the greatest contri-
bution (~40% of the particles in the zone) from objects with
g <35 AU and 40 < a < 50 AU.

In all, 75.5% of our initial particles enter the Centaur zone
and the mean lifetime (I¢) is 72 Myr. This number is calculated
as the sum of each particle’s time spent in the Centaur zone
divided by the total number of particles that go through the Cen-
taur zone. In Fig. 4 we plot the distribution of lifetimes in the
Centaur zone for all SDOs of our simulation. Most of the parti-
cles have lifetimes between 10 and 100 Myr. In Fig. 5 we plot
the mean lifetime of Centaurs for different initial inclinations i;.
We find that higher inclinations produce longer-lived Centaurs.
For i; < 16°, which is the limit in Levison and Duncan (1997)
integration, we have a mean lifetime of 42 Myr with a standard
error of the mean of 1 Myr. Levison and Duncan (1997) ob-
tained a mean lifetime for ecliptic comets (those objects with
Tisserand parameter 7' > 2, a group that includes JFCs as well
as Centaurs), of 45 Myr.

Moreover, we evaluated the mean lifetime as a function of
the perihelion distance (g) and we plotted it in Fig. 6. There is a
strong dependence of Centaurs lifetime on their perihelion dis-
tance. Tiscareno and Malhotra (2003) obtained a mean lifetime
of 9 Myr. However they used the observed Centaur population
that is strongly biased to low perihelion distances. 70% of ob-
served Centaurs have g < 17 AU. In Fig. 6 we have mean life-
times of less than 10 Myr for objects with g < 17 AU. We also
calculated the lifetime of particles in the zone of 5.2 < a < 30,
and we obtained 7.6 Myr, a number that is similar to those usu-
ally obtained when Centaurs are defined in terms of a. Also,
we can compared our results with the ones obtained by Horner
et al. (2004a, 2004b) (despite their shorter integration) limiting
our Centaurs to those with aphelion distances less than 40 AU
and a < 29 AU (as their sample of Centaurs are). We obtained
a mean lifetime of 6.2 Myr and Horner et al. (2004a, 2004b)
obtained a mean lifetime of 2.7 Myr.

We considered an encounter with a planet if the particle had
a close approach at a distance of less than 3 Hill radii. This
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Fig. 6. Mean lifetime of SDOs in the Centaur zone with perihelion distance g
less than a given value.

limit for a close encounter is related to numerical aspects of our
code (see Ferndndez et al., 2002, for a report on this code). This
numbers can be related to the number of encounters within the
Hill’s sphere simply by dividing them by 3.

We have a total of 1,301,937 encounters with 666 particles.
All these particles encounter Neptune. The encounters with
Neptune represent 78.22% of the total number of encounters;
488 particles encounter Uranus, representing 18.32% of the en-
counters; 380 particles encounter Saturn, representing 3.4% of
the encounters, and 142 particles encounter Jupiter, represent-
ing 0.06%. However, the number of encounters with Jupiter, in
particular, is conditional on the removing of objects in the sim-
ulation at a distance of Jupiter.

4. The number of Centaurs

To estimate the injection rate of Centaurs from the SD,
we track, every 10,000 years, the number of SDOs that have
reached ¢ < 30 AU. These Centaurs can get out of the Centaur
region in a future time (and eventually get in again), but, be-
cause we want to know the rate of injection of objects from the
SD, we need to know when a SDO enters the Centaur zone for
the first time. And we consider this object as a Centaur at that
time. We plot in Fig. 7 the number of SDOs that have reached
the Centaur zone (N¢) with respect to the number of SDOs that
have remained in the SD (Nspop) as a function of time. This
ratio is well fitted by the linear relation:

d[N¢c/Nspol/dt =Y &)
where ¥ = 5.2 x 10_10NSD0/year is the rate of injection of
Centaurs from the SD.

So, in order to estimate the present number of Centaurs
(Npc) coming from the SD,

Npc = Y Nspolc, (6)

where now Ngpo is the total population of the SD. Taking
Nspo (R > 1 km) = 7.5 x 10° from Fernandez et al. (2004)
as the present number of SDOs (assuming that Ngpo is con-
stant with ¢) and /¢ = 72 Myr from our simulation, we have a
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Fig. 7. Number of injected Centaurs N¢ from the SD in relation to the number
of remaining SDOs (Ngpo) against time (solid line). The dash line is the fitting
to the data (see text).

current rate of injection of Centaurs (with R > 1 km) from the
SD of 3.9 SDO/year and a population of 2.8 x 10® Centaurs
with a radius greater than 1 km. However, the estimation of the
number of SDOs by Ferndndez et al. (2004) has an uncertainty
of nearly one order of magnitude; the number of SDOs with
R > 1 km could be between 1.1 x 10° and 7.8 x 10'°. So our
estimation of the number of Centaurs with R > 1 km would be
between 4.1 x 107 and 2.9 x 10° and the current rate of injec-
tion from the SD would be between 0.6 and 41 SDO/year. We
will adopt in the following the most likely value of 2.8 x 108
Centaurs with R > 1 km although one should bear in mind the
uncertainty of nearly one order of magnitude of this estima-
tion.

Levison and Duncan (1997) obtained a number of eclip-
tic comets with Hr <9 (R > ~1 km) as 1.2 x 107. So, we
can compare this estimation with our estimation of N¢ (R >
1 km) = 2.8 x 108. As we see, the contribution to Centaurs
from objects in the simulation of Levison and Duncan (1997)
is one order of magnitude lower than our estimation of Cen-
taurs, even the lower limit of our number of Centaurs is ~3
times greater. We think this difference is due to the fact that
Levison and Duncan (1997) integrated objects in low eccentric-
ity and low inclination orbits occupying only a narrow fringe
in semimajor axes. This is only a portion of the TN region and,
on another hand, they are in more stable orbits than the SDOs’
ones.

4.1. The distribution of Centaur perihelia

We have computed the normalized time-weighted perihelion
distribution for the Centaurs in our simulation. Then, by mul-
tiplying this distribution by the total number of Centaurs (with
R > 1 km) previously obtained, we plot in Fig. 8 the number
of Centaurs (with R > 1 km) in perihelion bins. We can see an
exponential growth in the number of Centaurs with perihelion.

5. Dynamical evolution in the Centaur zone

As we have already mentioned, the mean dynamical lifetime
of a particle as a Centaur object is large and the question is,
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Fig. 8. Number of Centaurs (with R > 1 km) in perihelion bins.

why? In order to answer this question we analyzed the behavior
of the particles from our integration of SDOs in the Centaur
zone. The objects that have the largest lifetimes show, in general
terms, four types of dynamical characteristics, that keep their
perihelion distances inside Neptune’s orbit. These behaviors are
simple or combined with each other.

The first type is characterized by the conservation of the per-
ihelion distance for most of the particle lifetime as a Centaur,
in a range of values between that of Saturn and Neptune’s orbit.
This is accompanied by the conservation or the very slow varia-
tion of the perihelion longitude, eccentricities greater than 0.8,
and large semimajor axes (in general >100 AU). The character-
istics of this evolution make the orbit go into a “pseudo-stable”
state during which the encounters with planets are avoided or
very weak, causing a very slow variation of the orbit orienta-
tion.

This kind of behavior is shown in Fig. 9. This figure shows
the evolution of a synthetic object of the SDO 2000 SS331.
This particle enters the planetary zone after an encounter with
Neptune, and encounters with Uranus and Saturn. Then it keeps
its perihelion distance between ~15 and ~20 AU having occa-
sional encounters with Uranus. The eccentricity keeps greater
than ~0.7 and we can see a very slow variation of the longi-
tude of perihelion in this period. This situation is maintained
for ~1.2 x 108 years till finally going to an hyperbolic ejection
end state.

The second type of objects are those that show “resonance
hopping” (this is a phenomenon in which objects move quickly
from one resonance, in this case with Neptune, to another) com-
bined with a behavior similar to the first one but with less
constant eccentricity values and constant perihelion distances
for shorter intervals of time. The semimajor axes, are in gen-
eral, greater than 30 AU (although there are incursions to lower
values) and less than 150 AU. The resonance hopping makes
the object’s perihelion stay in the giant planet zone going from
one resonance to another, staying in each one for a period of
time that goes from 10° to 10 years. Similar results were re-
ported by Tiscareno and Malhotra (2003). This type of objects
have also transfers between mean motion resonances and Kozai
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Fig. 9. Dynamical evolution of a synthetic SDO of the SDO 2000 SS331, with initial orbital elements: a = 63.683 AU, e = 0.521, i = 5.35° and ¢ = 30.481 AU.

This object exemplifies the behavior of particles of the first type.

resonances. A Kozai resonance occurs when the argument of
pericentre, w, librates about a constant value. For low inclina-
tions it is possible for w to librate about w = 0° and w = 180°,
and for large inclinations about w = 90° and w = 270°. The
semimajor axis of the object remains constant but the eccen-
tricity and the inclination of the orbit are coupled in such a way
that e is a maximum when i is a minimum, and vice versa. This
transfer mechanism is shown in Fig. 10 with the evolution of a
synthetic object of the SDO 1999 RZ215 (91554). This object
enters the Centaur zone and then drops its e and its a, and con-
sequently, its g go into the planetary zone, being finally ejected.
In this route the object goes through mean motion resonances
and also Kozai resonances where the argument of perihelion w
librates around ~180°.

We have lots of resonances populated, so we frequently have
plutinos, and Neptune Trojans, for long periods of time. As an
example, a synthetic object of the SDO 2000 QM251 remains
in a 2:3 mean motion resonance with Neptune (i.e. a plutino),
with an eccentricity that keeps in ~0.35 and an inclination of
~14° for 6 x 108 years until it is quickly injected to the zone
interior to Jupiter’s orbit.

Resonance capture is a frequent state in the evolution of
SDOs (Fernandez et al., 2004), so it is not uncommon to have
this behavior in the evolution of our particles.

In these two first types, the objects have casual encounters
with Neptune and Uranus, sometimes also with Saturn, but they
are not strong enough to drastically change their orbit. Only
when the encounters with the planets begin to be more fre-
quent, the object is unstable and goes to its final stage quickly;
it is ejected to the Oort cloud or injected to the zone with
r<5.2.

In the third type of objects, we group those that have the
behaviors of the first and second types, but they have perihe-
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Fig. 10. Dynamical evolution of a synthetic SDO of the SDO 1999 RZ215
(91554) with initial orbital elements: a = 100.99 AU, e = 0.692, i = 36.65°
and ¢ = 31.1 AU. We can see transfers between mean motion resonances and
also Kozai resonances.

lion distances near Neptune. So, the objects are continuously
entering and leaving the Centaur zone. They could have a ca-
sual encounter with Uranus, but their dynamics are governed by
Neptune.
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Fig. 11. Time-weighted distribution of the Centaurs obtained in the simulation
in the semimajor axis (a) vs inclination (i) space. The circles are the observed
Centaurs.

The last type of objects are those that enter a mean motion
resonance or Kozai resonance for almost all their lifetime as a
Centaur.

Finally, there are particles that exhibit a combination of the
four types mentioned above, and also a “hand off” from the
gravitational control of one planet to another.

When this hand off sends the particle near Jupiter, having
close encounters with this planet, the object is either quickly
ejected or injected to the inner Solar System. In all types,
a long time and/or short time correlation is observed between
the eccentricity and the inclination, which corresponds to the
Tisserand parameter conservation. So, the general dynamics of
these objects can be represented by the Restricted Three Body
Problem.

In general, the types of behavior described above prevent
strong close encounters with the planets, making the evolution
in the giant planetary zone be a long term evolution (in particu-
lar between Saturn and Neptune).

The particles that have shorter lifetimes (say less than 1 Myr)
carry out short incursions to the Centaur zone, having peri-
helion distances of no less than 28 AU, except for a few of
them that cross the giant planetary zone to the zone interior to
Jupiter’s orbit.

6. Our model and the intrinsic Centaur population
6.1. Distribution of orbital elements

In order to study how the Centaur zone is populated, we
plotted, in Figs. 11 and 12, the distribution of residence times
(see Di Sisto et al., 2005) or the time-weighted distribution
of Centaurs obtained in the simulation in the orbital element
space. These plots represent the distribution of Centaurs in our
model, assuming time-invariability. The observed Centaurs are
also plotted. They are found in the zone also occupied by our
sample. However, most of the observed Centaurs have perihe-
lion distances of less than ~20 AU and low semimajor axes. So,
there is a zone of perihelion distances between 20 and 30 AU
that, according to our model, must be densely populated, but we
have observed only occasional objects there. It is also evident
from Fig. 12 that when an object reaches perihelion distances
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Fig. 12. Time-weighted distribution of the Centaurs obtained in the simulation
in the perihelion (g) vs aphelion (Q) space. The circles are the observed Cen-
taurs. The solid diagonal line corresponds to orbits of zero eccentricity and the
dotted diagonal lines correspond to orbits with constant eccentricity of values
0.1, 0.6 and 0.8 from left to right. The curved dotted lines represent orbits with
constant semimajor axis a, as is pointed to in the plot.

of less than that of Saturn, the diffusion times are very short in
contrast to the zone out of this planet. In Fig. 11, the instability
of the region of low a is also seen. It is also an unstable region
at large a, this is artificial and a product of our cut in the simu-
lation due to the non-validity of our model for large distances.
Our model predicts a denser zone of semimajor axis between
~20 and ~80 AU, and inclinations between ~5° and ~30° and
we didn’t have inclinations greater that 60°.

In order to test the agreement between our model popula-
tion and the observed population, we simulated an observa-
tionally biased survey of our model population. We followed
the method adopted by Tiscareno and Malhotra (2003) with
some small changes. We randomly assigned to the particles
of our sample an absolute magnitude H from the distribution
law N(< H) ~ 10 . We adopted a = 0.54 from Larsen et al.
(2001). From the heliocentric and geocentric distance of the ob-
ject, we calculated the apparent magnitude V (Bowell et al.,
1989). We adopted a slope parameter G of 0.15 for all Cen-
taurs in our sample. G is an indication of the gradient of the
phase curve (reduced magnitude against phase angle). Then,
following Tiscareno and Malhotra (2003), we extracted for the
survey those objects with V' < 24 and instantaneous ecliptic lat-
itude |B| < 5°. We distributed the absolute magnitudes in the
range 5 < H < 16.2. The observed Centaurs have H between 6
and 14.3, but we extended this range in our model to H = 16.2
[R ~ 1.3 km assuming an albedo of ~0.09 (Brown and Tru-
jillo, 2003)]. This value of H corresponds of an object that have
V =24 at a distance from the Sun of 5.5 AU, that is, the nearest
faintest observable Centaur. With this range of absolute magni-
tudes we are supposing that the magnitude distribution index
(or the corresponding size distribution index) is the same up to
kilometer sized objects.

Fig. 13 shows the normalized cumulative distribution of or-
bital elements of our Centaur survey and the observed Centaur
population. In general, there is a good match between the two
curves, though there are some differences. There is a notable
lack of observed Centaurs in the range 30 < a < 50 AU with
respect to our survey. This is just the zone of low eccentricity
classical KBO. So, this difference could be due to an erroneous
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Fig. 13. Distribution of orbital elements of the observational survey generated with the Centaurs obtained in our simulation (solid line) and distribution of the

observed Centaurs (dashed line).

eccentricity determination, making some objects that must be
SDOs be cataloged as CKBOs. The correspondence in the peri-
helion distribution is quite similar. We can see that the observed
Centaurs are a little biased to lower eccentricities. There is also
a lack of observed inclinations between 5° and 10°, this could
be due to the limitations of the inclination distribution model
used for the source particles in the SD.

So, in view of the similarities shown in Fig. 13, it seems
quite probable that our model of distribution of Centaurs could
represent well the intrinsic orbital parameters distribution of the
Centaur population. However, there are other likely sources for
Centaurs that, though secondary sources, could affect the pa-
rameters involved in the survey previously revealed. But due
to their supposed minor contribution, they would not modify
the essence of the orbital parameter distribution obtained in our
simulation.

6.2. Distance distribution

In Fig. 14 we plot the time-weighted distance distribution of
the Centaurs in our simulation. The curve is normalized. This
distribution is well fitted by a power law of the form dN /dr «
r* where dN /dr where a ~ —1.49 for r > 30 AU, a value a
little greater than the one found in Levison and Duncan (1997)
(a = —1.8) and nearly equal than that obtained by Tiscareno
and Malhotra (2003) (a = —1.5). Forr < 30 AU, we find a ~ 4.
Those fits are also shown in the figure.

6.3. The big Centaurs
It is interesting to know how many large Centaurs there

would be and how many would be observable. So, with the
absolute magnitude distribution law for Centaurs that we have
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considered, N(<H) ~ 109348 and taking into account the to-
tal number of Centaurs with R > 1 km previously obtained, it
is possible to calculate the number of Centaurs greater than a
given radius. In this calculation, we have to take into account
the relation between radius and absolute magnitude, and se-
lect an albedo. Then, according to our model, the number of
Centaurs greater than Chiron (N) would be between 360 and
650 for albedos between 0.05 and 0.09. But if we consider an
apparent magnitude limit of V = 24, the observable objects
must have a distance of less than 56 AU. Then, the observ-
able number of Centaurs greater than Chiron (H = 6.5) will be
Ng = F(<r)N, where F(<r) is the fraction of Centaurs with
r < 56 AU. This fraction can be calculated from the normalized
cumulative distance distribution of Centaurs of our model, we
have F (<56 AU) = 0.37. Then we obtained Ny between 130
and 240.
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Fig. 14. Time-weighted distribution of radial distance of the Centaurs obtained
in the simulation. The dotted lines are the power law fits discussed in Sec-
tion 6.2.
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We have at present, 4 Centaurs greater than Chiron and three
of them have r < 18 AU. Our model predicts between 4 and
7 Centaurs greater than Chiron inside 18 AU. Then the total
number of currently observed big Centaurs inside 18 AU could
be almost complete.

6.4. Magnitude distribution

With the parameters defined in the simulated survey in the
previous section, we calculated the apparent magnitudes (V)
for all the Centaurs in our simulation. As mentioned in Sec-
tion 6 we distributed the absolute magnitudes of our sample of
Centaurs in the range 5 < H < 16.2, where H = 16.2 (R~ 1.3
) corresponds to the nearest faintest observable Centaur. Then
to compare, at first, the apparent magnitude distribution of Cen-
taurs in our model with the apparent magnitude distribution of
observed Centaurs we proceed as follows: we calculated the
normalize distribution of our model, and restrict our sample to
those with |B| < 5°. We multiply this distribution by the num-
ber of Centaurs greater than 1.3 km which is Nc(H < 16.2) =
1.3 x 108 (from the magnitude distribution given in Section 6.1
and the total number of Centaurs with R > 1 km previously
obtained). In Fig. 15a we show the observed magnitude dis-
tribution and the magnitude distribution of Centaurs from our
model with || < 5° and R > 1.3 km. As we can see there
would be a great difference between our model and the ob-
served population.

But the real observed Centaurs discovered up to now have H
between 6 and 14.3, (or radius between ~1 and ~3 km) so there
are some Centaurs with H between 14.3 and 16.2 that could
have been discovered but up to now, they were not. So for really
testing if our model match the observations we have to restrict
our sample of Centaurs both to those with |8| < 5° and to those
of H < 14.3. That are the conditions for the real discovered
Centaurs. So, we must multiply the normalized distribution re-
stricted to |B| < 5° by the number of Centaurs with H < 14.3
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Fig. 15. (a) Number observed Centaurs versus the apparent magnitude (solid line) and magnitude distribution of Centaurs from our model with || < 5° and
H < 14.3 (dashed line) with which the observed distribution must be compared. (b) Apparent magnitude distribution of Centaurs with R > 1 km (dashed line) and

of observed Centaurs (solid line).
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(Nc(H < 14.3) =1.2 x 107). This comparison of the apparent
magnitude distributions is plotted in Fig. 15b.

As we can see, the magnitude distribution of Centaurs from
our model with |8| < 5° and H < 14.3 nearly agrees with the
magnitude distribution of observed Centaurs for V < ~22. Al-
though this value of V is not the limit of the present observ-
ability, it is very near, and objects with greater values of V are
difficult to detect. That’s probably why there may not be an
agreement on these values. So, once again we can say that our
model fits well with observations.

Besides, we can see, according to our model, that there must
be lots of Centaurs with small radii (at least with R between ~1
and ~3 km), that would have apparent magnitudes and ecliptic
latitudes in the ranges of observability, but they have not been
discovered so far. To be found, such objects must be near the
inner edge of the Centaur region. Centaurs to date have been
discovered in a very unsystematic way by Kuiper belt and NEO
surveys. Kuiper belt surveys are targeted to objects that move
more slowly than Centaurs, and NEO surveys are targeted to
fast-moving objects, so Centaurs fall “in the cracks” between.
Kuiper belt surveys often impose a limit on the rate of motion
in order to avoid being burdened by lots of asteroids, and the
efficiency of the NEO surveys for Centaurs is very low. That’s
why our model do not agree with the observations of very small
Centaurs.

If our model represents the intrinsic population, one can see
from Fig. 15 that the vast majority of Centaurs have apparent
magnitudes outside the current limit of observability.

7. Conclusions

We have evolved objects from the SD and studied their end
states. 25.8% of the particles survive the total integration time,
51.9% are ejected from the Solar System, and 21.8% enter the
zone of r < 5.2 AU. The relation N./Ns (where N; is the num-
ber of survivor particles and N, the number of ejected particles)
is inverted at ¢ = 35 AU and a > 50 AU. The SD zone of
q <35 AU and 40 < a < 50 AU is the most efficient in reaching
the JFC end state. The zone of g < 35 AU is the most efficient
in injecting Centaurs. 75.5% of SDOs enter the Centaur zone,
having there a mean lifetime (I¢) of 72 Myr. 30% of this Cen-
taurs reach the zone of r < 5.2 AU.

The mean lifetime is dependent on the initial inclination of
particles, those with i; < 16° have /¢ = 42 Myr. This is com-
parable with the mean lifetime of ecliptic comets obtained by
Levison and Duncan (1997) of 45 Myr. The high inclinations in
objects of the SD make Centaurs long lived objects.

The mean lifetime of Centaurs is strongly dependent on their
perihelion distances. In the zone of low perihelion distances
we have mean lifetimes of the order of Myr, e.g. 10 Myr for
Centaurs with ¢ < 17 AU and also in a zone 5.2 < a < 30 is
7.6 Myr; those numbers are comparable with previous works.

SDOs are probably the main source for Centaurs provid-
ing a current number of ~2.8 x 108 Centaurs with R > 1 km.
A secondary source are unstable trans-neptunian objects in low
eccentricity orbits according to the estimation of Levison and
Duncan (1997) of 1.2 x 107.

We described some mechanisms that kept perihelion dis-
tances of particles inside Neptune orbit for long periods of time.
Those are: the conservation of g in narrow ranges between
Saturn and Neptune, resonance hopping or capture in a mean
motion or Kozai resonances for long intervals of time that could
reach the Gyr.

We also generated a survey with our sample of Centaurs to
test whether the distribution of orbital elements obtained in our
simulation could represent the intrinsic distribution. With the
parameters described above, our survey match well with the
observed sample of Centaurs, so the distribution of Centaurs
described in Figs. 11 and 12 could be a model for the intrin-
sic distribution. However, the indices of the absolute magnitude
distribution of Centaurs may change with the improvement of
the observations and with the contribution of other sources to
the Centaur population as escaped plutinos.

The distribution of distances is well fitted by a power law of
the form X oc r¢ where a ~ —1.49 for r > 30 AU, and a ~ 4
for r <30 AU.

The magnitude distribution shows that there must be lots of
small Centaurs, with a radius at least between 1 and 3 km, that
would have apparent magnitudes and ecliptic latitudes in the
ranges of observability that have not been discovered yet. This
fact is related with inefficiency of present minor objects surveys
in finding Centaurs. Besides, there must still be more Centaurs
in the range of apparent magnitudes outside the current limit of
observability.
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