Available online at www.sciencedirect.com

sc.ENCE@D.RECT@ ICARUS

ELSEVIER Icarus 170 (2004) 492-507

www.elsevier.com/locate/icarus

Planetary migration in a planetesimal disk:
why did Neptune stop at 30 AU?

Rodney S. Gomes, Alessandro Morbidelfi, Harold F. Levisofi

2 GEA/OV/UFRJ and ON/MCT, Ladeira do Pedro Anténio, 43—Centro 20.080-090 Rio de Janeiro, RJ, Brazl
b Observatoire de la Cote d Azur, Boulevard de I’ Observatoire, BP. 4229, 06304 Nice, France
C Southwest Research Institute, Department of Space Sciences, 1050 Walnut S. Suite 429, Boulder, CO 80302, USA

Received 1 July 2003; revised 25 March 2004
Available online 28 May 2004

Abstract

We study planetary migration in a gas-free disk of planetesimalthd case of our Solar System we show that Neptune could have had
either a damped migration, limited to a few AUs, or a forced migration up to the disk’'s edge, depending on the disk's mass density. We
also study the possibility of runaway migration of isolated planets in very massive disk, which might be relevant for extra-solar systems.
We investigate the problem of the mass depletion of the Kuiper belt in the light of planetary migration and conclude that the belt lost its
pristine mass well before that Neptune reached its current position. Therefore, Neptune effectively hit the outer edge of the proto-planetan
disk. We also investigate the dynamics of massive planetary embryos embedded in the planetesimal disk. We conclude that the eliminatio
of Earth-mass or Mars-mass embryos originally placed outside thd Init&tion of Neptune also requires the existence of a disk edge near
30AU.
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1. Introduction 2:3, 3:5, 1:2, and their wide range of orbital eccentricities
(Malhotra, 1995) Gomes (2003showed that the origin of

Planet migration in forminglanetary systems occurs in  the so called ‘hot classical Kuiper belt’ (a population of non-
two stages. The first one happens due to the interaction of the'®Sonant bodies with inclinations larger thaf) 4an also
planet with the gaseous digkVard, 1997; Masset, 2001) be explained as a result of Neptune’s migration, wh|_ch al-
After the gas disk dissipates, the energy and angular mo-lowed a small portion of. the 'scattered disk population .to.
mentum exchange between remaining planetesimals and th@e trapped on stable.orblts with sm_all/moderate eccentrici-
planets induce the second stage of planetary migration. Thistiés- More recently evison and Morbidelli (2003)roposed

phenomenon was first brought to light Bgrnandez and Ip that Neptune’s migration alsoegerated the ‘cold classical
(1984) Kuiper belt’ (the population of non-resonant bodies with in-

clinations smaller than°4 Brown, 200): the members of
this population would have been transported to their current
location from a much smaller heliocentric distance through
a mechanism that invokes temporary trapping into the 1:2
mean motion resonance.

The properties of the Kuiper belt are not the only indi-
cations of planetary migratiohevison and Stewart (2001)
showed that the in situ formation of Uranus and Neptune is
unlikely, suggesting that these planets formed much closer
to Jupiter and Saturn, where the growth timescales were dra-

* Corresponding author. Fax: +(55)-21-2263-0685. matically shortefThommes et al., 2003hommes et al.

E-mail address: rodney@ov.ufrj.br (R.S. Gomes). (1999) proposed a radical different view, in which Uranus

It is now believed that planetary migration substantially
sculpted the Kuiper belt, generating most of the features that
are now observed/alhotra (1993¥irst showed that the res-
onant, eccentric orbit of Pluto can be the result of the 2:3
resonance sweeping through the proto-planetary disk dur-
ing Neptune’s migration. Similarly, the same scenario ex-
plains the existence of a significant fraction of Kuiper belt
bodies in the major motion resonances with Neptune 3:4,
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and Neptune formed between Jupiter and Saturn and weremass of the Kuiper belt and its effects on Neptune’s migra-
scattered outwards, where the interactions with the disk of tion. We rule out the possibility that the belt was depleted by
planetesimals damped their eccentricities and inclinations. some dynamical mechanism that moved most Kuiper belt
Despite the importance of planetary migration, not much bodies to Neptune-crossing orbit. We also argue that the
work has been done up to now to study the migration Kuiper belt could not have lost its mass by collisional grind-
process per se. After the pioneering workmgrnandez and  ing after that the planet reached 30 AU. We therefore con-
Ip (1984), Hahn and Malhotra (1998)ed to better charac-  clude that Neptune stopped at its current location because it
terize planetary migrationith a series of direct numerical encountered an effective edge of the massive proto-planetary
integrations. In their work, the planets, initially in a more disk. Then, inSection §we discuss, in detail, Neptune’s mi-
compact configuration, werembedded in a planetesimal gration in truncated disks and deduce the range of plausible
disk with total mass ranging from 10 to 200 Earth masses disk masses and sizes that are compatible with the current
(Mg), and with a surface density decaying as the inverse of position of Neptune. We also investigate the implications
the heliocentric distance Because of computational limita-  for the Thommes et al. (199%cenarioSection 7discusses
tions, the authors were forced to simulate the disk with only what would have been the dynamical evolution of plane-
1000 objects, which exerted a gravitational influence on the tary embryos, if they existed in the disk beyond Neptune’s
planets but not among themselves. The authors found thatprimordial position. Our conclusions will be recollected in
a 50Mg, disk could bring Neptune from its initial position, Section 8 The appendix reports the details on the integra-
postulated at 23 AU, to its quasi-final position at 30 AU in tion methods that we have used.
50 Myr, and therefore concluded that this was the most likely
mass of the planetesimal disk after planetary formation. An
important point observed iflahn and Malhotra (1999% 2. A simpleanalyticinsight in the migration process
that migration proceeded inron-adiabatic way, so that no
resonance trapping of the planetesimals was observed. The In this section we develop a back-of-the-envelope ana-
authors conjectured that, if the disk were composed of a lytic ‘theory’ for migration in planetesimal disks. Our goal
larger number of smaller planetesimals, Neptune’s migration is to present an intuitive, easy to understand toy model, in-
would be smoother and corgeently the resonance trap- tended to be a guide for interpreting the range of behaviors
ping phenomenon would occur. This, they argued, could also observed in our numerical simulations. We refer the reader
slow Neptune’s outward motion because the resonant parti-to Ida et al. (2000bjor a more developed analytic theory.
cles would effectively increase Neptune’s inertial mass (as  The consequences of the encounter between two bodies
they need to be moved together with the planet). in orbit around the Sun can be effectively computed in most
Gomes (2003)simulated Neptune's migration using a of the cases using an impulse approxima{{Opik, 1976)
disk of 10,000 massive planetesimals. As expected, he ob-In this approximation the effect of the encounter is an in-
served a much smoother migration thamdishn and Malho- ~ stantaneous rotation of the orbital velocity vectors of the
tra (1999) with many resonant captures. However, despite two bodies, computed using the well-known Rutherford two-
the captures, with a disk similar to that of Hahn and Malhotra body scattering formulae. Using this approach, it is easy to
(60 Earth masses between 20 and 45 AU with &° surface compute(Valsecchi and Manara, 199tHat on average (that
density profile), Neptune migrated to 45 AU itk 10° yr. is averaged on all impact parameters and relative orienta-
The fact that this result was so different from the one by tions) the planetesimals that cause an outward migration to a
Hahn and Malhotra shows the necessity of a deeper under{laneton a circular orbit are those whaseomponent of the
standing of the phenomenon of planetary migration, which angular momentuni/ = \/a(1 — ¢2) cosi is larger than that
is precisely the goal of the present paper. of the planetH,. The opposite is true for the planetesimals
A detailed study of the general migration process would with H < H),. In these formulae, e, andi are the semi-
require the exploration of a huge parameter space and thusnajor axis, eccentricity and inclition of the planetesimal.
is beyond our current technicability. Thus, we limit our- This is due to the fact that, when encountering the planet,
selves to explore the cases that, we believe, might be thethe particles withH > H, have on average a velocity com-
most instructive to understand the primordial evolution of ponentin the direction tangential to the planet’s motion that
our Solar System. is larger than the orbital velocity of the planet. Thus they ac-
We start inSection 2with a simple analytical model that  celerate the planet. The opposite is true of the particles with
stresses the exponential character of the migration processH < H),. This result applies also if the planet has a moderate
This will be useful to interpret the results of the numeri- eccentricity.
cal simulations presented in the next sectionsSéwtion 3 The direction of migration of the planet is therefore de-
we discuss migration in large-mass disks Section 4 we termined by the relative populations of planet-crossing plan-
consider the case of low-mass disks and discuss how the resetesimals withH > H, andH < H,. This may be different
olution of the simulation (number of massive planetesimals from case to case. Some general trends, however, can be
used to model the disk) affects the simulation res\8esc- outlined. For instance, in the case of two planets, the inner
tion 5 addresses the issue of the depletion of the primordial planet partially depletes the population of planetesimals with
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For a better understanding of the numerical simulations
presented next, we first develop an analytic toy model of the
migration process.

During migration, the fractional rate of change of the
planet's semi-major axis,aq/dt, where @’ = da/ap, is
proportional to: (1) the ratio of amount of material in or-
bits that cross the orbit of the plané1,(¢), to the mass of the
planet,M,, (2) afunctiork of the distribution of those orbits
(for example the distribution off described above), and (3)
the timescale between close encounters between small par-
ticles and the planet, which in turn is proportional toP1
where P is the orbital period of the planefP(= Znaf,/z).
Therefore

da, k M@ 1

o 2n M, Ja,

Note that most of the dynamics of the system is hidden in
the parametek. The evolution of/ () can be approximated
by the equation
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Fig. 1. Semi-major axis and eccentricity of the planets (filled dots) and of M(1) =—=M@t)/t + 2raplaplo(ap), 2)

the planetesimals (points) at time= 2.3 x 108, from the simulation with where the first term in the r.h.s. represents the decay of the

a 200 Earth masses disk initially in the 20-50 AU region present&b®@ ) yatasimal population due to the planetesimal’s finite dy-

tion 3. The solid lines define the limits for planetary-crossing orbits, while . e

the dotted lines show wheié = H, for zero inclination orbits. nam.|ca| lifetime, and the second term stands for the p!a}n-
etesimals that, because of the change in the planet’s position,
enter for the first time the region where they can be scattered

H ller than th | N fh ter planet by the planet. I(2) o (a,) is the surface density of the ‘vir-
srr1na ir Ian N aggu ar momentum o q esqu ﬁr ﬁ)anﬁ ' gin’ (i.e., not yet scattered) planetesimal disk at heliocentric
so that the latter tends to migrate outwards. Similarly, the distancez,,. Substituting(1) into (2) we get

outer planet partially depletes the population of planetesi-
mals with # larger than the angular momentum of the inner M) = (—r‘l + |kl Japo (ap)/Mp)M(t). 3)
planet, so that the latter tends to migrate inwards.

In our Solar System, migration should have had a gen-
eral trend, with Jupiter moving inward and Neptune moving
outward. Figure 1shows an example of semi-major axis
vs. eccentricity distribution of the planets and the planetes-
imals during the migration process. For each planet, the

splid curves show the boundaries of the planet—crossing-re—M(t) decays exponentially to 0 and the planet (fri (1)
gions and the dotted curves correspond to the condition gon¢ migrating. In this case, the loss of planetesimals due

H = H), fori = 0. The overlapping of the Neptune-crossing , their finite dynamical lifetime is not compensated by the
and Uranus-crossing regions implies a gradual depletion of . jisition of new planetesimals in the scattering region, be-

the objects withH < Hneptunerelative to those with/ > cause the migration speed is too slow. Therefore, the planet
Hyepwne The consequence of this imbalance induces the ryns ‘out of fuel. We call this migration modedamped
outward migration of Neptune. The same reasoning can bemjgration. Conversely, ife is positive, M (1) grows expo-
applied to the other planets except for Jupiter. Jupiter is SO nentially and the planet exponentially accelerdtea et al.,
massive that it rapidly ejects to the interstellar space most2000b) We call this migration modeforced migration. In

of the planetesimals that come close to its orbit (or sends athjs case the acquisition of new planetesimals due to the
small fraction into the Oort cloud), so that it must move in- migration exceeds the lossase to the finite dynamical life-
wards (this mechanism has been proposed for the origin oftime, and the migration is self-sustained.

the hot Jupiters in extra-solar systemMyrray et al., 1998 The description of migration throudbgs. (1) and (2)s
Notice however that the situation might have been temporar- necessarily crude. In reality, the migration can pass from
ily different if the planets ermuntered discontinuities in the  damped to a forced mode and vice-versa, as the surface den-
surface density distribution of the planetesimal disk, such assity o, the decay time and the relative planetesimal distri-
gaps, edges, or density clumps (possibly caused by the mi-butionk change with the planet’s locatiar, and planetary
gration itself), which, in some cases, could cause reversalsmigration ratez,. The changes of andk along the migra-

in the direction of migration (se®ection 3for examples). tion cannot be estimated, a priori. Alsogif becomes large

Let us assume for simplicity that the tem= —7 1 +
|kl /apo(ap)/ M), does not significantly change with time
(an approximation valid for small migrations, but which evi-
dently looses its validity when the migration covers a macro-
scopic range). Thern(3) becomes an exponential equation
with solution M (t) = M (0) exple t). If « is negative, then
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enough, disk particles can cross the planet’s zone of influ- 50
ence in a timescale short comparecdrtand thus leave the
zone from the opposite edge. This effect introduces a new
negative term in the r.h.s. ¢2) that also cannot be evaluated 30
a priori, because it depends on the details on the interac-
tions between the particles and the planet. Planetesimals carg
also be trapped in mean motion resonances, which effec-\; 10
tively increases the inertial mass of the planet, thus causing %
a decrease df. On the other hand, planetesimals exteriorto
the planet’'s zone of influence may be dynamically excited
to planet-crossing orbits by resonances. This increases theg 40
delivery of fresh mass to the planet compared to the term @
2raplaylo(ap) in (2). Moreover, the relative orbital distri-
bution of the planetesimals ihé& planet-crossing zone may 20
change during the evolution, causing a change iRinally,

40 higher disk mass

\

major
S

lower disk mass

o
L2 A L AL L B

the width of the planet-crossing region changes linearly with ~ 1°

ap, also modifying the r.h.s. dR). o v v v b e T
Therefore, this system of equations cannot be effectively 0 107 2x10” 3x107 4x107

used to simulate the migration process. Indeed, we are not time (years)

a\_Nare of any theorY on planetary _mlgr"_itlon ”,1 planete3|mal Fig. 2. Evolution of the semi-major axes of the four giant planets due to a
disks that can substitute for numerical simulations. However, pjanetesimal disk of- 200M, initially between 20 and 50 AU (top) and

our toy model shows the intrinsic exponential nature of the ~ 120M¢, initially between 20 and 45 AU (bottom). A low mass disk of

migration process, and therefore will be very usefulite 4.6Mg is assumed in both cases in the 12.5-20 AU range.
terpret the results of the direct simulations of the migration
process that will be presented in the next sections. Tremaine, 1980)We think that these artifacts do not have

severe consequences. Unlike mean motion resonances (see

below), secular resonances do not play an important role
3. Migration in large mass disks in planetary migration, except for possibly providing addi-

tional distant sources of planetesimals to the planet-crossing

We present two simulations of giant planet migration due region. Collective effects become unimportant as soon as the
to the presence of a massive disk. In both cases, the initialplanetesimal disk becomes moderately excif@érd and
semi-major axes of Jupiter, Saturn, Uranus, and Neptune areHahn, 1998a, 1998b)
5.4,8.7,13.8, and 18.1 AU, respectively and their initial ec- ~ Figure 2shows the migration of the planets for the two
centricities are 0. planetesimal disks defined above. For the reasons explained
In the first case, the disk extends from.320 45 AU. in Section 2 Saturn, Uranus, and Neptune on average mi-

Following the idea that the disk should be strongly depleted grate outward, while Jupiter migrates inward. Neptune un-
in the planetary region due to the accretion of the planets, dergoes forced migration because these disks are massive.
we assume a disk mass of Mg inside 20 AU, and of  Consequently, the planet eventually migrates to the edge of
117.5Mg outside 20 AU, with a surface density decaying as the disk (and in fact goes slightly beyond it), and it can come
r~15in each sub-region. The disk is simulated using 6123 to a rest only when the disk has been mostly depleted (which
equal-mass particles. In the second case, the disk extends upccurs at about & 10 yr). The fact that Neptune’s real po-
to 50 AU, and contains 2084 outside 20 AU, with a sur-  sition is at 30 AU obviously rules out the idea that a similar
face density decaying as !, while the mass inside 20 AU  extended massive disk was present in our Solar System at
is again equal to 4. It is simulated using 1290 equal early times.
mass particles. These surface density profiles are those typ- However, other planetary systems might have had in the
ically assumed for the protoplanetary digtayashi, 1981; past disks of comparable mass and (even larger) radial ex-
Hahn and Malhotra, 1999 these and all other simulations tent, and therefore migration may have brought planets to
presented in this paper, the disk particles responded to thdarge distances from their parent stars. Such planets have
planets, but not to each other. We are aware that this approx-been postulated to explain features observed in the disks
imation, imposed by the necessity to keep the computing aroundg Pictoris(Wahhaj et al., 2003Mega anc: Eridani
time within reasonable limits, introduces some artifacts. The (Ozernoy et al., 2000)f the observational evidence for their
frequencies of secular precession of the disk particle orbits existence is substantiated, we believe that forced migration
are not correct, which misplaces the location of the secu- in a massive planetesimal disk might be a valid explanation
lar resonances with the planets. Also, collective effects are of their origin. However, the migration process as described
not reproduced, which suppresses a torque that would sub-here requires that the planet is much less massive than the
tract angular momentum from the plané@oldreich and disk and is incapable of ejecting most planetesimals to hy-
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perbolic orbit; thus it only applies to planets like Uranus and
Neptune rather then Jupiter and Saturn.

Another important result shown Fig. 2is that Neptune’s
migration is not monotonic. In the case of the high-mass disk 0.4
(top panel), Neptune reaches50 AU in less than 4 Myr,
and then comes back to within 30 AU almost equally fast.
Similar episodes of acceleration and return (although less , 5
pronounced) are also visible in the low-mass disk case, at’

>
Ll

~ 4 and~ 10 Myr. This behavior is due to a a self-sustaining é
migration process, described lida et al. (2000h)that we 8
call runaway migration. 602

Under normal conditions, the planetesimals in Neptune-
crossing orbit that haved < Hneptune are depleted by
Uranus. Therefore, there is never a large numbefHo& 0.1
Hneptuneparticles that could drive Neptune inward, so that
Neptune’s outer migration is irreversible. But when Nep-
tune migrates fast or gets far from Uranus, it can get in a :
mode where it does not scatter objects into Uranus-crossing — 2'0 s 3'0 ) 4'0 e 5'0 e
orbits. These objects are therefore left behind in an ex- semimajor axis
cited disk as Neptune moves forward (compkig. 3 to 05
Fig. 1). However, planet’'s outward migration continues as
long as the planetesimals in the Neptune-crossing zone with
H > Hyeptunedominate over those witlhl < Hneptune The
two populations do not rapiglequilibrate because of the 0.4
migration itself, which continuously supplies new planetesi-
mals withH > Hneptuneto the Neptune-crossing regigiala

LI AN R R e B L B B PE BN L B R
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et al., 2000b)However, when Neptune reaches the edge of ., o3
the disk and thus the number of objects wHh> Hyeptune §
drops, Fig. 3B), the remaining objects interior to Neptune fg
pull the planetinward. Thus, Neptune reverses direction and § 02
g 0.

starts a runawaynward migration. The same argument de-
scribed above applies, so that this migration ends only when
the region of the disk partially depleted by Uranus is encoun-
tered again. 0.1
To demonstrate that Uranus has no role in the runaway
migration of Neptune or in its reversal, we perform the fol-
lowing experiment. Atz = 3 Myr we remove all planets
except Neptune and extend the disk’s outer edge to 60 AU 20 30 40 50
following the original surface density distribution. Then we semimajor axis
continue the integration with only Neptune and the planetes-
imal disk.Figure 4compares Neptune’s evolutionin the new Fig. 3. Semi-major axis and eccentricity distribution of the planetesimals at
simulation to its previous one. As expected, the two evolu- = 3.1 x 10° (panel A) and = 3.2 x 1¢° yr (panel B) for the simulation
tions show essentially the same behavior befora3 Myr. presented in‘ the top panel Big. 2 The lines define the boundaries of the
. . . . . . planet-crossing regions.
However, in the new integration, Neptune continues its mi-
gration until it reaches the needge. In a third integration,
we extend the disk up to 80 AU. Again, Neptune continues Neptune reverses its migration at110-120 AU. We note
its migration up to the new edge. This series of simulations that Neptune is not more likelyteject planetesimals from
show that, once started, rumay migration proceeds with-  the Solar System when it is ffilner from the Sun because,
out the help of the other planets, and that hitting the disk’s for a particle encountering the planet, the probability to be
edge causes the migration to be reversed. ejected to hyperbolic orbit depends exclusively on the Tis-
However, Neptune’s behavior suddenly changes when weserand parameter, and the latter is independent of the semi
extend the disk further. In the integrations shown by the top major axis units. Therefore the reversion of Neptune’s mi-
curves in the figure, we extend the disk up to 200 AU. Nep- gration requires a more subtle explanation.
tune migrates much further than in the previous cases, but In order to understand the reversal in Neptune’s migra-
surprisingly, it but does not reach the new edge. In all inte- tion, we first must understand why the entire migration
grations that we have made (7 in total, 3 showrFig. 4), process seems to proceed witlyaasi-periodic alternation
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of accelerations and slow-downs (or even stopsFsged). decrease itk and an increase i. As we described iSec-
Referring back tdq. (1) we believe that this is due to com- tion 2, a planet migrates outward if more of the disk particles
bination of two effects as the migration proceeds: a slow encountering it havél > H, than haveld < H,, (whichim-
plies thatk > 0), or it migrates inward if the opposite is true
(andk < 0). Figure 5shows the density of Neptune-crossing
. particles at three time-steps that correspond to the begin-
] ning, the middle, and the end of a fast migration episode.
The figure clearly shows that, initially, particles cluster in
— the H > H, region, but progressively move towards the
H < H, region as the migrationrpceeds. This shift in
_ the distribution of the particles happens because, when the
planet migrates sufficiently fast, the timescale for encoun-
tering the planet becomes comparable to or longer than that
_ for passing through the planet-crossing region due to the mi-
n gration of the planet itself. So, in a coordinate system that
moves with the planet, most particles simply drift through
a significant fraction of this region before suffering an en-
counter. Thus, when the planet sees the patrticle for the first
time its H is significantly smaller than the value that charac-
terized the particle when it firdlecame planet-crosser, and
RO v v can even be smaller thai,. The net result is that slowly
10° 2x10° 3x10° 4x10° 5x10° decreases with time.
time (years) At the same time, we find that the amount of mass in the

. o - . lanet-crossing regio increases with time. The value
Fig. 4. Neptune’s migration in the siration presented in the top panel of pf h 9 729a ) h is th idth of th
Fig. 2is shown here on a magnified timescale. Other curves show Neptune’s0 Mc anggs as .pa(a)A, whereA Is t € V_V' th of the .
migration in new simulations in which Jupiter, Saturn, and Uranus are dis- planet-crossing region (remember that in this case there is
carded at 3 Myr, and the disk is extended beyond 50 AU. The similarity no dynamical depletion of the planet-crossing particles). Be-
between the previous and the new evolutions up to 3.3 Myr demonstrates cguse A ap and in this problem the surface density of

that the other planets play an inessential role in Neptune’s runaway migra- L . . . .
tion. In the simulations with the outer edge of the disk at 60 and 80 AU, the the disk is proportional to the inverse heliocentric distance,

planet migrates up to the edge, and then reverses migration. In the simula-M dp- o ) ) ) ) )
tions with the disk’s edge at 200 AU, the inversion occurs well before the So, M is increasing while is decreasing. Sinceé, o

120 —

100 + edge at 200 AU —->

80 [~

60 [~
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edge is reached. kM /a,, if k decreases with time more slowly thap, 1a,,
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Fig. 5. Greyscale-coded density of planetessnalNeptune-crossing regions at three diffetiames corresponding to the beginning of a fast raigm episode
(left panel), the middle (middle panel), and thelef it (right panel). The migration is then reversed. The semi-major axis is expressed in unéafrnt
semi-major axis of the planet, in order to highlight the differences antomglanetesimals distributionsh& continuous light grey curves marletborders
of Neptune-crossing region, and the dashed curve the conditienH, for i = 0.



498 R.S Gomeset al. / Icarus 170 (2004) 492-507

the magnitude ofi,, actually increases with time. This hap- the result of the fact that our simulations contain a relatively
pens untilk becomes equal to 0, at which point migration small number of massive bodies compared to the real early
abruptly stops. Frorfrig. 4, it seems that this phenomenon Solar System. Perhaps an ideal system with a nearly infinite
becomes somewhat more pronounced as the planet gets fummumber of planetesimals with infinitesimal mass would be-
ther from the Sun. In fact, the timescale for encounters grows have differently. We will address this issue again in future
aSag/Z, i.e., faster than the width of the planet-crossing re- Work.
gion (proportional taz,), so that it becomes easier to shift ~ The possibility that Neptune may have had a period of
the distribution of the planet-crossing particles (as it happensinward migration if it were embedded in a massive disk sug-
in Fig. 5) and reducé. gests a new mechanism for the excitation of the classical
Now that we have understood why Neptune’s migration Kuiper belt: Neptune might have crossed the belt and then
repeatedly stops, we can nowscuss the migration rever- returned to 30 AU, dynamically exciting the Kuiper belt in
sal seen ai ~ 120 AU. At every stopping episode, Neptune its wake. Unfortunately, this scenario cannot work. In the
finds itself in an unstable situation. If the planet stays at rest Simulations that we performed of this process (Bég1),
for a long enough time, the excitation of the outer cold disk after its inward migration, Neptune always reverses its mi-
due to secular and resonant perturbations eventually bringsgration once again and eventually reaches the original outer
new material into the planet-crossing region wih> H,,, edge of the disk. Therefore Neptune could not have stopped
so that the planet starts migrating outward again. This hap-2at 30 AU, but would have reached a final positiogyond the
pens every time that a new acceleration of the migration Kuiper belt. Moreover, if Neptune had ended its travels im-
is produced inFig. 4. But, if the excited disk interior to ~ Mediately after a period of inward migration, the population
Neptune (which is made up df < H, particles) slightly of the Plutinos would probably not have survived. In fact,
overpowers the particles from the outer disk, the planet startsduring a period of inward migration the particles in exterior
to migrate inward. This is enough to trigger a runaway in- Mmean motion resonances exgerce a decrease in eccentric-
ward migration, because the planet finds a massive excitedty, until they are eventually released from the resonance.
disk inside its orbit, ready to refill the planet-crossing re-
gion, while the cold outer disk is left behind. We have not
been able to identify any dynamical reason for why, in some 4. Migration in low mass disks
cases, Neptune sometimes reverses direction. Thus, we be-

lieve it is a matter of chance. If so, this whole effect may be ~ We now investigate the migration process for disk masses
smaller than 50/g,. In all our simulations, the initial loca-

5o T ~ " T T T T T T T T T tions of Jupiter, Saturn, Uranus, and Neptune a#é 537,
15,5, and 178 AU, respectively. The disk extends from 18 to
50 AU and has a surface density variation-a$. It is simu-
lated using effectively 10,000 equal mass particles, although
we employ a computational trick to decrease the amount of
CPU time the runs require (sé@pendix A).

Figure 6 shows Neptune’s migration for disk masses
equal to 40, 45, and 50, The first two cases are examples
of damped migration (se8ection 2. Neptune’s outward
motion rapidly slows down, ahthe planet reaches, after
10° yr, a quasi-asymptotic distance that is well within the
outer edge of the disk. The part of the disk outside a few AUs
beyond Neptune preserves its original mass, while the part
within this distance is completely depleted. These results are
qualitatively equivalent to those obtained Hghn and Mal-
hotra (1999Jor disks of 10 and 5@/ In our case, Neptune
stops at~ 24 and~ 26 AU, respectively, but it started more
than 5 AU closer to the Sun than in Hahn and Malhotra’s

0 2%10° 4x10° 6x10° 8x10° 10° simulations.
time (years) When we increase the disk mass tolkg, we observe
a change of behavior. Neptune’s outward migration first
Fig. 6. Neptune’s semi-major axis evolution for planetesimals disks with slows down, then stays approximately linear between 100
several surface density distributions and total masses. Each disk was mod-5 14 600 Myr, and finally accelerates towards the disk’s edge.

eled using 10,000 particles. In the cases labeled 40, 45, anti:Hthe disk . f . .
has a surface density decayingrast and total masses of 40, 45, 30 This evolution suggests that the surface density of this disk

between 18 and 50 AU, respectively. In the cases labeféd andr 2 the approximat'ely (forreSP()ndS to the critical one that separates
disk has a total mass of Bl and a surface density decayingras-> and dumped migration from forced migration (s&ection 2.

r~2, respectively. We believe that the acceleratiof Neptune’s migration seen

40 -

30 —

semimajor axis

20 -




Migration in a planetesimal disk 499

after 600 Myr is due to the following. In these simulations,

as Neptune migrates outward some of the particles in the 40
external disk become trappeadieptune’s mean motion res-
onancegMalhotra, 1993, 1995 hese particles are dragged 30
outward with Neptune’s migration, but their eccentricities
are pumped up during this process. The resonant particles
effect migration because theyfedtively increase Neptune’s g
inertial mass. If the migration rate is slow enough so that f
the changes that the particles see are adiabatic, they stay i
the resonance until they reach some critical eccentricity at £
which point they are released. During adiabatic migration, &
the number of particles in the resonances is roughly constant”
as long as the resonance is still in the disk.

In this run, Neptune accelerates as its 1:2 mean motion 40
resonance moves out of the disk. This is most likely due to
the fact that the number of objects in the resonance drops
because objects in the resonance are leaving as their eccen-
tricity grows, but new particles are not being captured. As
the resonance is depleted, the effective inertial mass of Nep- 0 2x10°  4x10°  6x10°  8x10°
tune decreases, which, in turn, we believe, causes Neptune to time (years)
accelerate. We also believe that this acceleration is then am+ig. 7. Neptune’s semi-major axis @ution in a pair of simulations with
plified by the fact that Neptune starts moving quickly enough disks of 40 (bottom), 45 (middle), and 38, (top). The surface density of
so that its migration becomes non-adiabatic. So, the reso-the disks decays as 1 and each disk is modeled with only 1000 particles.
nant capture efficiency drops for all the resonances, and thu§3‘ue to the Iow_ resolution of‘the disk model, Neptune’s migration results
the total number of objects in resonances decreases. This bel'dN stochastic and unpredictable.
lief is supported by the fact that we observed a decrease in
the number of objects in Neptune’s 2:3 resonance that starts \We can understand this stochastic behavior of Neptune’s
soon after the drop in the 1:2. We should point out that this migration in low resolution disks on the basis of the analytic
last effect could have happened even if the 1:2 did not hit the insight of Section 2 If the disk’s surface density is close
end of the disk. to the critical value that sepates damped migration from

The fact that our result for a 3@, disk is qualitatively forced migration, the evolution becomes very sensitive to the
different from that of Hahn and Malhotra should not be a density fluctuations. If the disk is modeled by a small num-
concern. This mass is close to the threshold for the transi-ber of massive particles, the density fluctuations are more
tion from damped to forced migration. As is usually the case pronounced and stochastic, while if the disk is modeled with
when a physical system is studied close to a threshold, smalla larger number of smaller particles, the density fluctuations
guantitative differences in the simulations can lead to qual- are more effectively averaged out in space and time. In par-
itatively different results. The major difference between our ticular, the encounters of Neptune with planetesimals with
simulations and Hahn and Malhotra’s is the different number too large a mass inhibit the resonance trapping process (as
of particles used to represent the planetesimal disk (10,000pointed out by Hahn and Malhotra), thus changing the or-
particle sin our case, 1000 in Hahn and Malhotra’s case). To bital distribution of the planetesimals that drive Neptune’s
illustrate how the number of particles matters, we have re- migration. Also, in the case of a smaller number of more
done the simulations using only 1000 particles in the disks, massive planetesimals, Neptune’s eccentricity is larger on
as inHahn and Malhotra (1999 he results are shown in  average (roughly 0.015 compared+d.005 for the 10,000
Fig. 7. Two simulations are done for each disk’s mass with particles runs), which changes the dynamics in three ways:
different, but equivalent, initial conditions for the disk’s par- (1) Neptune’s-crossing region is larger so it is easier for
ticles. In all cases, we notice a large variability of the results. particles to become Neptune-crossing, (2) Neptune’s reso-
In particular, for the disks with 40 and 48, in one simu- nances become stronger so that the external disk is more
lation Neptune stops its migration inside 30 AU, a&ig. 6, easily excited, and (3) Neptune can more easily change a
but in the other case it migrates towards the edge of the disk.particle’s Tisserand parameter so that dynamical evolution
In the 5QV4 case both simulations lead Neptune to 46 AU, occurs more quickly.
but the evolution paths are quite different. Unfortunately, we  Figure 6also shows two examples of migration obtained
cannot prove the same problem does not exists in our 10,000with disks of 50V, but surface densities decayingras-®
particle runs illustrated ifFig. 6. However, the fact thatin  andr~2. Here, 10,000 particles are used to model the disk,
Fig. 6the final position of Neptune shows a regular progres- in both cases. A steeper surface density implies more mass
sion with the disk mass, makes us think that stochasticity of in the inner part of the disk and less mass in the outer part.
Neptune’s migration should be much less prominent. Therefore the migration starts faster than in the case of the
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r~1 surface density but, when the planet reaches the outer S
part of the disk, the locally low surface density puts it in

a damped migration mode. These two effects (a faster ini-
tial migration and a slower final migration) combine in such

a way that the resulting total migration of the planet be-
comes smaller as the surface density distribution of the disk g
gets steeper (for equal total disk masses). In fact, the to-
tal angular momentum of the disk decreases with steeper
surface density profiles Thus, for a given total disk mass
there must be a steep enough surface density distribution
that makes Neptune stop at 30 AU. For a disk of\g0

B

o

between 20 and 50 AU, simulations show that the required gL — — ——
density profile is approximately 4. The problem with this L “» Fae
steep profile is that, if true, the mass originally in the 40— time (My)

50 AU region would be BMg—an order of magnitude
smaller than that required to grow, in situ, the large Kuiper
belt objects that are observé8tern and Colwell, 1997a;
Kenyon and Luu, 1999)

Fig. 8. A self-consistent simulation of tiretit et al. (1999cenario for the
excitation and dynamical depletion of the Kuiper belt. Neptune is originally
assumed at- 23 AU and an Earth-mass embryo-a27 AU. Both planets

are embedded in a 30y disk, extending from 10 to 50 AU. The pair of
black curves show the evolution of Neptune’s perihelion and aphelion dis-
tance, while the grey curves refer to the embryo. Notice that the embryo is
never scattered by Neptune. It migrates through the disk faster than Nep-
tune until the disk’s outer edge. Neptune interacts with most of the mass
of the disk, thanks to the dynamical excitation of the latter due to the pres-
ence of the embryo. Therefore, it médes much further that it would if the

If we assume that the primordial Kuiper belt must have embryo were not present, and reaches a final position well beyond 30 AU.
contained at least 10Mg, between 40-50 AU in order to
grow objects currently observed, the results of the previous an elliptic orbit that crossed the Kuiper belt fer 108 yr.
section suggest a scenario similar to the one proposed byThe repeated passage of the embryo through the Kuiper belt
Hahn and Malhotra (1999}the surface density of the disk  excited the eccentricities of the Kuiper belt bodies. The vast
was shallow (exponent —1), the disk contained- 45M majority of these became Neptune crossers and were sub-
of material between 20 and 50 AU and Neptune started sequently dynamically removed. In theetit et al. (1999)
at ~ 22 AU. The initial location of Neptune, which is 4 integrations that studied this scenario, however, the Kuiper
AU further outward than in the simulations Big. 6, was belt bodies were treated as massless test particles, and there-
chosen so that it would stop migrating at30 AU after fore their ejection did not alter the position of Neptune.
a damped migration. Notice that this scenario is in con-  Thus, we have re-done a Petit et al.-like simulation in the
flict with the conclusions oEevison and Stewart (2001in framework of a more self-consistent model, where Jupiter,
which Uranus and Neptune had to form significantly closer Saturn, Uranus and Neptune are initially at 5.40, 8.78, 16.25,
than 20 AU from the Sun. Our understanding of plane- and 23.14 AU, respectively, an Earth-mass embryo is on a
tary formation is not yet secure enough to confidently rule circular orbit at 27.15 AU, and the disk hasMg@ between
out that that Neptune formed beyond 20 AU. However, the 10 and 50 AU, with a surface density profile decaying as
scenario sketched above has another problem. If Neptune-—1. The result is shown iffig. 8 The discussion of the dy-
stopped at 30 AU because its migration was damped, thennamical evolution of the embryo is postponedection 7
the disk beyond- 35 AU would have preserved its original Here we focus on the result that, despite the low mass of the
large mass. The current mass of the region, inferred from thedisk (only 7.5Mg, between 40 and 50 AU), at the end of the
observationgJewitt et al., 1996; Chiang and Brown, 1999; integration Neptune has migrated well beyond 30 AU. In-
Trujillo et al., 2001; Gladman et al., 20Q13 now less than  deed, in this simulation, 15% of the disk particles are still in
0.1Mg. Could the Kuiper belt loose most of its mass without the system at the end, so we do not get enough dynamical
substantially modifying Neptune’s final location? depletion. In order to determine how much Neptune would

Two general mechanisms have been proposed for themigrate if we removed all of the particles, we continued this
mass depletion of the Kuiper belt: (1) the dynamical exci- simulation and placed another Earth-mass embryos outside
tation of most bodies to the Neptune-crossing orbits after of Neptune (at 44 AU). In thisntegration Neptune reaches
which they were ejected, and (2) the collisional comminu- 37 AU after 1.5 Gyr, while 4% of the disk particles are still

5. Neptune's position and the mass depletion of the
Kuiper belt

tion of most of the mass of the Kuiper belt into dust.

The dynamical depletion mechanism was first proposed
by Morbidelli and Valsecchi (1997) and Petit et al. (1998)
their scenario, a planetary enyo, with mass comparable to
that of Mars or of the Earth, was scattered by Neptune onto

in the system.

In the above simulations, Neptune migrates further than
it normally would without the embryos because the embryos
dynamically excite the disk exterior to Neptune and feed this
extra mass to it. Thus, Neptune interacts not only with the



Migration in a planetesimal disk

portion of the disk in its local neighborhood, but with the
entire mass of the disk at tharse time. Therefore, a 30,

501

have been sophisticated particle-in-a-box simulations that
handle the evolving size-distribution of the Kuiper belt in

disk—which in absence of the embryo would allow Neptune a narrow annulus about the Sun by populating an array of

to migrate only few AUs in a negative feedback mode—

mass bins. They then follow how the number of objects

brings Neptune well beyond its current position. We have in each bin changes due to collisions. The smallest bin in
done other numerical experiments with a set up equivalentthe array is called the ‘dust’ bin and any mass put in this

to that of the simulation reported Fig. 8, but different disk

bin is subsequently ignored. But, what really happens to

masses. If one requires that Neptune stopped at 30 AU, thethis dust? This depends on the size, shape, and composi-

disk in the 10-50 AU range should contain orlyl5Mg;, of

tion of the particles, which may be all characterized by a

planetesimals, the exact values depending on the initial loca-single parameter—the ratio of the strength of radiation pres-
tion of the planet. This disk mass and density profile, how- sure to the strength of gravitg, (seeGustafson, 1994for

ever, would imply that only 3.7 of material originally
existed in the Kuiper belt between 40 and 50 AU, which is
far less than the mass required (1048§€) by the models of
accretion of Kuiper belt bodieiStern and Colwell, 1997a;
Kenyon and Luu, 1999)Therefore, we believe that we can

a review). Particles with = 0.5 are blown directly from
the Solar System and thus do not interact with any other
object. Howeverg < 0.5 dust particles spiral inward due
to Poynting—Robertson (P-R) drag. For Kuiper belt dust,
this means it will encounter Neptune (deieu et al., 1996;

rule out the Petit et al. scenario for dynamical depletion of Liou and Zook, 1999; Moro-Martin and Malhotra, 2003

the Kuiper belt.

Although we have only studied the Petit et al. scenario,

we believe that our results can be appliecabbdynamical
depletion scenarios. This lecause Neptune’s response to

the mass once it leaves the Kuiper belt is unlikely to de-

If the dust created during the collisional grinding of the
Kuiper belt has a size-distribution similar to that of the zo-
diacal cloud (V(> R) o« R, whereR is particle radius and
b= —-1.2;Grogan et al., 200then much more mass will be
found in the large particles than in the small particles. Thus,

pend on whether Kuiper belt objects are excited to Neptune- most of the dust (by mass) generated will spiral inward. In-
crossing orbits by a planetary embryo or by some other deed, if we assume a particle with= 1 um hasp = 0.5

mechanism, such as the prima@ibsecular resonance sweep-
ing (Nagasawa and Ida, 200@ur results simply imply that
Neptunenever encountered the missing planetesimafithe
Kuiper belt. Thus, the only type of dynamical deletion mech-
anism that could work is one in which the Kuiper belt objects
were kicked directly to hyperbolic or Jupiter-crossing orbit
and consequently were eliminated without interacting with

(Gustafson, 1994and that only particles wittR < 100 um
respond to radiative forces (this is a very conservative upper
limit, but choosing a larger one strengthens our case), then
> 99% of the mass in dust will spiral toward the Sun and
encounter Neptune. If we assume that the patrticles follow a
collisional cascade size distributioh£ —2.5) this fraction

is ~ 91%. In either case the role of blow-off is negligible and

Neptune. Only the passage of a star through the Kuiper beltalmost all the dust will spiral inward.

is capable in principle of such an extreme excitat{tae
et al., 2000b; Kobayashi and Ida, 200Hpwever, a simple
model (in which Neptune is at already at 30 AU, the Kuiper

So, the natural question is: How would Neptune respond
to tens of Earth-masses of dust sailing by during the colli-
sional grinding phase of the disk? Would it migrate outward

belt objects are fully formed, and a passing star causes theas if it were interacting with larger particles? If so, colli-
mass depletion and the dynamical excitation of the Kuiper sional grinding could not be responsible for the mass deple-

belt) can probably be ruled out because it is unlikely to pro-

tion because Neptune would have migrated too far, as our

duce a Kuiper belt that is consistent with other observational earlier simulations have shown.

constraint{Morbidelli and Brown, 2004)

An alternative mechanism for removing the mass from
the early Kuiper belt is theollisional grinding scenario pro-
posed byStern and Colwell (1997b) and Davis and Farinella
(1997, 1998) A massive Kuiper belt with large eccentrici-

However, the response of Neptune is not obvious because,
in part, as the dust particles migrate inward they get tem-
porarily trapped in mean motion resonances (MMRs) with
NeptungLiou and Zook, 1999; Moro-Martin and Malhotra,
2003) In an MMR, the inward drift is halted because the

ties and inclinations would undergo a very intense collisional energy loss due the radiatioffects is balanced by the reso-

activity. Consequently, most of the mass originally incor-

nant interaction with the planet. The net result is that energy

porated in bodies smaller than 50-100 km in size could is extracted from the planet’s orbit, so that the particles in the
be comminuted into dust, and then evacuated by radiationresonance try to drag Neptune in with them. This could be
pressure and Poynting—Robertson drag. This would cause aignificant given that total mass of the dust generated during
substantial mass depletion, provided that the bodies largerthe collisional phase is comparable with the mass of Nep-

than 50 km (which cannot be efficiently destroyed by colli-
sions) initially represented only a small fraction of the total
mass.

The collisional grinding of the Kuiper belt would not

have been without consequences for Neptune’s migration.

The calculations of collisional grinding thus far performed

tune. However, at the same time, these particles would have
been slowly leaking out of the resonances and subsequently
encountering Neptune. Like their larger brethren, this dust
would have tried to push Neptune outward.

Thus, it is not clear exactly how Neptune will respond to
the dust. We are currently studying this issue but it is very
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Bl L B B L BN particles is the same as that of the dominate frequency of

Neptune. For the disk particles on low-inclination nearly
circular orbits, the precession frequency can be determined
using the epicyclic approximation (cf. Section 3.2Bdfiney
and Tremaine, 1987In particular, it is very nearly equal to
the difference between the radial oscillation frequency and
the angular orbital frequency. The latter quantities can be
computed from the first and second radial derivatives of the
total gravitational potential produced by the massive Kuiper
belt and the giant planets. For our model, we approximated
T the orbits of the planets by individual rings and the den-
. sity distribution of the disk by a series of 5000 rings spread
— between 30 and 50 AU. We determined the first and sec-
. ond derivatives of the potential of the rings numerically. We
T T calculate the dominate precession frequency of Neptune by
0 2 4 6 8 10 developing a full secular theory of a system containing the
Disk Mass (M) four giant planets and seven fictitious planets with masses
Fig. 9. The location of theg secular resonance as a function of the disk and semi-major axes chosen so that they approximate the
mass, assuming Neptune at 30 AU amel disk inner and outer boundaries at disk.
35 and 50 AU. As the disk mass decreasesygheecular resonance sweeps As the figure shows, initially thes resonance is at the
the qisk. In the coIIi;ionaI grindingcenari(_), this phenomenon should have  jhner edge of the disk. However, as the disk’s mass de-
pr_owdgd new material to the Neptunessing region and restart Neptune’s creases below 10M, the secular resonance starts sweep-
mlgratlon. . . . . . .
ing through the disk. The resonance will begin to excite disk
particles to Neptune-crossing orblt®ecause the disk still
unlikely that the two effects cancel out and Neptune’s semi contains a lot of mass, about 0.54% of material (assum-
major axis remains approximately unchanged. ing that the secular resonance is 2 AU wide) would start to
A way around this problem is that the dust is collision- have encounters with Neptune, forcing the planet to migrate
ally comminuted very quickly down to a size at which it outward. This, in turn, would move the resonance to a fresh
is blown away by radiation pressure. In this case, it would location in the disk further from the Sun, which in turn would
not spend a significantly long time in Neptune-crossing or- feed more particles to Neptune. In short, our guess is that an
bit or in a mean motion resonance with the planet (Kenyon, instability would be triggered, which would feed the remain-
private communication). However, even in this case col- ing disk particles to Neptune and thus, as we showed for the
lisional grinding would indirectly affect Neptune’s orbit, dynamical depletion mechanisms above, Neptune would be
due to the evolution of theg secular resonance during driven beyond 30 AU.
the mass depletion phase. As the disk grinds downpghe In conclusion, we tend to exclude the possibility that col-
secular resonance most likely will begin to feed material lisional grinding depleted the mass of the Kuiper bek
to Neptune, which will then migrate. Thes secular res-  ter that Neptune ended its damped migration at 30 AU. Of
onance occurs when the periapse precession of a Kuipercourse, all the arguments discussed above can be circum-
belt object matches that of Neptune. This resonance is veryvented if collisional grinding occurred during Neptune’s mi-
powerful and any object in it suffers an increase in eccen- gration, in particular when Neptune was still far from 30 AU.
tricity until it can be removed from the Kuiper belt by a We cannot exclude this posdity from the point of view
close encounter with Nepturfelolman and Wisdom, 1993;  of planetary migration. However, we remind the reader that
Duncan et al., 1995)lt is currently at 40 AU. However, there are several other arguments against collisional grind-
the presence of a massive disk (or annulus) affects the or-ing in general: (i) the orbital excitation of the cold classical
bital precession frequencies of both Neptune and the diskKuiper belt does not seem to be large enough, compared to
particles. As the disk’s mass grinds down the precessionthat required in the model bgtern and Colwell (1997a)
frequencies change. Consequently secular resonances movéij) most of the wide binaries in the cold population would
potentially sweeping through the disk and exciting objects to

Neptune-crossing orb|ts.. 1 This is only true if the disk is too excited to support a form of a spiral

For example, assuming that, when Neptune reacheSgensity wave known as aapsidal wave, which can be generated by the
30 AU, the disk has already been depleted inside 35 AU (ward and Hahn, 1998a, 1998NYaves such as this would not allow the ec-
but is still massive in the 35-50 AU region, we have com- centricity of the individual particles to grow significantly. However, waves
puted the location of theg secular resonance as a function Will only be generated in disks with< 0.01,i < 0.3 (Hahn, 2003)which

. -, . . . is much smaller than that required for collisional grinding to be powerfull

of the rema,mmg disk's masg:(g' 9) using the following enough to deplete 99% of the mags~ 0.25,i ~ 7°, Stern and Colwell,
semi-analytic model. The location of the secular resonance 1997y, so that in a collisional grinding regime the collective response of
is simply the location where precession rate of the disk the disk can be ignored.

(AU)

Location of vg
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not have survived the collisional grinding phggetit and
Mousis, 2004)(iii) if all conditions for the collisional grind-
ing were met in the Kuiper belt, itis likely that they were met
also in the 20-30 AU region, thus preventing the formation
of a massive enough Oort cloud of comed¢drn and Weiss-
man, 2001 Charnoz, private communication). ?
Therefore, we believe that the current location of Nep- %
tune and the mass deficiency of the Kuiper belt imply that
the proto-planetary disk possessed an edge at about 30 AU
There are at least five mechamis that could have truncated
the disk at small heliocentric distance, prior to planetary ac-
cretion: (1) A passing star tidally strips the Kuiper belt after
the observed Kuiper belt objects forméda et al., 2000b;
Kobayashi and Ida, 2001(2) An edge formed prior to plan- time (My)
etesimal formation due to aerOdynamIC dl(alyoudln and. Fig. 10. Examples of Neptune’s migration in disks with an outer edge at
Shu, 2002) (3) An edge formed during planet accretion 30 AU, 1 surface density profiles, and masses equal to 20, 30, 35, 50,
due to size-dependent radial migration caused by gas dragrs, and 100Mg from bottom to top. Only in the case of a 2, disk a
(Weidenschilling, 2003)4) Nearby early-type stars photo- massive annulus is left between Nepe's position and the original outer
evaporated the outer regions of the solar nebula before p|an_edge of the disk. In all other cases, the disk is completely depleted.
etesimals could forn{Hollenbach and Adams, 2003(5)
Magneto-hydrodynamic instilies in the outer regions of  leaving the resonance as explain above. By yr, there
the disk prevented the formation of planetesimals in these are very few particles left in the disk, although Neptune only
regions(Stone et al., 1998)Ne stress that the truncation of reached 27 AU. Interestingly, roughly 2% of the particles
the disk at~ 35 AU is not in contradiction with the exis-  can be found in orbits that are decoupled from Neptune be-
tence of the Kuiper belt beyond 40 AU. In fact, the entire yond 30 AU. Most of these are in mean motion resonances,
Kuiper belt could have been pushed out from within 35 AU but some were delivered to this region by themes (2003)
during Neptune’s migration, following the mechanisms dis- mechanism.
cussed byMalhotra (1995), Gomes (2003), and Levisonand  The disk with 33/ has a surface density close to the
Morbidelli (2003) critical value. The planet migrates outwards in an almost
linear way for~ 50 Myr. When it reaches 26 AU, the un-
stable region of the disk (which extends up to a distance of
6. Migration in atruncated disk about ¥6th of the planet's semi-major axiBuncan et al.
1995 reaches the edge of the disk. The planet starts to feel
The presence of an edge in a massive disk does notimplythe disk truncation and its migration is rapidly damped. The
that a migrating planet will stop at the edge. Indeed, since final location is 2 AU inside the original disk edge, but the
angular momentum must be conserved during the migrationentire region beyond the planet has been depleted.
process, the final location of the planets depends more on  More massive disks have supercritical densities. In the
the total angular momentum in the disk than on the location case of 5044 the planet stops almost exactly at the disk’s
of the edge. To illustrate thigig. 10shows Neptune’s mi-  edge, while in the other cases it goes several AUs beyond it.
gration in 6 disks that are initially spread between 10 and We stress that at the end of all our simulations, exceptthe one
30 AU, but with masses varying from 20 to 1@, (all with with 20Mg,, the original disk was destroyed despite the fact
surface density profile proportional to'1).2 The initial lo- that the Neptune’s final location varied by 8 AU. Therefore,
cation of Neptune was at 18.1 AU. The disk withAZ@ has for an observer looking at the final planetary configuration,
a subcritical surface density. Neptune exhibits a dumped mi- there would be no way to tell where was the original disk’s
gration and stalls well within the disk. Therefore a massive edge and which was the original mass of the disk. Given a
annulus is preserved between a few AU beyond the planet'sfinal position of Neptune, there is a one parameter family of
location and the original outer edge of the disk. Thé30  solutions for the disk’s size and mass that is compatible with
disk also appears to be initially subcritical and after a fast the result (assuming a given initial position of the planet; the
start, the migration starts to slow. However, a little before sjtuation is even more complicated if also the initial position
~ 9 x 107 yr, there is a brief burst of migration that occurs is considered as a free paraewt This is precisely the situ-
when Neptune’s 3:2 mean motion resonance leaves the diskation that we are currently facing when we look at our Solar
We believe that this burst of migration is due to particles System.
Among the family of possible solutions for the disk’s
2 In order to compare the results of the new integrations with those of parameters that are compatible with ,NEptune,S Iocatlgrl at
Fig. 6 the reader should remind that, for a given total mass, the surface 30 AU we tend to prefer a mass density close to the critical
density is 1.6 times higher in the new, narrower disks. value of~ 1.5Mg AU~1, and an outer edge close to 35 AU.
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This is due to the fact that the smaller the disk the harder it E
is to push the observed Kuiper belt objects out to their cur-
rent locations by the mechanismsMélhotra (1993, 1995)
and particularly byLevison and Morbidelli (2003)

A narrow, low mass disk has several implications con-
cerning events in the inner Solar Systebevison et al.
(2001)proposed that a late formation or a late outward mi-
gration of Uranus and Neptune triggered the so-called Late 5
Heavy Bombardment of the Moon. To explain the delivery
to the Moon of 6x 10! g of material, a constraint deduced
from models of impact basin formation, they had to postulate
that the disk in Uranus—Neptune region contained@®f Q
planetesimals. As we described above, a disk this massive  © 20 40 60
is inconsistent with the current location of Neptune. How- time (My)
ever, there are large uncertainties in the total mass of the
SZSCIS;:JI;T Iirfe?/l}gjoe r::tellteasl szi?)t(;;aszt Z ;E:Sclioor fo:; ;4]:\:1\/1 Sﬁte the tune’s orbit (27 and 18 AU, respectively). The disk mass is/g0between

: : . " 10 and 50 AU. The black curve at the bottom of the panel shows the evo-
still be compatible with the Late Heavy Bombardment (but jution of Neptune’s semi-major axis. The three light grey curves show the
it is definitely on the low end). evolution of the embryo’s perihelion distance, semi-major axis and aphelion

And finally, the constraints that we have presented in this distance, respectively from bottom to top. The two curves with intermediate
section on the mass and extent of the original proto-planetary9rey color, which evolve parallel to Neptune’s semi-major axis, show the lo-
disk has implications for the Solar System formation mod- cation of the 7:9 and 3:4 resonances, respe(_:uvely. The embryo is initially in

the former resonance, and then is capture in the latterat.5 Myr. The
els presented iThommes et al. (2003 hese authors pre-  embryo quits the 3:4 resonancerat 40 Myr.
sented a series of models where the giant planets formed in a
very compact configuration that, either during or sometime
after Jupiter and Saturn accreted their gaseous envelopeslupiter, Saturn, Uranus, and Neptune were initially at 5.40,
suffered a dynamical instability that scattered Uranus and 8-78, 16.25, and 23.14 AU, respectively. In addition, we in-
Neptune outward. Uranus, Neptune, and perhaps the coreeluded a 30/q, disk between 10 and 50 AU, with a surface
of Saturn then had their orbits circularized by the gravita- density profile decaying as™*. Naively, we expected that
tional interaction (i.e., dynamical friction) with the external the Earth-mass embryo would have been caught by Neptune
proto-planetary disk. In their most extreme model, Jupiter during the planet's migration, and subsequently behaved
and Saturn were fully formed, and Uranus and Neptune were@s a scattered disk body.evison and Duncan, 1997
between them, before the instability. We have performed a Undergoing repeated close encounters with Neptune, clear-
series of simulations of this extreme case, but where the disking out the Kuiper belt, and eventually being ejected by the
was truncated. In the case were the disk contained 0 giant planets. That, surprisingly, is not what happened.
between 10 and 35 AU, we found that the probability that ~ Figure 8shows that the embryo migrates much faster than
both Uranus and Neptune became decoupled from JupiterNeptune. In this simulation, the planet migrates very fast to
and Saturn is smaller than 10% (we did 11 simulations and the edge of a disk in a runaway migration that leaves the
always lost at least one planet). With a 309 disk we ob- disk behind, almost un-depleted. Then the embryo reverses
tained one case out of three simulations where both Uranusthe migration, returning to 40 AU, and finally it turns around
and Neptune decoupled from Jupiter and Saturn. However,again, reaching a final positiohat is well beyond the initial
as the results presented earlier in this section suggest, the&edge of the disk (50 AU). The embryo’s final eccentricity
outermost planet ended up at 40 AU, too far from the Sun. and inclinations are- 0.02° and~ 1°, respectively.
We caution that in our simulations the disk was represented  Figure 11shows another example of interesting embryo
by only 1000 particles and perhaps the results would be dif- dynamics. Here the initial conditions were the same as the
ferent if the disk was better resolved, although we believe simulation shown inFig. 8 except the embryo’s mass re-
that this is unlikely. Thus, the most extreme version of the duced to that of Mars. The Mars-mass embryo is less mobile
Thommes et al. scenario can most likely be ruled out. than the Earth-mass one, and thus it is more susceptible to
be trapped in mean motion resonances. In this case, its ec-
centricity is first excited to 0.06 by the 7:9 mean motion
7. Migration of planetary embryos resonance, which was initially close by. At this value of the
eccentricity the 7:9 resonanceaslaps with the stronger 3:4

Recall that inSection 5wve performed a study of theetit resonance, which captures the embryo at 1.5 Myr. The tran-
et al. (1999)scenario for the mass depletion of the Kuiper sition to the new resonance causes the embryo’s eccentricity
belt, where we initially placed an Earth-mass embryo on to jump to ~ 0.1. Once in the resonance two competing
a circular orbit outside the orbit of Neptune at 27.15 AU. effects dominate the embryo’s dynamics: the outward mi-

'.L‘M‘J ‘#{-”".‘

30

Fig. 11. The dynamics of a Mars-mass embryo initially placed outside Nep-



Migration in a planetesimal disk 505

gration of the resonance tends to increase its eccentricity, 2 ' ; '

while the dynamical friction exerted by the disk tends to

reduce it. In this case, the dynamical friction slightly dom- gL L ]

inates, so that the embryo’s eccentricity is slowly reduced. - | ‘ .

At ¢t ~ 40 Myr the embryo finally leaves the resonance, and I . |

consequently its eccentricity lfa dramatically to less than g o[ A L ( ]

0.02. The embryo is therefore stabilized outside Neptune’s © W | ,h"

position. [ ™ ]
We have performed six simulations like those abovevary- o [ ]

ing the number of particles in the disk, the disk mass andthe ~ 1

embryo mass. In some runs runaway migration is important

while in others it is not. In all cases Neptune stopped before oL . . . . + . . . . . . .

reaching the embryo. Thus, contrary to our expectations, an 0 5 10 13

Earth-mass planetary embryo initially in a low mass disk time (My)

just outside Neptune’s orbit would not have been scattered
by 'Neptune, but would have mlgrgte'd ahead of Neptune, Neptune (16 and 14 AU, respectively) in a disk withA3 truncated at
until—or somewhat beyond—the disk’s edge. The embryo 30 AU. The black curves show the evolution of the semi-major axes of
would still be presentin the Solar System, with a low eccen- jypiter, Saturn, Uranus, and Neptufrem bottom to top, while the light
tricity, low inclination orbit which would have not escaped grey curves show the perihelion and aphelion distance of the embryo.
detection in the numerous ecliptic surveys that have been
performed for the detection of Kuiper belt bodies. 8. Conclusions and discussion

The reason that the embryos in these simulations could
find a stable position well beyond Neptune is that the disk  In this paper we have investigated, in detail, the phe-
extended to 50 AU. If the disk were truncated at a smaller nomenon of planetary migration due to the scattering of
heliocentric distance, so that Neptune could reach the outerdisk planetesimals. Although our explorations cover a much
edge, the situation would be drastically different. We per- wider parameter space thatahn and Malhotra (1999)n
formed four simulations to study this situation. In these in- the region of overlap our results are consistent with theirs.
tegrations, we truncated the disk at 30 AU to insure that In the case of the giant planets in our Solar System we
Neptune will stop near its current location. In half of the have found that—depending on the mass density of the
cases, Neptune eventually Heas the embryo towards the disk—Neptune could have either experienced damped mi-
inner Solar System where it is ejected from the Solar Sys- gration (in which case it would have moved only a few AU)
tem by the gas giantsF{g. 12. In the remaining cases, or forced migration (which would have driven it to the edge
Neptune scatters the embryo outwards, where the dynami-of the disk). However, we also argue that if Neptune expe-
cal friction exerted by the other scattered disk planetesimalsrienced damped migration that left a massive Kuiper belt
damp its eccentricity. The embryo therefore survives on a beyond its final position—as proposed Hghn and Malho-
low-eccentricity orbit, outside the position of Neptune and tra (1999)—it is difficult to remove this mass, as the current
beyond the original edge of the disk. Kuiper belt observations demand, without causing Neptune

In all of the simulations thus far explored, the system to migrate too far from the Sun.
consisted of the four giant planets, an embryo, and a disk. Thus, we conclude that the primordial proto-planetary
We have not studied systems with multiple embryos be- disk was most likely truncated near 30 AU before Neptune
cause this case has already been ruled outlbgbidelli et arrived on the scene. The exact location of the outer disk
al. (2001) These authors studied the evolution of a system edge cannot be determined, because it depends on the disk’s
of multiple embryos initially outside Neptune’s orbit and mass density. Indeed, in the experiments that we ran with
demonstrated that, even neglecting planetary migration anda disk edge at 30 AU and in which the disk was totally
dynamical friction, there are always embryos left on stable depleted, Neptune stopped migrating at distances ranging
orbits beyond Neptune. In these models, the surviving em- between 27 and 35 AU. For a number of reasons explained
bryos were decoupled froméyptune because of dynamical above, our preference is for a disk that extended up to
encounters with other embryos. The inclusion of a trans- ~ 35 AU, with a linear mass density of about 45 AU .
neptunian disk should make the survival of embryos even  We have shown that in very massive disks an isolated
more likely. Neptune-mass planet can experience a runaway migration

In conclusion, the existence at early epochs of numerousthat can transport it over very large distances. This process
Mars- to Earth-mass embryos outside the primordial posi- does not require the existence of multiple planets and is self-
tion of Neptune seems unlikely. If one such embryo existed, sustaining, i.e., it occurs becsaithe migration itself feeds
its elimination requires that the primordial massive disk was particles to the planet that continues to drive the migration.
truncated not far from the current Neptune’s position, at It also can occur in either direction. This phenomenon may
30 AU. be relevant for extra-solar planets.

Fig. 12. The evolution of an embryo with 02 initially placed outside
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We have also concluded that Earth- or Mars-mass em- initially made of only 1000 objects. A particle is replaced
bryos could not have existed in the planetary disk exterior by ten objects (clones) with one tenth of the original body’s
to Neptune unless the disk was truncated. This is additional mass and slightly different coordinates, when it first evolves
support for our conclusion that, in order to see the planetary onto an orbit with a semi-major axis less than + 2Ry
system that we see today, the proto-planetary disk initially (whereay and Ry are the Neptune’s semi-major axis and
must have had an edge-at30 AU. the Hill's radius). Because, in general, the dynamics of bod-

So far in this paper, we have focused on the evolution ies in this type of orbit are chaotic, the orbital evolution of
of Neptune. Unfortunately, we find that we have a signifi- the clones rapidly diverged. Thus, the clones experience to-
cant problem with Uranus. In all simulations starting from a tally independent close encounters with Neptune. With this
compact planetary configuration where Neptune is initially trick we could simulate Neptune’s migration with a resolu-
inside 20 AU, Uranus always stopped well before its current tion of a 10,000 particles, by integrating at most 2500 plan-
location at~ 19 AU. This is because in these cases the plan- etesimals at any time.
etesimals scattered by Neptungract with Saturn almost at The simulations reported iBections 5 and Gave been
the same time as they interact with Uranus, so that Uranus ef-done using the integrator SyMB@®uncan et al., 1998)/Ve
fectively ‘sees’ only a small portion of the total disk’'s mass. used 4700 particles to simulate the disk in the simulations
This may indicate that Uranus and Neptune formed at 17— of Neptune’s migration in presence of an embryo presented
18 and 23-25 AU, respectively (sé¢ahn and Malhotra,  in Section 5 The same has been done for the simulation of
1999, despite of the apparent difficulty of accreting planets the dynamics of the martian-mass embry&ection 7 The
at large heliocentric distancgkevison and Stewart, 2001; simulations inSection 6on Neptune’s migration in presence
Thommes et al., 2003Alternatively, it may indicate that  of a disk’s edge have been done with 10,000 disk particles.
the migration process was triggered by some instability in SyMBA integrator has also been used to reproduce the simu-
the originally compact planetary system, something similar lations of runaway migration discussedSection 3leading
to what was proposed bhommes et al. (1999Yhis will to the reversal of Neptune’s motion.
be the subject of future investigations. In the SyMBA integrations we discarded disk particles

when they became closer thd.5 AU to the Sun. This has

been done to speed up the simulation, use a larger time-step,
Acknowledgments and avoid the problem of the accuracy of the integration of

particles with small perihelion distan¢kevison and Dun-
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