
s

:

for 5 Gyr
, hy-
ey reach
’s
cattering
allow their
greatly fa-
DOs with
ort

e even ex-
in feeding
Icarus 172 (2004) 372–381
www.elsevier.com/locate/icaru

The scattered disk population as a source of Oort cloud comets
evaluation of its current and past role in populating the Oort cloud

Julio A. Fernándeza,∗, Tabaré Gallardoa, Adrián Bruninib,c

a Departamento de Astronomía, Facultad de Ciencias, Iguá 4225, 11400 Montevideo, Uruguay
b Facultad de Ciencias Astronómicas y Geofísicas, Universidad Nacional de La Plata, Paseo del Bosque, 1900 La Plata, Argentina

c Instituto Astrofísico de La Plata, CONICET, Argentina

Received 25 February 2004; revised 5 July 2004

Available online 7 October 2004

Abstract

We have integrated the orbits of the 76 scattered disk objects (SDOs), discovered through the end of 2002, plus 399 clones
to study their dynamical evolution and the probability of falling in one of the following end states: reaching Jupiter’s influence zone
perbolic ejection, or transfer to the Oort cloud. We find that nearly 50% of the SDOs are transferred to the Oort cloud (i.e., th
heliocentric distances greater than 20,000 AU ina barycentric elliptical orbit), from which about 60% have their perihelia beyond Neptune
orbit (31 AU < q < 36 AU) at the moment of reaching the Oort cloud. This shows that Neptune acts as a dynamical barrier, s
most of the bodies to near-parabolic orbits before they can approach or cross Neptune’s orbit in non-resonant orbits (that may
transfer to the planetary region as Centaurs via close encounters with Neptune). Consequently, Neptune’s dynamical barrier
vors insertion in the Oort cloud at the expense of the other end states mentioned above. We found that the current rate of S
radii R > 1 km incorporated into the Oort cloud is about 5 yr−1, which might be a non-negligible fraction of comet losses from the O
cloud (probably around or even above 10%). Therefore, we conclude that the Oort cloud may have experienced and may b
periencing a significant renovation of its population, and that the trans-neptunian belt—via the scattered disk—may be the ma
source.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Comets are considered to be the leftovers of planet
mation. In particular, the Uranus–Neptune zone has b
suggested as the source of most Oort cloud comets
Fernández, 1980a; Fernández and Ip, 1981). Yet, there are
other potential sources of icy (cometary) bodies, that g
from the “snowline” in the protoplanetary disk, i.e., the
gion between 4–6 AU where water vapor condensed, to
trans-neptunian (TN), or Edgeworth–Kuiper (EK) belt
40–50 AU. The latter region has been proposed as the so
region of Jupiter family (JF) comets(Fernández, 1980b
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e

Duncan et al., 1988, 1995). The delivery of comets from th
TN belt to the inner planetary region requires the presenc
a transient population of bodies whose orbits have bee
moved from the TN belt. This assertion was observation
confirmed with the discovery of theCentaurs, whose orbits
lay in the region of the jovian planets, (2060) Chiron b
ing the first of this class discovered in 1977(Kowal, 1989).
Levison and Duncan (1997)carried out extensive numeric
integrations of bodies starting in Neptune-encountering
bits. They followed the evolution of the bodies for 1 G
which allowed them to estimate the efficiency of transfe
JF orbits at about 30% of the original sample.

As well as there is a transient population scattered to
inner planetary region, it was also expected to find bo
scattered outwards on veryeccentric orbits and with pe

http://www.elsevier.com/locate/icarus
mailto:julio@fisica.edu.uy
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ihelia around or beyond Neptune’s orbit. The existence
such a population was observationally confirmed by the
covery of 1996 TL66 (Luu et al., 1997). Within the grow-
ing complexity of the trans-neptunian population, this n
class of bodies were calledScattered Disk Objects (SDOs).
SDOs are usually defined as those with perihelion dista
q > 30 AU and semimajor axesa > 50 AU. From numerica
integrations over 4 byr,Duncan and Levison (1997)were
able to reproduce such a scattered disk from TN obj
(TNOs) strongly perturbed by close encounters with N
tune. The sample of discovered SDOs has risen to near
objects (end of 2002).

As more and more bodies are being discovered in
trans-neptunian region, a dynamical structure has eme
that shows different dynamical groupings.Jewitt et al.
(1998) distinguish the following groups: (1) theclassical
belt composed of objects in non-resonant orbits with se
major axes in the range 42 AU� a � 48 AU in low inclina-
tion and low eccentricity orbits; (2) objects in mean motio
resonances with Neptune, thePlutinos in the 2:3 resonanc
being the most populous group. Objects in such resona
are prevented from having close encounters with Nept
and (3) thescattered disk as described above.Figure 1plots
the different populations in the parametric plane semim
axis vs. eccentricity.

A few of the discovered SDOs have perihelion distan
q > 38 AU, i.e., they are well detached from the planetary
gion. The existence of such objects, that form an “Exten
Scattered Disk” (ESD)(Gladman et al., 2002), seems diffi-
cult to explain as a result of the scattering process by g
itational interactions with Neptune (see alsoEmel’yanenko
et al., 2003). We do not plan to discuss here whether su
bodies derive from the trans-neptunian belt via diffus
chaos or another dynamical mechanism—as we assume

Fig. 1. Distribution of the differentpopulations of trans-neptunian bodies
the planea–e. The objects were taken from the Minor Planet Center’s W
site: http://cfa-www.harvard.edu/iau/Ephemerides/Distant/Soft00Dist
txt.
s

r

most of the SDOs—, or whether they constitute the “fos
record of a primordial population, originally formed clos
to the Sun, and then pushed out during Neptune’s migra
(Levison and Morbidelli, 2003). Such an extended scatter
disk could be or could not be related to the scattered
(whose bodies haveq < 38 AU and are thus subject to Ne
tune’s gravitational perturbations), but this point is not re
vant for our study. Nevertheless, as a matter of completen
we have computed the orbits of all SDOs, including thos
the ESD.

The population of SDOs with radiusR > 50 km has been
estimated byTrujillo et al. (2000)at (3.1+1.9

−1.3) × 104 bod-
ies (1σ errors) and the total mass at 0.05M⊕. Trujillo et
al. considered the sample of four discovered SDOs at
time, which all hadq � 36 AU. If we consider instead th
SDOs up toq = 40 AU, Trujillo et al.’s estimate has t
be multiplied by at least a factor of two. Therefore, in t
following, we will adopt a SD population of∼ 6 × 104 ob-
jects withR > 50 km. An independent survey conducted
Larsen et al. (2001)led to the discovery of 5 Centaurs/SDO
and other two recoveries. From this survey they estima
population of 70 SDOs brighter than apparent red ma
tudemR = 21.5. Applying appropriate bias corrections f
distance in the detection probability, the estimated total pop
ulation is in good agreement with that derived above.Trujillo
et al. (2001)find that the differential size distribution o
classical TNOs follows a power-law of indexs = 4.0+0.6

−1.3
(1σ errors). If we assume that this size distribution also
plies to SDOs and that the same exponents holds down to a
typical comet radiusR = 1 km, the total population of SDO
is estimated to be

(1)NSDO(R > 1 km) = 6× 104 × 50(s−1).

Taking s = 4.0 as the most likely value, we obta
NSDO = 7.5 × 109, but it may go up to (within 1σ ) 7.8 ×
1010, or down to 1.1 × 109 bodies fors = 4.6 and 3.5, re-
spectively. Therefore, there is an uncertainty of an order o
magnitude in the estimated SD population. A recent d
survey with the HST/ACS camera carried out byBernstein
et al. (2004)hints at a smaller population of small TNO
than that predicted by an extrapolation of a power-law
index s = 4.0. Duncan and Levison (1997)estimate tha
∼ 6 × 108 SDOs could supply all the observed JF come
though this result might be model-dependent and actu
represent a lower limit. Thisis because they start with
sample of test particles already in Neptune-encounterin
bits, while a large fraction of the SDOs have perihelia w
above Neptune.

We shall adopt in the following a canonical value for t
SD population of 7.5× 109 objects, though one should be
in mind that it is still very uncertain and it could be one ord
of magnitude greater or smaller. Since SDOs can diffuse
ther to the planetary region or to large heliocentric distan
it may also be a potential source of Oort cloud comets. T
point is what we plan to analyze in this paper.

http://cfa-www.harvard.edu/iau/Ephemerides/Distant/Soft00Distant.txt
http://cfa-www.harvard.edu/iau/Ephemerides/Distant/Soft00Distant.txt
http://cfa-www.harvard.edu/iau/Ephemerides/Distant/Soft00Distant.txt
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2. The numerical model

We integrated numerically the orbits of 76 SDOs (that
cluded a few objects withq < 30 AU) taken from the Minor
Planet Center’s Web site:http://cfa-www.harvard.edu/iau
Ephemerides/Distant/Soft00Distant.txt(the list correspond
to the end of 2002). Some preliminary results of these i
grations were already published elsewhere(Fernández et al
2004). Since the sample of real objects was considered t
too small, we added to our integrations 399 clones with
same orbits as the real objects, but with different initial
sitions in their orbits (i.e., different initial mean longitudes
The number of clones for each real SDO was chosen in o
to approximately account for the bias in the discovery pro
bility for different semimajor axes, namely comets with la
semimajor axes spend relatively less time near perihe
where they can be discovered, so they should represent
objects.

The numerical integration was performed with our n
merical code EVORB that consists of a mixed-variable le
frog integrator, inspired by theWisdom and Holman (1991
symplectic map. Our code is not a fully symplectic integ
tor because every close encounter between a test bod
a planet (considered as those within three Hill radii) is co
puted by means of a Bulirsch–Stoer routine. In addition,
integration is always performed in a heliocentric refere
frame. However, for the computation of the orbital eleme
we transfer the origin to a barycentric frame. A report ab
the accuracy of the integrator can be found inFernández e
al. (2002).

The dynamical model developed here included the
and the four giant planets, while the masses of the terres
planets were added to that of the Sun. We used an integr
step of 0.25 yr. The test bodies (real SDOs+ clones) were
assumed to be massless. They were integrated for 5 Gy
the integration was terminated if one of the following e
states was reached:

1. Collision onto a planet.
2. Arrival to the region interior to Jupiter’s orb

(r < 5.2 AU), in which case the body could be eith
ejected or transferred to a JF comet orbit in a very s
time scale.

3. Attaining a distance of 20,000 AU from the Sun still
a barycentric elliptical orbit. In this case we conside
that the body was stored in the Oort cloud. This
sumption is justified on the basis that passing stars
the tidal force of the galactic disk are able to raise
perihelia of the SDOs at such near-interstellar distan
well beyond the dynamical influence of the planets (e
Fernández and Ip, 1991; Dybczyński, 2001).

4. Attaining a distance of 20,000 AU from the Sun in
barycentric hyperbolic orbit. In this case we conside
that the body was ejected to interstellar space.
r

e

d

l

t

Fig. 2. (Top) Initial sample of real SDOs (dashed histogram) and surv
after 5 Gyr (solid histogram) distributed according to their initial perihel
distances. (Bottom) The same as before but for the sample of clones.

3. The results

3.1. Dynamical lifetimes of SDOs

The survival of SDOs is a strong function of their in
tial perihelion distance. This is evident when we compa
the sample of real objects and the clones at the beginn
of the integration with that remaining at the end, distribu
according to their initial perihelion distances (Fig. 2). It is
shown that most of the SDOs whose initial perihelion d
tances areqi � 36 AU are lost at the end of the studi
period. On the other hand, most of the bodies remain
qi � 38 AU after 5 Gyr, which gives some support to t
idea that they form a special extended disk, perhaps w
different origin (see Section1).

The results shown inFig. 2 can be described in a mo
quantitative way inFig. 3 where the dynamical half-life i
plotted as a function of the initial perihelion distance. For
purpose of these computations we divided the overall sam
of real SDOs plus clones in sub-samples within range
perihelion distances of 2 AU, starting at 30 AU. For the
sub-samples we computed the dynamical half-life, i.e.,
time it requires the sample to decrease to a half. We ca
an empirical linear relation between the dynamical half-
and the initial perihelion distanceqi as follows

(2)logtdyn = a + bqi,

wherea � 1.857 andb � 0.213. We can express Eq.(2) in a
more convenient way as

(3)tdyn = 10
(q−33.5)

4.7 Gyr,

http://cfa-www.harvard.edu/iau/Ephemerides/Distant/Soft00Distant.txt
http://cfa-www.harvard.edu/iau/Ephemerides/Distant/Soft00Distant.txt
http://cfa-www.harvard.edu/iau/Ephemerides/Distant/Soft00Distant.txt
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Fig. 3. Dynamical half-lives of SDOsand their clones as a function of the
initial perihelion distances.

whereq is expressed in AU. From Eq.(3) we can see tha
objects withq � 36.6 AU already have dynamical half-live
that exceed the Solar System age.

We can compute the average dynamical half-timet̄dyn for
the region just beyond Neptune’s orbit (say for initial pe
helion distances 31 AU< qi < 36 AU) as

(4)t̄dyn =
∫ t2
t1

tdyndtdyn∫ t2
t1

dtdyn
=

∫ q2
q1

[tdyn(qi)]2b ln10fq(qi) dqi∫ q2
q1

tdyn(qi)b ln10fq(qi) dqi

,

whereq2 = 36 AU andq1 = 31 AU, andfq(qi) dqi is the
fraction of SDOs with initial perihelion distances(qi, qi +
dqi) with respect to those in the interval 31 AU< qi <

36 AU. In the following, we considerfq(qi) uniform in the
previous interval, which simplifies the computations and,
believe, does not introduce a large error with respect to
use of other possible distributions. Furthermore, we h
from Eq.(2): dtdyn/tdyn = ln10b dqi .

By integrating Eq.(4) and substituting the correspondin
numerical values we obtain

t̄dyn = 1.8× 109 yr.
3.2. The different end states

From the 76 real SDOs, 53 were lost at the end of
studied period with the following end states: 26 were pla
into the Oort cloud, 12 were ejected to interstellar spa
and 15 reached Jupiter’s region. That gives the follow
fractions among the lost objects:fOort = 26/53 = 0.49±
0.10, fhyp = 12/53 = 0.23 ± 0.06, andfjup = 15/53 =
0.28± 0.07. The respective values for the clones were:
were lost from the initial 399 bodies with the following pe
centagesfOort = 0.46 ± 0.044, fhyp = 0.26 ± 0.033, and
fjup = 0.28± 0.034. The results are thus very similar. B
combining both samples, we obtain

fOort = 0.47± 0.04,

fhyp = 0.25± 0.029,

fjup = 0.28± 0.031.

Therefore, nearly half of the bodies that are lost go
the Oort cloud. The other half are more or less evenly s
between those ejected on hyperbolic orbits and those
reach Jupiter’s orbit.

3.3. Capture into resonant states

We elaborated a simple program to automatically de
objects that stay or fall in mean motion resonances du
their dynamical evolution. For each object the program com
putes the critical angles for several mean motion resonance
If a specific critical angle shows a nonuniform distributi
between 0◦ and 360◦, the program looks at the semimaj
axis of the body’s orbit. In case it is close to the theor
ical value of the resonance corresponding to this crit
angle, it will be indicated as a potential resonance. We
then confirm it by visual inspection of the time evoluti
of the critical angle. We applied this program to the r
SDOs and could detect several mean motion resonaces
Neptune that are shown inTable 1. As shown in the table
the 2:5, 3:7, and 4:9 resonances are found to be very
ble orbital states, even for high eccentricities such as th
Table 1
Resonant states

Object Resonance a (AU) e Time spent in the resonance (Gyr)

2002 CZ248 1:2 47.6 0.25 0.7
2000 SS331 1:3 62.4 0.51 At the beginning (0.08)
2001 KV76 1:3 62.4 0.41 At the beginning (2.0)
1999 RZ215 1:5 87.7 0.60 0.1
2002 GB32 1:6 99.1 0.61 At the beginning (0.5)
2001 FP185 1:13 166.3 0.74 1.0
2000 SR331 2:5 55.3 0.43 All
2000 FE8 2:5 55.3 0.40 All
2001 KC77 2:5 55.3 0.33 All
1999 DG8 2:9 81.8 0.51 At the beginning (1.5)
1999 HW11 3:7 52.8 0.30 All
1999 CV118 3:7 52.8 0.30 2.7
2001 KG76 4:9 51.5 0.34 All
2001 QW297 4:9 51.5 0.25 All
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Fig. 4. Dynamical evolution of the SDO 2002 GY32 that ends up in Jupiter’
zone. Close encounters with any of the jovian planets are indicated i
upper panel, where the numbers 5. . .8 stand for Jupiter. . .Neptune, respec
tively.

for 2000 SR331 and 2000 FE8 that are above or aroun
e = 0.4.

3.4. Dynamical evolution of some particular SDOs

We illustrate in the following a few interesting exam
ples of real SDOs that have different end states. Ob
2000 GY32 ended up in Jupiter’s region (Fig. 4). For a lit-
tle more than 1 Gyr its evolution is very smooth because
has its perihelion well outside Neptune’s orbit that preve
it from suffering strong perturbations. Afterwards, the bo
decreases itsq which allows it to have a few close encou
ters with Neptune. The decrease inq is accompanied by
decrease in its semimajor axisa. Yet, the values ofq and
a return to more or less the previous values, so the b
is spared from having new close encounters with Nep
for the next∼ 300 Myr. At t ∼ 1.4 Gyr its q drops again
so close encounters with Neptune occur again. In one o
close encounters the body is handed down to Uranus, an
dynamical process repeats itself, the body is handed dow
the next planet inside, Saturn, and finally Jupiter. Theref
at the very end of its evolution the object becomes a Cen
before it falls under the gravitational control of Jupiter. T
transfer from Neptune to Jupiter is very fast in cosmogo
terms: it takes not more than a few Myr.

Object 1999 DG8 keeps a perihelion distance oscilla
ing between∼ 32–42 AU while its semimajor axis remain
nearly constant during a little more than 1.5 Gyr becaus
is locked in the 2:9 mean-motion resonance with Neptu
as can be seen by the libration of its critical angle aro
180◦ (Fig. 5). This resonance prevents the object from h
ing close encounters with this planet. The Kozai mechan
also acts together with the 2:9 resonance forcing cou
oscillations in the perihelion distance and inclination. A
terwards it leaves the resonance so close encounters
Neptune become frequent. The body’s perihelion penet
within the planetary region, where it also suffers a few cl
e

Fig. 5. Dynamical evolution of the SDO 1999 DG8 that ends up ejected i
a hyperbolic orbit.

Fig. 6. Dynamical evolution of the SDO 1999 DP8 that ends up in the Oor
cloud.

encounters with Uranus. Once the body leaves the reson
its semimajor axis starts to random-walk until the body
ejected to interstellar space.

Object 1998 DP8 ends up in the Oort cloud after 3.35 G
(Fig. 6). The Kozai mechanism acts on the body for a ti
during which its perihelion distance rises to∼ 50 AU and its
inclination also increases. We can see that the argume
perihelionω stops circulating and librates around 180◦. We
found that the Kozai mechanism plays a very important
namical role in the evolution of SDOs, but its detailed stu
exceeds the scope of this paper. It will be analyzed in a fo
coming publication. Once the Kozai mechanism stops actin
on the body, itsq returns to the previous level. The evoluti
is not longer adiabatic and the semimajor axis random w
until reaching the Oort cloud.

Object 2001 FN194 also ends up in the Oort cloud aft
2.27 Gyr (Fig. 7). It is interesting to note that its perih
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Fig. 7. Dynamical evolution of the SDO 2001 FN194 that ends up in the
Oort cloud.

lion distance never decreases below 34 AU, so there ar
close encounters with Neptune during its evolution. Nev
theless, gravitational perturbations by the distant Nept
(and the other jovian planets) are strong enough to dif
the body’s semimajor axis until it reaches the Oort cloud
We shall come back to this point in the next section.

4. The Neptune dynamical barrier

As shown in Section3.2, the scattered disk is a very e
ficient route to the Oort cloud. A close inspection into t
dynamics of SDOs reaching the Oort cloud permits us
verify the following interesting property: A large fractio
of the SDOs reaching the Oortcloud have their perihelia
beyond Neptune’s orbit, and most of them never cross
Neptune’s orbit (see example ofFig. 7). We found that Nep-
tune acts as adynamical barrier that scatters bodies ap
proaching the planet from outside to larger semimajor a
before their perihelia can enter Neptune’s orbit. Actua
among the 137 objects that end up in the Oort cloud (
SDOs+ clones), 85 have perihelion distances in the ra
31 AU < q < 36 AU at the moment of reaching the Oo
cloud, that gives a fraction 0.62± 0.067.

Figure 8shows the distribution of perihelion distances
the bodies at the moment they reach their final states.
those bodies that cross the orbit of one or more jovian p
ets, hyperbolic ejection is found to be a much more lik
outcome than insertion in the Oort cloud. This can be un
stood bearing in mind that planetary perturbations bec
much stronger once the bodies enter the planetary reg
that entails besides the frequent occurrence of close enc
ters with the planets. Consequently, the strong energy k
imparted by the planets make the bodies in their rand
walk in the energy space more likely to overshoot the nar
energy range corresponding to the Oort cloud straight to
terstellar space, rather than to fall into it.

The main dynamical features of the diffusion of SD
to the Oort cloud can also be illustrated in the param
t

,
-

Fig. 8. The distribution of perihelion distances of the total sample of obj
(real SDOs+ clones) at the moment they reach their final state: hyperb
ejection (top), or insertion in the Oort cloud (bottom).

Fig. 9. Perihelion distance versus semimajor axis of all the objects
SDOs+ clones) plotted every 50 Myr.

ric plane(a, q) (Fig. 9). Positions of the bodies are plotte
every 50 Myr. We can see that most of the SDOs evolv
the Oort cloud in the lane 31 AU< q < 36 AU (see also
Fig. 8). No SDO evolves to the Oort cloud withq > 36 AU,
which shows that it must first decrease itsq and then diffuse
in a, result that was already shown byHolman and Wisdom
(1993).

We can analyze the previous condition by consider
the energy change per orbital revolution as due to pla
tary perturbations (see, e.g.,Fernández and Brunini, 2000).
We recall that the orbital energyE = −GM�/2a, so we can
adoptx = 1/a as the orbital “energy” since it is proportion
to E. We define the typical energy changeεx as the standar
deviation of the distribution of energy changes�x, obtained
from samples ofN test bodies of (high) eccentricitye within
certain ranges of perihelion distances and inclinations,
with random argument of perihelionω and longitude of as
cending nodeΩ , thus we have
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Fig. 10. The typical energy change per orbital revolution of sample
highly eccentric orbits (e = 0.9) and moderately eccentric orbits (e = 0.5),
with inclinations in the range 0◦ < i < 5◦ . Every point was computed wit
a sample of 100 test particles with perihelion distances within a bin of
AU.

(5)ε2
x =

N∑
i=1

�x2
i

N
,

where the mean of the�x-distribution is zero.
We show inFig. 10the typical energy changeεx per or-

bital revolution for bodies in low-inclination(0◦ < i < 5◦),
highly eccentric orbits (e = 0.9) computed from Eq.(5).
Each point was computed with a sample ofN = 100 bodies
within q ranges of 1 AU. We also show the computedεx for
samples with the same conditions as the previous ones
less eccentric orbits (e = 0.5), which are typical of SDOs
We can see that the values do not differ too much, excep
q close to Neptune’s orbit whereεx is about a factor of two
higher than that for orbits withe = 0.9. We also compute
εx for higher inclinations (5◦ < i < 10◦), but the results ar
not very different from those for(0◦ < i < 5◦). We find that
εx drops by nearly two orders of magnitude for perihel
distances between 30 and 60 AU, which shows the rapidly
diminishing influence of planetary perturbations in the tra
neptunian region.

We can roughly estimate the average number of rev
tions N that a body with a perihelion distanceq ∼ 32 AU
requires to reach the Oort cloud starting in an orbit in
scattered disk with a semimajor axisa = 50 AU, assuming
that it random walks in energy. In this case we have

(6)N �
(

1/ainit

εx

)2

.

If we adoptεx � 4 × 10−5 AU−1 as typical for bodies with
q = 32 AU, we obtain

N �
(

0.02

4× 10−5

)2

= 2.5× 105 revolutions.

If we now adopt an average orbital period of 104 yr, we get
a dynamical lifetime to reach the Oort cloud of 2.5× 109 yr,
t

which is in reasonable agreement with the value foun
Section3.1. Yet, for q = 38 AU the typical energy chang
decreases toεx � 10−5 AU−1, so the time scale to reach th
Oort cloud raises to 4× 106 revolutions, or 4× 1010 yr, i.e.,
an order of magnitude longer than the Solar System lifeti
It is then clear that bodies withq ∼ 38 AU will first have
to decrease their perihelia to diffuse to the Oort cloud o
time scales comparable to the Solar System age, in agre
ment with what was found inFig. 9. We note that Eq.(6) is
not totally correct since the diffusion from a semimajor a
so small (50 AU) is not really a random walk. In other wor
for smalla the body keeps “memory” of the previous plan
tary configuration, and this is particularly the cases of bo
that are located in mean motion resonances for different p
riods of time (seeFig. 9). The highest resonance we fou
is 1:13 that corresponds to a semimajor axisa ∼ 166.3 AU.
We can thus say that only fora � 166 AU, the scattering o
a corresponds to a random walk.

5. The dependence of the end state on the initial
perihelion distance

Two possible sources have been suggested for the
tered disk: (1) a primordial origin, in which the current S
would be the fossil record of the early massive scatterin
planetesimals by the accreting Neptune(Duncan and Lev
ison, 1997); and (2) the trans-neptunian belt that feeds
SD via chaotic diffusion (e.g.,Holman and Wisdom, 1993
Morbidelli, 1997). In the latter case, the most likely sour
regions are the 2:3 mean motion resonance (Plutinos)
the classical belt in the range 40–42 AU where there is
overlapping of several secular resonances. In both cases
ies tend to increase their eccentricities, while keeping t
semimajor axes nearly constant, until they get close to N
tune’s orbit. This is certainly a dynamical process that wo
and warrants a dynamical link between SDOs and Plut
and classical TNOs. It seems then reasonable to assum
the SD population is currently being replenished by Pl
nos and classical TNOs, and that the primordial populat
if it still remains any, forms only an unknown fraction of th
total.

It has been shown in Section4 (cf. Fig. 8) that bod-
ies whose perihelia are close to or cross Neptune’s o
(q � 31 AU) have more chances to be transferred to the p
etary region or being ejected hyperbolically, in other wor
these are the bodies that penetrate the Neptune’s ba
Therefore, the end states of the SDOs should depend s
what on the distance (from Neptune’s orbit) at which th
were decoupled from their resonances and started to di
in semimajor axes until becoming SDOs whena > 50 AU.
In Fig. 11we show the fraction of bodies that reach Jupite
zone with respect to all the bodies that reach the different
states (namely, Jupiter’s zone+ hyperbolic ejection+ Oort
cloud), as a function of the initial perihelion distance. We
can see that about 1/3 of the SDOs initially close to Nep
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Fig. 11. The ratio of SDOs that end up in Jupiter’s zone to the total S
lost in the different end states (Jupiter’s zone, hyperbolic ejection, Oo
cloud) as a function of the initial perihelion distance. The plotted va
represent averages within one-AU bins.

tune’s orbit (30 AU< q < 32 AU) end up in Jupiter’s zone
a fraction that is in agreement with that found byLevison
and Duncan (1997). Yet, for SDOs starting their evolutio
with largerq , the fraction transferred to Jupiter’s zone dro
at the expense of the increase in the fraction of SDOs
reach the Oort cloud. The explanation for this behavio
that such bodies, initially farther from Neptune’s orbit, mee
more serious difficulties to penetrate Neptune’s barrier
indispensable condition to be handed down to Uranus,
urn, and finally Jupiter. In other words, to be transferred
the planetary region, the body must have its perihelion c
to Neptune’s orbit and have decreased its eccentricity
near circular orbit, so its perihelion can be flipped to
aphelion of the new orbit (that falls within the planeta
region) after a close encounter with Neptune(Morbidelli,
1999).

As shown byMorbidelli (1997), a body can be decou
pled from the 2:3 resonance with different eccentricities.
instance, ife = 0.1, the body will be decoupled with an in
tial q = 35.6 AU, for e = 0.2 with q = 31.6 AU, and for
e = 0.3 with q = 27.6 AU, namely there is a wide range
initial perihelion distances, including Neptune-crossing
bits, with which the bodies can be left before starting th
evolution in the scattered disk. As said above, the outc
will be different in these three cases. For the first body tra
fer to the Oort cloud will be the most likely outcome, wh
the second and third bodies will have a greater proba
ity of reaching Jupiter’s region. In the third case hyperbo
ejection becomes about as likely as insertion in the O
cloud.

6. The transfer rate of SDOs to the Oort cloud

From our computed results we can make a rough e
mate of the rate of SDOs injected in the Oort cloud fr
Fig. 12. The ratio of the cumulative number of SDOs incorporated into
Oort cloud over the remaining SDO population as a function of time.

thecurrent scattered disk population:NSDO= 7.5×109 (for
R > 1 km). This is an important point to stress, since
computed the orbits to the future, and thus the compu
rate will correspond to the time when the currently obser
SDOs reach the Oort cloud. We found that about 60% of
SDOs are lost after 5 Gyr. If we then assume that this f
tion of NSDO bodies with radius> 1 km are lost, and tha
f ∼ 0.5 of them end up in the Oort cloud on an average t
scale oft̄dyn ∼ 1.8× 109 yr (cf. Section3.1), then the injec-
tion rateν will be

(7)ν = NSDO× 0.6× f

t̄dyn
= 1.2 yr−1.

As said before, this is actually the injection rate in t
future (within ∼ 1.8 Gyr) from the scattered disk populatio
observed atpresent.

We can compare the rateν, obtained from Eq.(7), with an
independent estimate from an empirical law that descr
how the ratioNOort/NSDO varies with timet , whereNOort
is the cumulative number of SDOs transferred to the O
cloud at timet , andNSDO is the remaining population o
SDOs att . As Fig. 12shows, the ratioNOort/NSDO is well
fitted by a linear relation, namely

(8)NOort = 1.5× 10−10 × NSDO× t,

wheret is expressed in years.
The simplest case is to assume thatNSDO is constant

with t . If we thus takeNSDO = 8 × 109, the injection rate
of SDOs into the Oort cloud is

ν = dNSDO

dt
= 1.5× 10−10 × NSDO

(9)= 1.5× 10−10 × 8× 109 = 1.2 yr−1,

which agrees with the result obtained from Eq.(7).
We would like to know how the population of SDO

varies with time. We have very few clues to learn about
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problem. We may conjecture that the trans-neptunian p
ulation was much more massive at the beginning than
now, perhaps by a factor of 100, based on cosmogonic
sons, as well as on estimates of the amount of mass req
to form 100-km to 1000-km class bodies(Stern, 1995;
Stern and Colwell, 1997). The original scattered disk pop
ulation would have been correspondingly as massive a
trans-neptunian belt population, so we can adopt a law

(10)dN = −N

τ
dt,

whereτ is the dynamical lifetime of bodies in the scatter
disk. We note thatτ does not necessarily corresponds to
value of t̄dyn computed from Eq.(4), since the latter wa
derived for thecurrent population of SDOs with a certai
distribution of perihelion distances that may vary with tim
This means thatτ may be somewhat a function of tim
though in the following we will take it constant for a ma
ter of simplicity. Equation(10)upon integration leads to

(11)NSDO= No exp

(
− t

τ

)
,

whereNo is the original population of the scattered disk.
If, as argued above, we take the original SD popula

as 100 times the current one, then we haveNSDO(T ) =
No/100, whereT = 4.6× 109 yr. By introducing this value
in Eq.(11)we obtain

(12)τ = T

ln (No/NSDO)
= 4.6× 109

ln 100
� 109 yr.

We find that τ is somewhat smaller than̄tdyn, which
makes sense if we consider that the primordial SD po
lation may have had a predominance of bodies with sho
dynamical lifetimes, that are by now practically gone.

From Eq.(11) we can say that the SD population abo
1.8 Gyr ago wasNSDO∼ No exp[−(4.6−1.8)×109/109] ∼
100×7.5×109×exp(−2.8) ∼ 4.6×1010, i.e., about 6 times
greater than at present. Thisresult can be compared wi
those derived from the numerical simulations ofDuncan and
Levison (1997). They found that the original population
test bodies decreases to 5 percent after 1 Gyr and to 1
cent after 4 Gyr. This would give a decrease by a factor
between 2.8 and 4.6 Gyr. Again we note some differen
in their model, since they start with a sample of test bod
with semimajor axes between 34 and 50 AU, while SD
are defined as those witha > 50 AU. What we can say from
this discussion is that the SD population 1.8 Gyr ago pro
bly was a few times greater than at present, say∼ 4 with an
uncertainty of 50%.

According to the previous discussion, a SD popula
∼ 7.5× 109 × 4 = 3× 1010 is the one that provides thecur-
rent injection rate of SDOs into the Oort cloud. Thus w
have

ν � 5 yr−1.

The average ratēν over the age of the Solar Syste
should be greater bearing in mind that the primordial
-
d

-

population could have been up to 102 times greater, so
value ν̄ ∼ 10 should give at least the correct order of m
nitude. Adopting this value, we get for the total number
SDOs incorporated into the Oort cloudNOort ∼ 4.6× 109 ×
10= 4.6 × 1010. This result shows that the trans-neptun
belt (via the scattered disk) could have been a major sup
of bodies to the cloud, even rivaling other sources within
planetary region, as for instance the Uranus–Neptune z

7. Discussion

We can compare the previous result for the injection
ν of SDOs into the Oort cloud with current comet loss
from the Oort cloud. Comets are lost from the Oort clo
mainly because they are injected into the inner part of th
planetary region where Jupiter and Saturn exert the gre
perturbing influence, say within∼ 15 AU to the Sun (e.g.
Fernández, 2002). The passage rate of new comets in Ea
crossing orbits and radiusR > 1 km is found to be about on
every two years, so if we adopt a loss cone of 15 AU, then
simply extrapolation up to 15 AU we would obtain a pass
rate of∼ 7.5 yr−1. Yet this is clearly a lower limit, since th
passage rate of new comets increases withq in an as yet
unknown manner. A reasonable guess is to assume tha
passage rate of new comets withq < 15 AU andR > 1 km
should be on the order of a few tens per year. Therefore
injection rate of SDOs into the Oort cloud might represe
non-negligible fraction of the comet losses from the clo
probably around or even above 10%, so we can argue
the Oort cloud is experiencing a non-negligible renova
of its population, not only from a putative inner core, b
also from a population nearer home, as it is the case o
SD (and thus of the trans-neptunian belt if it is its source

The previous discussion has important consequence
the chemical nature of comets. If some—or most—O
cloud comets as well as JF comets come from the tr
neptunian belt, then both populations should show chem
similitudes among some of their members, at least in t
deep interiors, which should indicate very low condensa
temperatures of the cometary material. The comet nuclei o
new and JF comets may nevertheless show differences
surface level, because of the different exposures to co
rays and solar radiation.

8. Conclusions

We can then summarize our most important results as
lows:

1. SDOs are lost on a dynamical time scale of 10
(q−33.5 AU)

4.7 AU

Gyr. About 50% of the lost SDOs go to the Oort cloud,
rest are ejected to interstellar space or reach Jupiter’s i
ence zone.

2. Neptune acts as a dynamical barrier for SDOs wh
perihelia are approaching Neptune’s orbit, in such a
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that most of them diffuse in the energy space to the O
cloud before crossing or approaching Neptune’s orbit,
then have the chance to experience close encounters
this planet. We find that about 60% of the bodies inse
in the Oort cloud have perihelia beyond Neptune (31 AU<

q < 36 AU) at the time of insertion. Close encounters w
Neptune will favor orbit transfer to the planetary region (
flipping of the perihelion into the aphelion of the new or
within the planetary region), or hyperbolic ejection, with
consequent decrease in the fraction transferred to the
cloud.

3. No SDOs are found to evolve to the Oort cloud wh
their perihelion distances are aboveq � 36 AU. The reason
is that the diffusion time to the Oort cloud by planetary p
turbations becomes much longer than the Solar System
Such bodies must first decrease itsq and then evolve ina.

4. The current rate of SDOs injected into the Oort clou
found to be∼ 5 yr−1, which turns out to be a non-negligib
fraction of comet losses from the Oort cloud (proba
around or even above 10%). Consequently, the scattered
(and then the trans-neptunian belt if it is the source of SD
may be an important source of Oort cloud comets eve
present.

5. During the dynamical evolution some SDOs raise th
perihelia to values∼ 50 AU or even greater, basically due
the Kozai mechanism. This is an interesting dynamical ef
that deserves further exploration, currently in progress.
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