Icarus145, 580-590 (2000)

®
doi:10.1006/icar.2000.6348, available online at http://www.idealibrary.corl DE &l.

The Buildup of a Tightly Bound Comet Cloud around an Early Sun
Immersed in a Dense Galactic Environment: Numerical Experiments

Julio A. Ferrandez

Departamento de Astronde Facultad de Ciencias, I1gu4225, 11400 Montevideo, Uruguay
E-mail: julio@fisica.edu.uy

and

Adrian Brunini

Facultad de Ciencias Astr@micas y Gedsicas, Universidad Nacional de La Plata, 1900 La Plata, Argentina—CONICET

Received May 12, 1998; revised January 3, 2000
in Mottman (1977), who argued that the Sun was a member

We simulate numerically the buildup of a comet reservoir around
the early Sun assumed to be still immersed in the placental molecu-
lar gas that gave birth to it, and to be gravitationally bound to other
young stars formed out of the same gas. We show that under certain
reasonable assumptions about the early galactic environment of the
Sun, an inner core of the Oort cloud of radius from a few 102 AU to
afew 10° AU forms on a time scale of a few million year. Jupiter and
Saturn are the main scatterers of matter to this inner core, though
a significant fraction of the matter scattered by these two planets
(perhaps more than 50%) might originally come from the accretion
zones of Uranus and Neptune. If the formation process of the jo-
vian planets left unaccreted an amount of solid material of the same
order of their own planet masses (the rock-icy cores for the cases of
Jupiter and Saturn), then a few Mg, of the scattered solid material
might have been trapped in the Oort reservoir, most of it in the inner

an open cluster for severalgear, so a very close encounter a
low relative velocity with other cluster stars was very likely tc
occur triggering a comet shower responsible for the late hea
bombardment of the terrestrial planets.

Near-infrared observations of star-forming regions strong
argue in favor of the idea that stars usually form in clusters
dense regions (“cores”) of molecular clouds of typical dens
ties 1d—-10 H, cm=3 (e.g., Ladaet al. 1993, 1996). Radio
and infrared observations show that star clusters formed in st
dense cores exhibit varying degrees of richness, ranging fror
few members to several hundreds of stars. Indeed, within 5
pc of the Sun at least 90% of all stars younger than 10-15 M
formed within four major associations, Scorpius-Centauru
Perseus OB2, Orion OB1, and the Lacerta OB1 association (e
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Bally et al.1998). If we assume that the star formation efficienc
within a core of 18 H, cm=2 is of 30% (the rest of the gas dis-
sipates once the stars form) and allow for an expansion of t
formed star cluster by a factor of three in size (Heller 1993
we obtain number densities 6f25 stars pc? for stars of mass
~1 Mg. Assuming virial equilibrium, cluster stars will have rel-
Comets are probably the icy remnants of the planetary formative velocities~1 km s™%, which are about 30 times smaller
tion that were stored at large heliocentric distances by a comthian the encounter velocities of the Sun with stars of its neig
nation of planetary and external perturbations. This concepthisrhood at present.
the basis of the theory developed by Oort (1950), who thoughtOne may question whether the Sun could have formed
that passing stars were able to raise the perihelia of the scattesech dense and harsh surroundings, where ultraviolet radiat
planetesimals above the planetary region, where they would fi®¥m massive stars is able to strip away circumstellar envelof
main until other stars would re-inject their perihelia into thef forming stars on time scales shorter thar? y@ar (Bally
planetary region or eject the bodies to interstellar space. Aftal. 1998, Reipurthet al. 1998). Yet, O'Dell (1998) finds that
terward, Byl (1983) showed that the tidal force of the galactjgroplyds (i.e., flattened circumstellar clouds of dust and g
disk had actually a greater effect in driving perihelia of neasurrounding stars collapsing toward the main sequence) in
parabolic bodies out and into the planetary region. Yet, it w&ion Nebula are more compact than thé relation expected
not until recently that the issue of the galactic environment &r a freely expanding gas, which argues in favor of a not-si
the early Sun was raised in connection with the buildup of thiapid loss of material from these objects. According to O'Del
Oort comet cloud. An early reference to this idea can be fouadconstraining force provided by radiation pressure of Lyman:

1. INTRODUCTION
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photons, acting on the dust particles mixed with the proplyd Brunini and Ferahdez (1999) recently considered the forme
gas, is responsible for slowing down the mass loss. Balpl. tion of Uranus and Neptune in the zone of the outer planets ¢
(1998) also discussed the possibility that massive stars spentiescattering of the residual planetesimals. From their stu
substantial fraction of their lives embedded in an ultracompatiree conclusions can be drawn of relevance for our present
HIl region during which much of the stellar Lyman continuuntussion:

radiation remains trapped close to the star. If planet embryosll The accretion of the outer planets was an inefficient pr

_form fast enough n protoplanetary disks, say withift @ar, cess which required an initial mass 2-3 times larger than t
in that case formation of planetary systems should be compati-

ble with Orion-like environments (Ballgt al. 1998). This issue combined masses of Uranus and Neptune,

. . ; 2. Jupiter and Saturn were responsible for the ejection
no doubt requires further study in order to set constraints h596 of the residual material of the accretion zones of Uran
possible galactic environments of the early Sun.

Of course we cannot ascertain whether the Sun formed a%%" I\_Ie_ptuneo(v75% fo_rJupiter_ and-20% for Saturn). Only the
remained for a certain time within a star cluster, like the OnrgmalnmgN.S/o was directly eJected. by Uranus or Neptune.

. . 3. The time scale of the accretion process of Uranus a
described before. Yet certain anomalous features of the cyr- . . ; .

. . ; IKleptune and the scattering of residual material from their acc
rent Solar System give some support to this hypothesis. For . . .
. tion zones is very short, of a few Myr, which might support th
instance, Reeves (1978) suggested that a supernova exploisdgg that it was coeval with the Sun still in its natal environmer
that occurred nearby, while the early solar nebula was still in
its contracting phase, was responsible for the isotopic anoma¥errdndez (1997) showed that a core of comets in tight
lies of oxygen and magnesium observed in several classesofind orbits with a radius of a few 1@\U would be the re-
meteorites. According to Reeves such a close supernova explait of the perturbing action of a dense galactic environment
sion was likely to occur only if the early Sun belonged to ascattered planetesimals. Yet, Fandez's derivation was basec
OB association where the most massive members, after a fastvery simple analytical expressions, so a more rigorous tre
evolution, ended up as supernovae. The tilt of abéubfathe ment seems to be necessary. Gaidos (1995) also considerec
Sun’s spin axis with respect to the total angular momentum vdormation of a transient Oort cloud of radits3000 AU if the
tor of the Solar System was explained by Mottman (1977) 8un was in a dense galactic environment, but he argued the
torques on the orbital planes of the jovian planets produced s disrupted by the very same strong external perturbers t
the same cluster star that caused the late heavy bombardmimined it. An alternative mode of formation of an Oort cloud i
Heller (1993) worked further on the idea of torques within staxr dense galactic environment was recently presented by Eg¢
clusters. For a typical star cluster he found that torques on a pebal.(1997), who considered the early Sun to be within an op
toplanetary disk, able to produce tilts of aboatwith respect cluster where swarms of intracluster comets were also produ
to the spin axis of the central star, were possible for up to 408% other cluster stars. In this scenario the Oort cloud was
of the cluster stars over a time scale of 1 Myr. sumed to come from the capture of intracluster comets by 1
The other question of relevance is whether the scattering of #sarly Sun.

residual unaccreted bodies by the jovian planets occurred whileThe aim of the present study is to test the hypothesis of f
the Sun was still in its natal environment. This question has besation and survival of a core of tightly bound comets around tl
discussed by Feamdez (1997, 1999) and Famdez and Brunini early Sun, in a dense galactic environment, by means of numr
(1998), who argue that the answer is probably affirmative fazal simulations that avoid some of the simplifications adopte
Jupiter and Saturn, while it is more uncertain for Uranus and Ferrdndez’s (1997) work.
Neptune since the dynamical time scales for scattering involved
are of several tens Myr. Yet a large number of the residual bodies 2 THE MODEL
scattered from the accretion zones of Uranus and Neptune fell
under the gravitational control of Jupiter and Saturn (Brunini We have made numerical simulations considering the ea
and Ferahdez 1999), so the latter two planets were responsil8an in an environment much denser than the current one. -
for the ejection of most of the residual planetesimals of tHgun was assumed to be formed together with other stars i
region of the jovian planets. Since most of the scattering lojuster with an initial density of: (1) 25 stars pt(“dense star
Uranus and Neptune occurred when the planets were near tlokister”) or (2) 10 stars p¢ (“loose star cluster”). Furthermore,
final masses, had their formation time scales been longer thamost of the runs the Sun was assumed to be embedded
~10P year, most of their residual bodies would have reached thendensed region of a molecular cloud of uniform density 1t
Oort cloud region when the solar system had already departéglcm2 (in a few cases % 10%, or 1¢* H, cm™3) of spherical
from its natal environment. Numerical models that consider tishape (the “placental” gas), which is assumed to be the sou
solid—gas accretion of Uranus and Neptune (Pol&@K.1996) of the Sun and the other cluster stars. We have also made s
and the non-negligible amounts of hydrogen and helium in theimns for a very dense star cluster of 100 stars’fftsuperdense
envelopes argue in favor of formation time scales consideralstar cluster”) and some runs without the placental gas to che
shorter than 1Dyear. its dynamical influence on the formed Oort cloud. The relati
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velocity between the Sun and other cluster stars was assumed83-5 times greater than the largest semimajor axes of bod
be 1 kms?t. trapped in the Oort cloud. For closer star approaches the imp
The perturbation on the perihelion distanée, of a body at sive change on the comet’s velocity goe$as, whereD is the
a distance to the Sun caused by the tidal force of the placentdistance of closest approach, while for more distant encounte
gas acting during a timaAt was computed as (Feanflez 1997) just of the order of 3-5 times the Sun—comet distance, it fal
off more rapidly asD~2 (Brunini and Ferahdez 1996), which
89 421 Gper2 cosy sin 2 At justifies the neglect of such more distant encounters.
(H)At ~ 3 (GMoq)¥2 ’ (1) The star cluster was assumed to lose stars with time until
complete dissolution at £0/ear. This was simulated by com-
puting a number density of cluster stars linearly decreasing
intervals of 13 year, from the initial value (100, 25, or 10 stars
3) att =0, down to zero at = 10° year.

wherep. = 10° H, cm3 is the density of the placental gasis
the angle between the plane containing the radius veetuod the -
center of the placental gas and the plane containing the bod§/ ) . . .
orbit, andy is the angle betweenand the direction from the . € gc.)n5|de_red.42 gar_nplgs of test bod|e§ of varying siz
Sun to the center of the placental gas. The direction to the ce étJ']_ |n.|t|al perihelia W'thm. <.j|_ffe.rent. ranges in Fhe region Of
of the placental gas was taken at random at the start of each & jovian planets and low initial inclinations of either 0.1 or O..

The angles andn were computed taking insteadrofhe aphe- radians. The low initial inclinations are justified on the basis th
l}Je test bodies are assumed to form in the protoplanetary d

lion direction which can be derived very easily from the angul? here th ttered outward. The initial diti
orbital parameters of the test body. In this regard we note that @m where they are scatlered outward. The initial conditions
the different samples are described in Table |. We adopted t

aphelion direction is very close to that ofor near-parabolic | itial L 100 AU. for bodi ith "
orbits whenr > . The placental gas was assumed to act yfiuial Semimajor axesgo = 7, for bodies ,W' smater
initial perihelion distances), (bodies of Jupiter’s zone), and

changed for (in most cases) “1ear, after which it dissipated . : )
instantaneously. Such a lifetime-ofl0’ year is compatible with a? =250 AU, f(f)rsbf[)dlesl\jv ithtjo betvx(/jelizln 8tand 3$hAL.’ (.?O:j'ez
observations of young star clusters embedded in dense coref 6Pe Zones ol saturn, ranus, and Nep qne). € Iniial or
molecular clouds (Ladet al. 1996). The gas density drops Withcorrespond to bodies scattered by the jovian planets from th
time, so the density of Hmolecules may be much lower ataccretion zones, whose aphelion distances are already too
107 Qear. The gas effect may be overestimated, but, as we Vﬂw/ay from thg planetary region to characte'rize the orbits
show later, it has little dynamical effect on comets scattered Egarbparabdollc bl.n’ (I)In tr]lfe o;thgrbhandt, are IS“” ?h(;)rt enough
Uranus and Neptune. For comets scattered by Jupiter and Sal  been dynamically afiected by external perturbers.
(cases A and B) we also made some runs without gas and other o analyze further the dynamical influence of the placental g
with less dense gas and/or shorter lifetimes on comets scattered by Jupiter and Saturn (cases A and B),
The perturbations caused by other cluster stars on the b&}?de some additiona}l runs (not i'ndicated in Table ), for the ca
were computed by integrating numerically each star passagé) it /Ioosre]: siar (l:_lfu?terg N Of'lgri‘géaqgé agd slrgsaller %;S densit
the frame of the three-body problem: Sun—cluster star—test p O shorter lifetimes o ’ » OX LU, OF year.

(for more details, see Brunini and Fandez 1996). A mass of t'Ihe dyn?mc?l "evqlunon (;Df te‘;e“_’ tfsihbogydwas fo"‘.)W?'
1 My was assigned to each cluster star. It is to be noted t il one of the following end states: (1) the body was ejecte

due to the very low encounter velocity (1 kmi; the impulse along a hyperbolic orbit or placed in a very eccentric orbit wit

equation usually used to compute the star’s perturbation on O%t?{(;nn:jajor aX'S:fbs IX 10 AU ;t (_2) me sin}l(;na_ljor ?]).(Ish of the
cloud comets (e.g., Oort 1950, Rickman 1976, Weissman 19?@,dy ecrease detow ? cetr atlrr: lres ? o INW |chz:1jsef_w
Ferrdndez 1980) is in our case a very poor approximation. Oor Qay was assumed to return o the planetary region. We defir

basic assumptions were that the star’s trajectory remained un t'r_eATJh?lcht that \I/vas~f3t—h4 thesdgrsater. than the Qg’iﬁ" f:
turbed (i.e., a straight line in a heliocentric frame of referenc or samples of the A an series, aad= or

and that the comet was at rest during the encounter. These! remainder with the exception of E5 and E6, for wagh:

sumptions were reasonable for high encounter velocities, sa tAUt and _F5 f":d F6, ]f(:rr] Wh'c?*rloof 'g‘uc)ji n Orf'ef to i
20-30 km s?, as is usually the case in the Sun’s neighborhoJ rict our simulations ot the evoiution ot bodies entering

at present. By contrast, we are now considering low encount z?netary_ region to highly eccentric orbits. .
Every time the test body entered the planetary region the prc

velocities for which the previous assumptions break down. "b'l't ¢ havi | ter with fthe iovi lane
this regard, our simulations bring an improvement with respe% ity orhaving a close encounterwith any otthe jovian piane

to the analytical approximation by Femdez (1997). was computed as

We considered all the stellar encounters within a target radius 5
of 3x 10* AU. This value represents a reasonable compromise p= R )
between a proper account of the dynamically more relevant en- 2a3sini’
counters and their number (which increases with the square of
the target radius), in order to avoid excessive computer timegere Ry = ap(Mp/2M)Y2 is the Hill's radius of the sphere
As we will see in the next section, a radius ok30* AU is  of influence of the considered jovian plankt; is its mass, and
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TABLE | change suffered by the body’s orbit during such a particular p:

Initial Conditions sage by the planetary region (this is because the perturbation

the other distant jovian planets became negligible in that cas

Aumber W hat the two-bod imation is good in this ca

Run o (AU) g (radians) ap (AU) ofbodies Starcluster Gas e note that the WO'. 0 YapPrOX'ma an IS good In this ca
because we are considering high-velocity encounters betw

Al 4-6 0.1 100 5000 dense yes planets and bodies in near-parabolic orbits.

A2 4-6 0.2 100 5000 dense yes  Whenz> p for all the jovian planets, no close encounte
A3 46 0.1 100 2500 loose Yes occurred. In this case only the perturbation on the orbital e
Ad 4-6 0.2 100 2500 loose yes f the bod . | L s— 1

A5 46 01 100 5000  superdense yesErdy X of the body (qr reciprocal semimajor axis= /a), as
AG 4-6 01 100 5000 superdense  no caused by the combined distant perturbations of the four jovi
A7 4-6 0.1 100 5000 loose no planets, was considered by taking at random a vékutom a
B1 6-8 0.1 100 2500 dense yes Gaussian distribution of energy changes of standard deviat
B2 6-8 0.2 100 2500 dense yes ox. For near-parabolic orbits the perturbations on the other
B3 2—2 8-; 188 ;888 :0059 yes pital parameters are negligible as compared to the perturbat
B4 g : ! 00s€ YeS in x, which justifies taking them as constant during the body
B5 6-8 0.1 100 2500 superdense yes . . L. . .

B6 6-8 0.1 100 2500  superdense no Perihelion passage. The standard deviatigns a function of
B7 6-8 0.1 100 2500 loose no the body’s perihelion distanagand inclination . The adopted
c1 8-12 01 250 2000 dense yesvalues ooy as a function ofj and for different inclinationsare
c2 8-12 0.2 250 2000 dense yesshown in Fig. 1 as derived by Femdez (1981). If a strong per-
C3 8-12 0.1 250 2000 loose yes turbationsX > 50 happened to be chosen, it was discarded a
ca 812 02 250 2000 loose YeS 3 new randondx was chosen on the basis that strong perturb
C5 8-12 0.1 250 2000 superdense yest. | d id d whe We should te that
o6 812 01 250 2000 superdense  no UONS were already considered wher p. We should note tha
c7 8-12 01 250 2000 loose no thelongtailsin the-distribution are associated with close plan
DI 12-16 0.1 250 1000 dense yes€tary encounters (Evgrhart 1968). One may question wh_ether
D2 12-16 0.2 250 1000 dense yeslimit of 5 oy is too crucial. Yet runs with 34 gave no appreciable
D3 12-16 0.1 250 1000 loose yes difference in the results.

D4 12-16 0.2 250 1000 'Oosed yes  When the test body was outside the planetary region, it w
DS 12-16 0.1 250 1000 superdense - yeg; hiact to external perturbers as described above. If the boc
D6 12-16 0.1 250 1000 superdense  no o . . .
D7  12-16 01 550 1000 loose no Perihelion distance was raised above the planetary regi
E1 16-22 01 250 500 dense yesnamely, Whe.rq > 35 AU, it was assumed to be trappgd in th
E2 16-22 0.2 250 500 dense yesOort reservoir and recorded as such. The later dynamical evc
E3 16-22 0.1 250 500 loose yes tion of the body was followed until £gyear, or until ejection. It
E4 16-22 0.2 250 500 loose yes

E5 16-22 0.1 250 1000 superdense  yes

E6 16-22 0.1 250 1000 superdense  no -2 T T T

E7 16-22 0.1 250 1000 loose no

F1 22-30 0.1 250 1000 dense yes

F2 22-30 0.2 250 500 dense yes

F3 22-30 0.1 250 500 loose yes

F4 22-30 0.2 250 500 loose yes

F5 22-30 0.1 250 1000 superdense  yes

F6 22-30 0.1 250 1000 superdense  no

F7 22-30 0.1 250 1000 loose no

ap is its semimajor axis, anidis the orbital inclination of the
test body. A random numberfz < 1 was then taken, and if the
conditionz < p was fulfilled for any of the four jovian planets,

an encounter with it within the sphere of influence was assumed
to occur. In this case the perturbation of the jovian planet on 6 0 10 20 30
the body’s orbit was computed in the frame of the two-body perihelion distance (AU)
problem as the change in the direction of the planetocentric

velocity vector at the entry and exit points of the sphere of in- F1¢- 1. Typical energy changes per perihelion passage of bodies in ne
fluence (itS modulus remained constant) Once the body left @irabollc orbits, as given by the standard deviation oféstklistribution of
: y (?‘nples of test bodies with perihelion distances and inclinations within cert

Hill's sphere, the new heliocentric velocity was computed angnges, as a function of the perihelion distance and for different inclinati
hence the new orbital elements. This was assumed to be the oalyges: 0<i <30° (curve 1) ..., 150 <i < 180 (curve 6).
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was also possible that the external perturbers re-injected son

bodies into the planetary region, in which case planetary pertu
bations started to act again.

3. THE RESULTS

FERNANDEZ AND BRUNINI
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Figure 2 shows plots of the perihelion distance versus sem
major axis of the bodies surviving b= 108 year (most of them
trapped in the Oort reservoir with> 35 AU) for four different
cases, two for a dense star cluster (A1 and E1), and two for ~
loose star cluster (A3 and E3). It is shown that most orbits ar
still very eccentric with most perihelion distances in the range
35<q<10° AU and semimajor axea in the range 508 a <
10* AU. It is noted that the bodies trapped in the Oort reservoit
under a loose star cluster tend to be in somewhat less tightl
bound orbits (on average greatés). This is presumably due to
the increase of the radius of the sphere of influence of the Sun
the density of neighbor cluster stars decreases, which allows
to keep more distant bodies gravitationally bound for the studied
period.

We can compare the previous results with those obtained
the superdense cluster (A5 ., F5). The results shown in Fig. 3
clearly indicate that the effect of a stronger field of external per-
turbers is to form a smaller, more tightly bound core of cometifig only those bodies trapped in the Oort reservoir vgjti
Most semimajor axes of trapped comets (again aftdy&ar) are 35 AU. The computed distributions show a spread of energies
inthe range 10< a < 10° AU, independent of the initialp. The the range @& 1/a<10-3 AU~L. By contrast, the observed dis-
runs without the placental gas (A6 ., F6) lead to very similar tribution of original reciprocal semimajor axes of long-perio
results, showing that the dynamical influence of the placentaimets, (1a)orig (i.€., those corrected by planetary perturbe
gas is very minor in comparison with the cluster stars. tions), shows a narrow spike in the range @/a < 104 AU 1

Figure 4 shows the histogram-distributions of reciprocal senfthe left bin of the panels in the figure), followed by a long tai
major axes, la, for the same samples as in Fig. 2, consider-

og a(AU)

2.5 3.0 15 2.0 25 3.0
log q(AU)

FIG. 3. Plots of semimajor axes versus perihelion distances of the te
Eodies surviving at = 10° year for the samples A5, B5, C5, D5, and F5 corre:
BBnding to the superdense star cluster case.
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FIG. 4. Histogram-distributions of reciprocal semimajor axes of the tes
FIG. 2. Plots of semimajor axes versus perihelion distances of the tdsidies trapped in the Oort reservoiitat 10° year for the samples indicated at

bodies surviving at =10® year for the samples indicated at the upper lefthe upper right corner of each panel. Note that the width of a binié A1,
i.e., the width of the classical Oort comet cloud.

corner of each panel.
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0.2 [ . L 4 L 4 .
2.75 3.25 3.75 4.25 test bodies scattered from the regions of Jupiter, Saturn, Urar

log a (AU) and Neptune with initial inclination 0.1 (upper panel) or 0.2 re

dian (lower panel). After afew Myr most bodies with periheliai
FIG.5. Mean eccentricities of the bodies trapped in the Oort reservoir ﬁlle Jupiter—Saturn region have already been ejected where
t =10° year with semimajor axes within ranges of 0.5 width (in logarithmic ’
scale) for: (1) the samples A5.., F5 corresponding to the superdense star

cluster case (upper panel); (2) all the samples involving a dense cluster, A1, A2,

B1, B2 ...,F1, F2 (middle panel); and (3) all the samples involving a loose 10 ﬁ :rnw-'""““j"m,’grp_'_.
cluster, A3, A4, B3, B4..., F3, F4 (lower panel). os b Ir— PUSES - |
;‘/ 1 -7

of comets with larger binding energies (see Fig. 1 of Badez £ 06 -.,f'! //,’/ .
1997). R

Figure 5 shows the mean values of the eccentricities of the = 04} /,’/ i
bodies trapped in the Oort reservoirtat 10° year for the su- oo | 4 ]
perdense, dense, and loose star cluster cases. It is found that ' ,ﬁ’
for smaller semimajor axes, bodies tend to keep high eccentric 0.0 & L L L L
orbits @~ 0.85-0.90), whereas for larger semimajor axes the 1.0 . —rre—
mean eccentricity tends te2/3, which corresponds to a ther- r Jr" """"""" : e
malized population (note that for a thermalized population the S _/f! .
distribution of eccentricities follows the lawW(e) = 2e de see, / ya J,'
e.g., Hills (1981)). The limiting semimajor axia, , for which soery oo I
the transition from a highly eccentric to a thermalized popula- § 0.4 /S ,’/ i
tion depends on the number density of stars within the cluster. ./ /'
For the superdense star cluster case weding 10° AU, while 02 F / ! -
for the loose star cluster case we fimd~ 5 x 10> AU. /_,'/

Figure 6 shows the distribution of inclinations of the same 00 200 20107 40107 G60:07 80:07 1008
bodies shown in Fig. 4. It is shown that many bodies already time (years)

reach retrograde orbits under the action of external perturbers, _ , _ ,
though the orbital pIanes of the populations are still far from FIG. 7. Fraction of bodies that are ejected to interstellar space or :
t

being full d ized ine | distributi ain a>5x 10* AU, with respect to the total number of ejected comets &
eing ully randomize (a sSine law distribu |on). t =10° year, as a function of time. The upper panel plots results for the sa

Figure 7 shows the fraction of bodies that are ejected to int@fss A1 (solid curve), C1 (dotted curve), E1 (dashed curve), and F1 (dot-das
stellar space or attam> 5 x 10* AU for some of the samples of curve). The lower panel idem for the samples A2, C2, E2, and F2.
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0.5 T T TABLE 11
Trapping Efficiency
/§\\\\ /’
04 r //, ¥\—‘;7\§ T Run Dens. Lifetime (Myr) fe
/,/4 \)\/ _
77 N A1l 1 1 0.053
= 03 ,:/ / o A 1 B11 1 1 0.058
& S /A A12 1 0.1 16x 1073
& / /é{ 57 / ] B12 1 0.1 12x 1073
02 r s / A13 0.1 1 88 x 103
'y, / B13 0.1 1 52x10°3
s /%‘ / Al4 0.3 3 0.026
01 /4 e ' B14 0.3 3 0.076
¢ o Al5 0.3 0.3 0.012
3 4 -
Ny Z B15 0.3 0.3 0.010
00 0 w 10 20 30

perihelion distance (AU)

FIG.8. Trapping efficiency in the Oort reservoirtat 10° year as afunc- |ook at the problem of how the trapping efficiency of bodie
tion of the initial perihelion distance for all the samples shown in Table k-attered by Jupiter (cases A and B) varies with the density
The symbols are for: AL, P1 (empty diamond); A2 ..., F2 (emply circle); lifetime of the natal molecular cloud. As mentioned, we mac
A3, ..., F3 (filled diamond); A4..., F4 (filled circle); A5 ..., F5 (empty tri- . ’ R
angle); A6, ..., F6 (filled triangle); A7 ..., F7 (stars). some additional runs, and the results are summarized in Table

Allthe runs of Table Il are for the case of aloose cluster. The se

_ _ o ond column shows the density of the molecular gas in relation

takes~2—4x.107 year for bodies with perihelia in the Uranus-the standard density (161, cm3), the third column shows the

Neptune region to be ejected. These dynamical lifetimes areligétime of the molecular gas in Myr, and the fourth shows th

the same orderas Fhose |r'1volved inthe trgpplng of bodies in tagpping efficiencyf;. As shown, f; strongly depends on the

Oort reservoir. An inspection of the plots in both panels showdensity and lifetime of the molecular cloud: it is about 5%
that dynamical lifetimes for ejection have only a little deperfor lifetimes of 1 Myr and densities 2H, cm=2, and it goes

dence on the initial inclination. The sudden jumps observed @dwn to zero for cases without molecular gas. For a reasona
the fractions of ejected bodies reflect the occurrence of strong

perturbations of the inner core of the Oort cloud caused by very

close stellar passages. 30 [ " T ]
Figure 8 shows the trapping efficiency in the Oort reservoir o0 b 1.e6 1
att=1C® year for all the studied samples. The trapping effi- 10 '-_‘LL
ciency is defined as the ratNyort/(Noort + Nhyp + Npia), where 0F + } +
Noort is the number of comets trapped in the Oort reservoir at 28 5.66
t =10 year, Nyyp is the number of ejected comets, aNgl, is 10 H h
the number of comets that return to the planetary region. We ok ; ' ' ]
found a strong dependence on the initial perihelion distance and 30 1066 1
inclination of the bodies, and also on the number density of the 20 ;lL T
star cluster within which the Sun was assumed to form. Bod- - 18 3 . - ]
ies with higher inclinations have in general a somewhat greater é 30 F ' ]
trapping efficiency, presumably due to the on-average smaller 320 F 2066 ]
energy kicks that they experience in their passages by the plane- 10 ]
tary region. The trapping efficiency is of only a small percentage 38 __.—._,—-_, ’ - E
for bodies scattered from Jupiter’s region; it increases 8- 20 F 50.e6 1
10% for Saturn, te~10-40% for Uranus, and t830-40% for 10 F .
bodies in the Neptune region. The trapping efficiency of Jupiter 0F ' ; - :
and Saturn is somewhat smaller for the superdense cluster cases. 28 ' 100.¢6 1
We have also included the trapping efficiencies of comets 10k h
for the cases of a loose cluster without molecular gas (series 0 L= 1 _—
A7,...,FT). As shown, the influence of the molecular gas has a 0 1000 2000
significant dynamical effect for the cases A and B, i.e., for those a (10 AU')

comets with smaller initiaj. The trapping efficiency stays at a FIG.9. Histogram-distributions of the reciprocal semimajor axes of thos

few percentage points when molecular gas is considered, bytdt podies of the sample Al trapped in the Oort reservoir at different tim
drops to nearly zero when the gas is removed. We gave a clagen in years at the upper right corner of each panel).
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a0 T T T T '1 '6. for the sample Al (bodies with initial perihelia in the Jupiter’
L .e6 7]

] region). A large number of bodies are initially trapped in th
15T E Oort reservoir at ~ 10°—-10 year, but most of them—mainly
38 F— — E those in more loosely bound orbits—are finally ejected due

[ 5.6 7 the strong perturbations of cluster stars. This explains the |

15 F e ] trapping efficiency of bodies of the Jupiter and Saturn regic

33 o ———— B The survivors in the Oort reservoir at= 1% year (when the

10.66 placental gas and cluster stars are supposed to have dissip:

15 ] are on average in more tightly bound orbits. The larger bindil

g Op "” energies allowed such comets to withstand the strong exter
=
>
C

SO 20. ee E perturbations.
15 ﬂ... Figure 10 shows a distribution similar to that in Fig. 9, but fo
0 .

the case of bodies scattered by Neptune (sample F1). There
30 LJIFJ“LJLM“ 50 ‘36' important differences in the dynamical evolution as compar
15 F -_ i ;

to case Al. Comets start to get trapped in the Oort reservoir o
after a few Myr, and they reach the maximum after a few tel

0 N + N } h Do}

o0 100.¢6 7 Myr. The longer dynamical time scale illustrates by itself wh
15 ]1 ] the presence or not of molecular gas has negligible influer
0 : — e on the trapping efficiency. In any case, when most comets
0 5000 10000 . .

1/a (10°AU") trapped in the Oort reservoir (by the cluster starts), thg mole
ular gas has already dissipated. Most comets trapped in the
FIG. 10. Idem to Fig. 9 but for the sample F1. ner core of the Oort cloud have semimajor axes in the ran
200<a <500 AU; i.e., they are more tightly bound than ir

case Al.
combination of densities and lifetimes we should expect trap-Figure 11 shows how comets trapped in the Oort reserv
ping efficiencies of the order of1%. after 1¢ year would appear at a certain arbitrary time of the

For cases C, D, E, and F (i.e> 8 AU), the trapping effi- orbital periods, assuming that all of them are contained in t
ciency is more or less the same for both cases, with or withaetliptic plane. We have considered the three cases, dense, I
molecular gas. Presumably, the reason for this is that the longed superdense star cluster. As seen, the radius of the forr
dynamical time scale for scattering makes most comets reaxmet core is finely tuned to the strength of the field of extern
the Oort region when the placental gas has already dissipateelturbers, assuming itis constituted by stars formed in the sa
so in essence it makes no difference if the molecular gas waacental gas (as mentioned, the gas itself has a minor dynam
present during the first 1Gear. effect for most of the cases). In other words, the stronger the fi

Figure 9 shows the time evolution of the distribution of recipef external perturbers, the more compact is the core of trapy
rocal semimajor axes of the bodies trapped in the Oort reservoimets. A loose star cluster will form a comet core of radius |

dense loose superdense

*
*o

FIG.11. A sketch showing how comets trapped in the Oort reservoir would appear distributed in the circumsolar space at a given time for the three
star cluster studied. The radii of the circles are expressed in AU. The symbols are for bodies from Jupiter—Saturn zones (series A, B, and G)dsdtassyamd
the Uranus—Neptune zones (series D, E, and F) (open circles).
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afew 1¢ AU, while a superdense star cluster will form a more ' ' ' !
compact comet core of radius10® AU. ol R C i 760 */pc 3 i
We do not find much difference between the space distribu- o
tion of comets scattered from the Jupiter—Saturn zones (stars in [ e
Fig. 11) and those scattered from the Uranus—Neptune zones -1 | 124 o S */Pci ______ ©
(open circles). In principle one should expect that comets scat- o
tered from the Jupiter—Saturn zones will meet a denser galactic
environment due to their faster dynamical evolution, so they -
would be trapped in a more compact core. However, this is not F jol
seeninthe figure, and the reason for this may be that the stronger QI
kicks in energy received by comets passing by the Jupiter-Saturn 3}t o _.° -
zones more or less counteract the tendency of the stronger ex- e
ternal field to trap comets of the Jupiter—Saturn zones in more

tightly bound orbits. -4 L - L .
0 500 1000 1500 2000

semimajor axis (AU)

log (Ax/x)

4. EFFECTS ON AN EXTENDED KUIPER DISK

] o FIG.12. Ther.m.s. change in the relative energy as a function of the sen
In a previous work (Brunini and Feandez 1996) we con- major axis of Kuiper-disk bodies for the three densities of star clusters indicat

sidered how the galactic environment constrains the size of kside each curve.

extended Kuiper disk and causes some dynamical stirring in its

interior over the age of the solar system. We have now exploreg Pefore. the placental gas was included although its effect
how a very strong field of external perturbers may affect the of€ry minor. The ,S'Xth column shows the ffactlon ,Of Kuiper-dis
derly, near-circular, and near-coplanar structure of the orbits ¥fdies that survive at the end of the studied period.

Uranus, Neptune, and Kuiper-disk objects. To this purpose WeThe results suggest'Fhatthe inner portions of the Kuiper disk
have made some numerical simulations of the dynamical e@ld therefore the orbits of Uranus and Neptune—could ha
lution of extended Kuiper disks in dense galactic environmentithstood the strong external field, even in the case of a sup

We use the same program as before but without planetary p%ér_nse star cluster, with very minor or negligible dynamical sti

turbations, since our test bodies are far away from the planet§fg- Yet: the external portions of a primordial extended Kuipe
region. The r.m.s. changes in the relative energiesx, ec- 0I5k should have been completely disrupted, sapfo00 AU

centricitiesAe, and inclinationsai, after 16 year of samples (F19- 12). The disrupted portions of the extended Kuiper dis
of 200 test Kuiper-disk objects are shown in Table IiI. The te§f0uld have been replaced by the comet core. Of course, we
bodies are assumed to start in circular orbits wjtk 0 and the _not discussing herg how far away_comet-S|zed.bod|es could fo
semimajor axis indicated in the first column of the table. THE @n extended Kuiper disk. It might be possible that physic

second column indicates the number density of the star clusfStraints, rather than dynamical ones, set the outer bounc
of the Kuiper disk.

_ TABLEN _ 5. DISCUSSION
Dynamical Effects on Kuiper-Disk Bodies

We find that a small but nonnegligible fraction of the bod
ies scattered by the jovian planets end up trapped in the O
reservoir at the end of the studied periodtef 10° year. The

Fraction of
ag %/p  log[Ax/X] log Ae log Ai (radians) survivors

250 10 ~3.197 —2551 —1.850 1.00 efficiency of placing bodies in the Oort reservoir depends ¢
500 10 -2914  -2.042 -1.572 1.00 the jovian planet that controls the dynamical scattering of bo
750 10 -2297 1302 —1.495 0.895  jes, It also depends on the orbital inclination of the scatters
1000 10 -las4 0427 —0.482 0.755 bodies and the density of stars and molecular gas in the gal
2000 10 —-0.874  —0.395 —0.485 0.750 : . .

tic environment of the early Sun. Furthermore, the orbits of tt
250 25 —2.969  —2.594 -1.845 1.00 N d bodi h tightly bound than the orbit
500 25 _1310  —0867 _0758 0810 rapped bodies are much more tightly bound than the orbits
750 25 0965 —0.720 _0.453 0.785 the observed new comets, which also confirms the conclusi
1000 25 -0.859  -0.385 -0.377 0.510 by Ferreéndez (1997) that such bodies should form an inner cc
2000 25 —0481  -0.244 —0.145 0.450 of the classical Oort cloud. It was also found that the radius
250 100 —2.538  —1.670 —1.342 1.00 such an inner core is a function of the strength of the field
?gg 188 *8-232 *8-;712 *8-‘152; 8;32 external perturbers, but it could be as small as a fetvALDfor
1000 100 0.113  —0.187 —0.008 0.275 astrong gxternal field. . : o
2000 100 0925 _0174 0.071 0.015 The timing of the scattering of bodies by the jovian planets ar

the dissolution of the natal galactic environment is essential
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evaluate the trapping efficiency in the Oort cloud. Gaidos (1995) Summing the above masses we get a total mass of aboyt 2 |
considered the formation of aninner cloud of radius 100—300 AThis mass is of the order of the estimated mass of the Oort clc
from bodies scattered by Uranus and Neptune but finally rulé@erreéndez 1982, Weissman 1983), derived from the observ
outthis possibility on the basis of a too-long scattering time scdlequency of passages of new comets and numerical model:
as compared to the lifetime of a stellar cluster. Yet Brunini arttie origin and dynamical evolution of comets formed in the out
Ferrdndez (1999) found very short time scales of accretion fptanetary region. Itis to be noted that Jupiter and Saturn beco
Uranus and Neptune and scattering of the residual solid mattettod main scatterers of matter to the Oort reservoir, though m
their accretion zones. These results are more in agreement witlihis material originally formed in the outer planetary zone
their significant content of hydrogen and helium (e.g., Hubbahdaterial scattered by Uranus and Neptune after the star clus
1989), which suggests that they grew fast enough to be abladtssipated probably ended up in the classical Oort cloud. Jup
capture gas from the nebula before its dissipation. If this waad Saturn might have scattered an amount of mass of their
the case, the scattering of bodies by Uranus and Neptune migbtretion zones similar to the one computed above.
have been coeval with the natal stellar cluster, thus allowingWhat was the later evolution of the bodies trapped in the inn
the formation of a comet core of the Oort cloud of ho moreore once the Sun left its natal environment? Strong perturt
than a few 18 AU radius. Of course, we can consider quitéions during penetrating encounters with giant molecular clou
different scenarios of galactic environments leading to differeand very close stellar passages during the Solar System lifeti
comet cores of the Oort cloud. Our numerical study exploré4.6 x 10° year) might have produced a slow diffusion of bodie
only some of the possible scenarios, but we consider them toftlam the inner core to more loosely bound orbits. For a stell
within realistic situations set by observational constraints.  flux of ~7 stars Myr?! through a circle of 1-pc radius (e.g.,
If we assume, following Brunini and Feaintlez’s (1999) re- Ferréndez 1997) we should expect to have an encounter wit
sults (see the Introduction), that about 5@, Mdf the solid ma- star within 3000 AU to the Sun every 600 Myr.
terial of the Uranus and Neptune accretion zones was left un\We showed that the orderly near-circular and near-coplar
accreted, this mass was finally ejected by the jovian plansatsucture of the orbits of Uranus and Neptune and Kuiper-di
according to the following contributions: Jupiter/8 x 50=  bodies within distances of, say< 200 AU, can withstand a very
37.5Mg; Saturn, 020 x 50=10Mg; Uranus, 0025x 50=  strong field of external perturbers.
1.25 Mg; Neptune, 0M25x 50=1.25 Mg, (we splitthe 5% con-  Our numerical simulations give support to the hypothesis
tribution of Uranus and Neptune into equal parts). Jupiter afidrmation and survival of an inner core of comets in tightl
Saturn might have also ejected residual material from their olsound orbits as a result of strong perturbations from a der
accretion zones (besides the material captured from the owalactic environment. The semimajor axes of comets in the c
planets’ zone) in a very short time scale, perhgfisMyr. If might range between some hundreds and a few thousands .
we assume that the amount of solid mass ejected by Jupiter &scopulation and range of semimajor axes will depend on t
Saturn from their own accretion zones was of the order of thgiarticular characteristics of the galactic environment of the ea
rock-icy cores of~15 Mg, (e.g., Hubbard 1989) and make al-Sun (density of molecular gas and mainly on the number de
lowance for the fact that some material of the accretion zos#y of neighbor stars) and on how long it could survive befol
of Saturn fell under the gravitational control of Jupiter, we caglissipation. A very dense environment, for instance, if the Si
get ejected masses 660 Mg, for Jupiter, and of~20 Mg, for formed within a rich star cluster and stayed there for seve
Saturn. 10’ year, will favor a more centrally condensed core of comet
If we now take for the jovian planets average fractions of tHeuch a core might have been left as a replenishment sourct
ejected material that is trapped in the Oort reservoir as discussieglclassical Oort cloud through a slow diffusion process by pe
in the previous section (cf. Fig. 8), and the influence of thetrating encounters with giant molecular clouds and very clo
density and lifetime of the molecular gas for bodies scattered btgllar passages. Hopefully, future improvements in telescoj
Jupiter (cf. Table II), we finally obtain the total mass placed iand detectors will allow us to explore the circumsolar region

the Oort reservoir: several hundreds AU to the Sun. At that moment the existence
] such a core may be tested observationally, providing new insi
* Jupiter: 60x 0.01=0.6 Mg into the early galactic environment of the Sun.
e Saturn: 20x 0.03=0.6 Mg
e Uranus: 125x 0.30=0.375 Mg ACKNOWLEDGMENTS

e Neptune: 125 x 0.40=0.5 Mg.

We thank Eric Gaidos and Hal Levison who, as referees, made useful cc

It is possible that proto-Jupiter and proto-Saturn ejected nmaents and criticisms that helped to improve the presentation of the results.
terial once they got masses of a few teng.Nh this case the

fractions of bodies placed into the Oort reservoir by these two

jovian planets could have been Iarger than those qUOted abggfﬁ/, J., L. Testi, A. Sargent, and J. Carlstrom 1998. Disk mass limits al

following their smoother random walk in energy space that fa-jitetimes of externally irradiated young stellar objects embedded in the Ori
vors trapping in the Oort reservoir. nebulaAstrophys. J116, 854-859.
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