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ABSTRACT

We use the current orbital structure of large §0 km) asteroids in the main as-
teroid belt to constrain the evolution of the giant planetseew they migrated from
their primordial orbits to their current ones. Minton & Malina (2009) showed that
the orbital distribution of large asteroids in the main blh be reproduced by an
exponentially-decaying migration of the giant planets dimee scale ofr ~ 0.5 My.
However, self-consistent numerical simulations show tihaiplanetesimal-driven mi-
gration of the giant planets is inconsistent with an exptineohange in their semi
major axes on such a short time scale (Hahn & Malhotra, 1988jact, the typical
time scale ig > 5 My. When giant planet migration on this time scale is aggpleethe
asteroid belt, the resulting orbital distribution is inqoatible with the observed one.
However, the planet migration can be significantly sped uplapet-planet encoun-
ters. Consider an evolution where both Jupiter and Satura tlase encounters with
a Neptune-mass planet (presumably Uranus or Neptune thesasand where this
third planet, after being scattered inwards by Saturn,asteed outwards by Jupiter.
This scenario leads to a very rapid increase in the orbifzdrsgion between Jupiter
and Saturn that we show here to have only mitées on the structure of asteroid belt.
This type of evolution is called a jumping-Jupiter case. @sults suggest that the
total mass and dynamical excitation of the asteroid belbdgemigration were com-
parable to those currently observed. Moreover, they impdy, tbefore migration, the

orbits of Jupiter and Saturn were much less eccentric tranoutrent ones.

Subject headingaminor planets, asteroids: general planets and sateltitesamical evolution

and stability
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1. Introduction

This paper is the third in a series in which we try to unveil plast evolution of the orbits of
the giant planets using the current dynamical structure@BSolar System. In these works, we do
not assume a priori any preferred model other than the weégted fact that the giant planets
were much closer to each other in the past and somehow mowedd® their current orbital radii.
This radial migration of the giant planets is believed to e last major event that sculpted the
structure of the Solar System (Levison et al., 2001; Gomes €2005; Strom et al., 2005), an

assumption which is implicit in our works.

In two previous studies, Morbidelli et al. (2009) and Braseal. (2009), henceforth labelled
Paper | and Paper Il respectively, we investigated how thetgilanets (Paper I) and the terrestrial
planets (Paper Il) could have achieved orbits with theirenirsecular properties i.e. with their
current frequencies and amplitudes in eccentricity antinaton. The orbits of the planets are
not fixed ellipses: they undergo precession, and the eécdies and inclinations have long-term

(secular) oscillations that, to a first approximation, agsatibed by the Lagrange-Laplace theory:
& explwy) = Z Mk expl(g;t + Bl
j

Sin/2) expe) = > Njwexpl(sit + B))]. (1)
j

Here: is the immaginary unit ané,, iy, wy, Qk are, respectively the eccentricity, inclination,
longitude of perihelion and longitude of the node of the pldg g; ands; are the secular
frequencies of the system (the indprunning over the number of planets) and thefGoentsM

andN are the secular amplitudes.
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In Paper | we concluded that close encounters between tiné gjenets is the only
known mechanism that can explain the current amplitudel9f i.e. the excitation of Jupiter’'s
eccentricity associated with tlgg secular frequency. Other possible mechanisms, such as the
crossing of multiple mean-motion resonances betweenelupitd Saturn, only excit®lsg.
Resonance crossings between Saturn and Uranus (whichieksaupiter’s orbit) are not strong
enough to pumpss to its current value. However, a Neptune-mass planet (prably Neptune
itself or Uranus) encountering Saturn in general exdifigs to values comparable to the current
one. In principle, encounters of a planet with Jupiter donesd to have occurred. Planet-planet
encounters are consistent with the giant planet evolutiodehof Thommes et al. (1999) and

with the so-called “Nice model” (Tsiganis et al, 2005; Goreeal., 2005).

In Paper Il we focused our attention on the terrestrial gkan&e showed that if the terrestrial
planets were initially on quasi-circular, nearly-coplanebits, the divergent migration of Jupiter
and Saturn must have been fast, otherwise the orbits of tresteal planets would have become
too eccentric an@r inclined. Their excitation during giant planets migoatis primarily caused
by the crossing of the secular resonanges- g, andgs = g, which pumpM,, and My .

These resonances occur becagisdecreases while the orbital separation between Jupiter and
Saturn increases. More precisely, assuming that the bseiparation between Jupiter and Saturn

increased smoothly as in Malhotra (1993, 1995) by
Aa(t) = Adnow — Ao EXP(L/T), 2)

thent had to be shorter thanl My in order for the terrestrial planets not to become toceatrc.
We were concerned by such a short timescale, for the reastased in sect. 2. So, in Paper

Il we identified a plausible scenario that resulted in a djeet radial displacement of the orbits
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of Jupiter and Saturn that is rapid enough, although not@tthooth exponential form given in
eg. (2), that we called the 'jJumping-Jupiter’ scenario. él@iNeptune-mass planet is first scattered
inwards by Saturn and then outwards by Jupiter, so that thenajor planets recoil in opposite
directions. However, we were unable to firmly conclude thetreal evolution of the giant planets
had to be of the jumping-Jupiter type because of the follgWippothetical alternative. Suppose
that after their formation the terrestrial planets had nthymeamically excited orbits than now
(particularly with larger amplitude®l; x andM;y). Their eccentricities could have been damped
by the same mechanism that would have excited them if theypbead nearly zero. In other words,
the passage through the secular resonaggesg, andgs = g;, could have decreased the values
of My and My to the current values, provided these resonance passagestared with the

appropriate phasing.

The discussion on whether the orbital separation betwepiteduand Saturn increased
smoothly, as in eq. (2) or abruptly (as in the jumping-Jutenario) is not only of academic
interest. These two modes of orbital separation correspomdo radically diferent views
of the early evolution of our Solar System. In the first casghsevolution was relatively
smooth, and the increase in orbital separation of the gagdsywas driven solely by plan-
etesimal scattering. In the jumping-Jupiter scenariojtdugvas involved in encounters with
another planet. In this case, the evolution of the outer syistem would have been very violent,

similar to the one that is expected to have occurred in many{st) extra-solar planetary systems.

In this work, we turn our attention to the asteroid belt. $&mto the terrestrial planet

region, the migration of the giant planets drives seculaomances through the belt, but now
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these arg) = gs ands = s; (g and s denoting generically the pericenter and nodal precession
frequencies of the asteroids, whdgands; are the mean precession frequencies of Saturn). The
radial displacement of these secular resonanffesta the asteroids’ local orbital distribution in

a way that depends sensitively on the rate of migration (Gprh@97). Therefore, reproducing
the current orbital distribution of the asteroid belt undgferent conditions can lead to strong
constraints on how Jupiter and Saturn separated from eleh &h addition the orbital properties
of the asteroid belt might also provide information abowt ¢ibital configuration of the giant
planets prior to their migration: it might help us constrainether the pre-migration orbits of the

giant planets were more circular or eccentric.

Recently, Minton & Malhotra (2009) showed that the orbitestdbution of the asteroid
belt is consistent with a smooth increase in the separagbiwden Jupiter and Saturn. They
assumed that, originally, the asteroids in the primordéi Wwere uniformly distributed in orbital
parameter space and that the separation between the twoagésigcreased as in eq. (2), with
Ao = 1.08 AU (Malhotra, 1993) ana = 0.5 My. Unfortunately, diferent values of were not
tested in that study nor did the authoif$ep any suggestions for a possible mechanism for this
fast migration. Thus, in the first part of this paper we réwsnton & Malhotra’s work, with the
aim of determining whether a value ofis short as 0.5 My is really needed and what this implies.
In sect. 2 we summarize the basic properties of planetesiman migration that are important
for this problem. In sect. 3 we investigate the evolutionhe &steroid belt in case of a smooth,
planetesimal-driven migration of Jupiter and Saturn. AWte demonstrate the incompatibility
between the orbital structure of the asteroid belt and timd kf migration, we describe the

jumping-Jupiter scenario in sect. 4, followed by a predenaof its efects on the orbital structure
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of the asteroid belt in sect. 5. The implications of this sgenare discussed in sect. 6, and the
conclusions follow in sect. 7. In Appendix, we summarizegsbguence of the major events that

characterized the evolution of the solar system, as engefggm this and other works.

2. Brief description of planetesimal-driven migration

Planetesimal-driven migration occurs when a planet enteosia large swarm of planetesi-
mals. The planet scatters the planetesimals away fromdisityi, which causes the planet and
planetesimals to exchange energy and angular momenturhasithie planet migrates (Fernandez

& Ip, 1984; Malhotra, 1993, 1995; Ida et al., 2000; Gomes ¢28l04; Kirsh et al., 2009).

For the planets in our solar system, numerical simulatiergs (Fernandez & Ip, 1984; Hahn
and Malhotra, 1999; Gomes et al., 2004) show that Jupiterateg inwards, while Saturn, Uranus
and Neptune migrate outwards. The orbital separation legtweach pair of planets increases
with time. Over the dynamical lifetime of each particle, le@tanet stfers a small change in its
orbital semi major axisja, which is diferent from planet to planet. Numerical simulations of
the Centaur populatidrshow that said population decays roughly exponentiallyaitertain

e-folding time,zc (e.g. DiSisto & Brunini, 2007). Thus the radial displacemeinthe planets

The Centaurs are the population of objects that are cuyrentksing the orbits of the giant
planets; this population can be considered as a proxy fqriheordial population of planetesimals

that drove planet migration
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must also decay exponentially, with the same
a(t) = anow — Aa exp(-t/zc). 3)

Herea(t) is the semi major axis of each planet as a function of timeg, the semi major axis of
the planet at the end of migration (i.e. the current semi majs) andAa the total radial distance

that the planet migrates.

Strictly speaking, the identity between the planet migratimescale and the planetesimals
lifetime 7¢ is valid only in case oflamped migratiofGomes et al., 2004). In damped migration,
the loss of planetesimals is not compensated by the adquisit new planetesimals into the
planet-scattering region that is due to the displacemetiteoplanet itself. Thus, planet migration
slows down progressively as planetesimals are depletethabsive planetesimals disks, planet
migration can beself-sustainedida et al., 2000; Gomes et al., 2004). In this case a plamet ca
migrate through the disk by scattering planetesimals aanrg them “behind” relative to its
migration direction. In this case, the migration speed dagsslow down with time: it actually
accelerates (until some saturation or migration reversatps hit). So, obviously, a formula like
(3) does not apply. Gomes et al. (2004) made a convincingtbasself-sustained migration can
not have occurred in the solar system. Even if it had occutrexdigh, it would have concerned
only Neptune and Uranus. Jupiter and Saturn, given thejelarasses, always have damped
migration (unless one considers planetesimals disks efalistic large masses, well exceeding the
total mass of the gas giant planets). Thus, for Jupiter ahari$ave can assume with confidence
that their migration followed eq.(3). Thus, their orbitepsration had to evolve as in eq. (2), with

T=TC.
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The parametena in (3) (or Ag in eq. 2) is related to the total amount of mass of the
planetesimals that drive the planet migration. Thus, iasireg the mass of the planetesimal disk
increases both the migration range) and the migration speedd/dt = Aalexp(-t/7¢c)]/7c).
However, when the planet is on an orbit with a given semi majis a, its migration rate is
da/dt(a) = (awow — @)/7c, i.€. itisindependendf Aa; therefore it isndependenof the mass of

the planetesimal disk: it depends only on

Obviously, the same is true for the speed of migration of amasce through a given location.
A given location of a resonance corresponds to a given sefoirragis a of a planet. Thus, the
speed at which a resonance passes through the consideaéidriggvhich in turns determines
its effects, depends solely on the migration rate of the planatdtich, as we have just seen,
depends only omc and not on the mass of the planetesimal disk. We are luckytifsais the case
becauserc is pretty well constrained by simulations, whereas thd totss of the planetesimal

disk is open to speculation.

The value ofrc for Centaurs found in the literature ranges from 6 My for clbgehe
Jupiter-Saturn region (Bailey & Malhotra, 2009) to 72 My IretUranus-Neptune region (DiSisto
& Brunini, 2007). Thus, we do not expect that planetesinratesh migration of the giant planets
can occur with a value of significantly shorter thar6 My. Indeed, a literature search for
self-consistent simulations of planetesimal-driven riign yields a typical time scate~ 10 My

(Hahn & Malhotra, 1999; Gomes et al., 2004).

By assuming that the orbital separation of Jupiter and Satwnolved as in eq. (2), Minton &
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Malhotra (2009) adopted a functional form that is apprdprfar planetesimal-driven migration.
However, the value of that they assumed (0.5 My), is not. The relevalite. 7¢) is 10-20
times longer. For this reason, below we repeat the calomati Minton & Malhotra (2009) using

7T ~5My.

3. Planetesimal-driven migration and the asteroid belt

In this section we discuss thé&ects of planetesimal-driven migration of the giant planets
on the asteroid belt. Our goal is to understand whether this & migration could have left the
asteroid belt with an orbital structure compatible with tuerent one, for a reasonable set of

initial conditions of the asteroids.

In Fig. 1 we present the current orbital structure of theragiebelt with asteroids brighter
than absolute magnitudg = 9.7 i.e. with diameter larger thaD ~ 50 km. The orbital
distribution of these large asteroids is néeated by observational biases (Jedicke et al., 2002)
nor could it have been significantly modified over aeons by-gi@vitational forces or family
formation events. Therefore, these asteroids represeitdit's orbital distribution since the time

when the migration of the giant planets ceased.

All the observed gaps correspond to @wrent locations of the main mean-motion
resonances with Jupiter and of the(i.e. g = gg) secular resonance. These mean-motion
resonances and theg secular resonance can remove asteroids from the belt ettaysincrease

their eccentricities and the asteroids become planetiagas$herefore, it is not surprising that
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Fig. 1.— Current orbital distribution (inclination vs. semajor axis) of the asteroid belt. Only
asteroids with absolute magnitutie < 9.7 are plotted (corresponding to a diameter of approxi-
mately 50 km). The locations of the= gs (labelledvs) ands = s; (v16) secular resonances and
of some of the major mean-motion resonances with Jupitbellledn : m, standing for the ratio

between the orbital period of Jupiter and of an asteroidpkse plotted.
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gaps in the asteroid distribution are visible around theerurlocations of these resonances. On
the other hand, theys (i.e. s = ) secular resonance produces large changes in the asteroids

inclination.

As the giant planets migrated, the mean motion resonandbsJwpiter must have moved
sun-ward towards their current positions. According to naesepted models the radial migration
of Jupiter is expected to have covered 0.2-0.3 AU; thus thenmeotion resonances should have
moved inwards by approximately 0.1 AU. Thgandv;¢ secular resonances also moved sun-ward
but their range of migration was much larger than that of tleammotion resonances. In fact, if
the orbital separation of Jupiter and Saturn increased by thanA, = 1 AU (again, as predicted
by all models), the; resonance swept the entire asteroid belt as it moved inviwras4.5 AU
to 2 AU. Thev;5 resonance swept the belt inside of 2.8 AU (Gomes et al., 1@09if3 current
location at 1.9 AU.

We now determine thefkect of planet migration on the orbital distribution of theeasid
belt. We performed a sequence of numerical simulationsigusie swift-WHM integrator
(Levison & Duncan, 1994; Wisdom & Holman, 1991), as we explaére. We proceeded in
three steps. In the first step, the code was modified to foreenigration of Jupiter and Saturn
as outlined in Paper I: the equations of motion were changed enduce radial migration of the
planets, with a rate decaying as exp(r). For the reasons explained in the previous section, the

value ofr was set equal to 5 My, the lower bound fgy.
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Since the secular resonances only sweep the asteroid loelttloa@ period ratio between
Saturn and Jupité?s/P; > 2 (Gomes, 1997) the planets were started on orbits with ageatio
of Ps/P; = 2.03: Jupiter started at 5.40 AU and Saturn at 8.67 AU, simdavialhotra (1993)
and Minton & Malhotra (2009). The initial eccentricitiescaimclinations of the giant planets with
respect to the invariable plane are close to their currdoegaPaper 1):€;, es) = (0.012 0.035)
and {,,is) = (0.23,1.19), and so the strength of the secular resonances passingythtioe
asteroid belt does not change significantly throughout tlggation. No eccentricity damping
was imposed on the giant planets. The terrestrial planets ma included in this simulation, and
neither were Uranus and Neptune. This simulation coveradex$pan of 25 My, i.e. 5 times the

value ofr.

The primordial asteroid belt was situated between 1.8 AU4BdJAU with orbits that

did not cross those of Mars nor Jupiter. The initial orbitdld asteroids were generated
according to the following recipe: take two random numbed assign them to the pericenter
and apocenter distances on the intervas,[4.5] AU. Then the eccentricity and semi major
axis of the asteroids aie € (1.8,4.5) AU ande € (0,0.428). For the sake of simplicity the
inclination was chosen at random between 0 andv#@ile the three other angles were also
chosen at random between 0 and 36Bven though this method does not yield a uniform
distribution in semi major axis and eccentricity, it turng that this does not matter for the end
result. A total of 10 000 asteroids were used per simulat@a.ran eight simulations altogether
with different choices of random numbers in the generation of thialienditions, for a total

of 80000 test particles. Asteroids were removed if theitagise to the Sun decreased below
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1 AU (because in reality they would be rapidly removed by emters with the Eartf), when
they entered the Hill sphere of Jupiter, or they reachedtamtie further than 200 AU from the Sun.

After this simulation, we would like to continue the simudet including the &ects of
the terrestrial planets to account for the long-term madliions that these planets might have
imposed to the asteroid belt orbital structure. Unfortatyathis is not possible in a trivial way,
because the final orbits of Jupiter and Saturn at the end pfiséee not identical to the current
orbits: the angular phases, for instance, afiedent. Thus, one cannot introduce other planets in
the system, because the overall orbital evolution would teediferent from the real dynamics
of the solar system. Thus, we need to do first a simulatiop @fewhere we bring Jupiter and
Saturn to their exact current orbits, while integrating diyggamical evolution of the asteroids that
survived at the end of step 1. This was done by forcing the sesjor axes, eccentricities and
inclinations of Jupiter and Saturn to linearly evolve frame tvalues at the end of step 1 to their
current values, in 5 My; the same was done for the angularezie&snassuming frequencies that
were as close as possible to the current proper frequerzciggmsthey performed the correct
number of revolutions. The long time scale of 5 My allowed diseeroids to adapt in an adiabatic

fashion to the new, slightly éfierent configuration of the giant planets.

2We decided not to put a limit at 1.5 AU, corresponding to Mensssing orbits, because the
time scale for Mars encounters to change significantly theraisl’s orbit is~100 My. Thus, in
principle, asteroids could become temporary Mars-cramseéthen go back into the main asteroid

belt.
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At this point we could add the remaining planets to the sy<tlenterrestrial planets and
Uranus and Neptune), assuming their current orbital cordigan. The third step of our study
consisted in following the asteroids for another 400 My urttie influence of all the planets.

Now, asteroids were removed when they entered the Hill gpbieainy planet.

The final distribution of the asteroids at the end of theseefssis depicted in Fig. 2. Itis
clear that this distribution is vastly fiierent from Fig. 1. The most strikingfiierence is that
the ratioR between the number of asteroids with inclinations abovadtezl hight) and below
(low-i) the vg resonance in the region of the asteroid belt interior to 2Big\much higher in

Fig. 2 (0.7) than in Fig. 1 (0.07). This ratio, at the begirmat the simulation, was 0.08.

It is well-known that the ffects of secular resonances on the orbital distribution f th
asteroids is anti-correlated with the speed at which thesenances sweep through the asteroid
belt (Nagasawa et al., 2000). Thus, we beli&& be an important diagnostic of the rate of
planet migration. If the planets migrate slowly, as in ounwliation ¢ = 5 My), thev;5 pushes
asteroids to high inclinations while thg resonance isfeective at removing the low-inclination
asteroids. This results in a high Planet migrations with > 5 My would give final distributions
that are likely even more fierent from the current belt than that presented in Fig. 2 véhee
of R would be either more extreme or similar to what is presengzd.hin Minton & Malhotra
(2009) the planets were assumed to migrate so fastdQ.5 My) that the secular resonances swept
the asteroid belt so quickly that they did not have time tothets, the final value oR was similar

to the initial one.
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w = g of the asteroid (filled circles), angk (open circles) as a function of time. The values are
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The other two characteristic features of Fig. 2 that are aéigrent from the real asteroid
distribution are (i) the appearance of a dense group of thptc2.55 AU, next to the current
location of the 3:1 resonance with Jupiter at 2.50 AU, anda(pprominent lack of objects in the
2.6-2.7 AU range with inclinations below thhgresonance. The latter is caused by the sweeping of
ve, Which moves the asteroids to orbits with Earth-crossimmgeticities, where they are removed.
The clump next to the 3:1 resonance is formed by asteroidpijugracross this resonance as the
latter moves sun-ward. An example of this event is depiateeig. 3. The top panel shows the
semi major axis of an asteroid (bullets) and the locatiorhef3:1 resonance with Jupiter (solid
line). One can clearly see the jump in semi major axis as ttexad encounters the resonance.
Notice that the asteroid is not captured in the resonandguimps from its inner side to the outer
side. The bottom panel of Fig. 3 shows (filled circles) therage rate of the precession of the
asteroid’s longitude of pericentey, over the time interval traced by the horizontal error b&s.
one can seq increases dramatically, by almost a factor of 2, while therasd jumps across the
resonance (Knezevic et al., 1991). At the same tjndecreases smoothly and monotonically
(open circles). Thus, the asteroid crossesgthegs resonance extremely fast. This is not because
gs decreases fast (as in Minton and Malhtora, 2009), but begpingreases very fast. The result
is that, for asteroids jumping across the 3:1 resonancey thgs secular resonance sweeping is
too fast to be ffective, and therefore these asteroids can survive on a etedeccentricity orbit

until the end of the simulation.

All the results illustrated above strongly argue that theemnt structure of the asteroid belt is
incompatible with a smooth migration of the giant planetgwi~ 5 My. As this is the minimal

time scale for planetesimal-driven migration, this exelsithat the orbital separation between
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Jupiter and Saturn increased due to the sole process otgsamal scattering. We think that there

IS no easy way around this result for the following reasons:

e As explained above, larger valuesmbeyond 5 My, the only possible ones in planetesimal-

driven migration, would not improve the final value®f

e The original inclination distribution inside 2.8 AU is nahportant for the final result
because it is mixed by the sweeping of the resonance; the inclinations are dispersed
over the interval from 0 to 3Q whatever their initial distribution, and thus the valuefils
always nearly the same. Figure 4 proves this claim. Here we $he result of a smooth,
planetesimal-driven migration simulation with= 5 My on an asteroid belt with an initially
uniform inclination distribution up to IOonly. All other initial conditions are the same
as in the simulations discussed before. A visual compangtnthe current distribution
in the asteroid belt (Fig. 1) clearly shows that there atetett many asteroids with semi
major axesa < 2.8 AU above thesg resonance. In fact, for this simulatigh= 0.6, only
slightly lower than in the original simulation of Fig. 2 (0, but still an order of magnitude
higher than the observed ratio (0.07). Thus, as we claimedalinside 2.8 AU the initial
inclination distribution does not matter for the final resuonversely, foa > 2.8 AU,
the asteroid belt preserves the initial inclination disition because it is not swept by the
vi6 resonance. Consequently, we see in Fig. 4 that there isragstieficit of bodies with
inclinationsi > 10° beyond 2.8 AU, with the exception of the neighborhood of tHe 2
mean-motion resonance with Jupiter (at 3.2 AU). As one cantbés distribution does

not match the observations either: a broader initial iratlon distribution would be required.
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e All models agree that the separation between Jupiter andrSaicreased by at least 1 AU,

but it could have been more. Increasing the distance tedy&y Jupiter and Saturn would
result in practically the same dynamics because of two readéirst, the asteroid belt is
only affected by secular resonances wiyiP; > 2 (Gomes, 1997) i.e. towards the end
of migration (Malhotra, 1993; Tsiganis et al., 2005; Gomieale 2005). Hence, any prior
migration of the giant planets plays no role in shaping tHe Be&cond, as we said in sect. 2,
the rate of migration of the resonances at a given locatiay ifs the inner asteroid belt)
depends only onr and is independent of the range of migration that the plana¢elled

overall.

In principle one could envision that the eccentricities/anéhclinations of Jupiter and
Saturn were smaller than their current values for most offgration, thereby weakening
the dfects of the secular resonances. However, this is unlikedglose we are not aware of
any mechanism that is able to excite the eccentricities@miations of the giant planets

towards the end of the migration (Paper 1).

The radial migration of the giant planets is believed to keel#ést major event that sculpted
the structure of the Solar System, which coincided with theelHeavy Bombardment
(LHB) of the terrestrial planets (Levison et al., 2001; Gene¢ al., 2005; Strom et al.,
2005). Thus, we do not foresee any plausible mechanism pabubsequently erasing

the signature of resonance sweeping in the asteroid belicyarly of decreasing by an
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Fig. 4.— Orbital distribution of the asteroid belt after sptiomigration of Jupiter and Saturn with
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order of magnitude.

For all these reasons, we conclude that planetesimalrdrvgration could not have
dominated the radial displacement of Jupiter and Saturns Delow we look for an alternative
mechanism that results in a migration that is faster thapldeetesimal-driven one and hence is

consistent with the short time scale used by Minton & Malagg009).

4. A jumping-Jupiter scenario

Encounters between the giant planets, besides planetesiattering, is the only mechanism
that is known to us to be able to produce large-scale ortetasation of the planets. However,
planetary encounters do not necessarily help our case efisgeup the divergent migration
between Jupiter and Saturn. For example, if Saturn scatterse giant (Uranus or Neptune)
outwards, it has to recoil towards the Sun due to energy ceaen. If Jupiter does not encounter
any planet, the orbital separation between Jupiter andisdacreasesind planetesimal-driven
migration is still required to bring the planets to theirremt orbital separation. This would lead
to the same problems with the asteroid belt as discussedaldtws, such a series of events
has to be rejected. However, if an ice giant is first scatteredrds by Saturn and subsequently
outwards by Jupiter, then the orbital separation betwepitelland Saturn increases abruptly. As
in paper Il, we call this a ‘jumping-Jupiter evolution’, innich the orbital separation between
Jupiter and Saturn increases on a time scale of 10 000—-10@=@08, even shorter than assumed
in Minton & Malhotra (2009). However, the motion does notdal a smooth, exponential form.
In the Nice model (Tsiganis et al., 2005; Gomes et al., 200Syecessful’ jumping-Jupiter

evolution, i.e. one where Uranus and Neptune end on orbitsseimi major axes within 20% of
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their current values, occurs #1110% of our simulations (Paper I1).

We stress that, at least in the Nice model, there is no airkecditerence in the initial
conditions of the jumping-Jupiter evolutions with respecthose which lead to Jupiter not being
involved in encounters. This is because of the chaotic raifithe dynamics, due to which both

types of evolutions can originate from practically the sameulation setup.

An example of a jumping-Jupiter evolution is shown in Fig.rel avas taken from Paper
Il. The black and grey curves show the evolution of the semomaxes of Jupiter and Saturn
(top panel), and their eccentricities (bottom panel), reggbon the left-side and right-side
vertical scales, respectively. The stochastic behavioaised by repeated encounters with a
UranugNeptune-mass planet (not shown here) which was originddiggal the third in order of
increasing distance from the Sun. Time 0 is arbitrary and corresponds to the onset of the
phase of planetary instability. The full evolution of thepéts lasts 4.6 My and all giant planets
survived on stable orbits that are quite similar to thosdwefreal planets of the Solar System. The

final ratio of the orbital periods of Saturn and Jupiter is52 ¥ery close to the current value.

5. Evolution of the asteroid belt during ajumping-Jupiter evolution

In this section, we present results of the distribution & #isteroid belt following the
jumping-Jupiter scenario of Fig. 5. Once again we emplogélutistinct steps, in the same manner

as described in sect. 3 for the smooth migration. The orffgidince is that for the first step we
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Fig. 5.— Example of a jumping-Jupiter evolution. The top @aaepicts the semi major axes of
Jupiter (black) and Saturn (grey) — reported on the left agldk Isides respectively — during the

first 0.5 My of the simulation. Their eccentricities are péakin the bottom panel.
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enact the jumping-Jupiter evolution rather than adoptisgiaoth, exponential migration. We
used the same initial conditions for the asteroids as thdgptad for the smooth migration case
of Fig. 2 and enacted the jumping-Jupiter evolution usirgrttodified version of swift-WHM,
presented and tested in Paper Il. In this code, the positbdapiter and Saturn have been
computed by interpolation from the 100 yr-resolved outgduhe evolution shown in Fig. 5. We
eliminated the asteroids that collided with the Sun (pdiohedistance smaller than the solar

radius) or were scattered beyond 200 AU. The terrestrislgitawere not included.

After the jumping-Jupiter evolution, we performed the setstep in the same manner as
described in sect. 3, during which Jupiter and Saturn are#imhobrought to their exact current
orbits. Finally, for the third step, the terrestrial plasyahd Uranus and Neptune were added to the
system on their current orbits and with the correct phasesilae evolution of this system was

simulated for another 3.3 Gy.

The orbital distribution of the asteroid belt at the end & third step is shown in Fig. 6. Itis
remarkably similar to the current one depicted in Fig. 1hwio spurious gaps and clumps, unlike
Fig. 2. The final value oR is identical to the observed value. However, unlike the simaod
slow migration caseR now depends on the assumed initial inclination distributbthe asteroids
(here uniform up to 2Q. This is because thas resonance sweeps the belt so fast that it does not

significantly modify the inclinations of the asteroids, aplained in sect. 3.

To illuminate this fact, in the framework of the same jumpihgpiter evolution, we simulated
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the evolution of asteroids that are subject to teats of sweeping by thes resonance, i.e.
asteroids witha < 2.8 AU, but with inclinations up to 40 At the end of this simulation,

the root-mean-square change in inclination of the astera@k only 4, so that the original
inclination distribution is approximately preserved. Téfere, the jumping-Jupiter scenario is
consistent with the asteroid belt, provided that the prgration asteroid distribution was similar
to the current inclination distribution of large asterqids. relatively uniform in inclination,

up to about 20 An orbital excitation of the asteroid belt pre-dating tenping-Jupiter
evolution is likely. In fact, it is generally expected theesid belt lost its original state of

a dynamically cold disk during the phase of terrestrial ptarformation (Wetherill, 1992;
Chambers and Wetherill, 1998; Petit et al., 2001; O’'Brieal 2006, 2007). This happened much

earlier than the instability of the giant planets if theg¢aticcurred at the LHB time (see Appendix).

As we said above, we are not aware of a third way that, aftedibegopearance of the
gas—disk, could widen the orbital separation between dugitd Saturn, other than planetesimal-
driven migration and a jumping-Jupiter evolution. We hakieven in sect. 3 that the former
produces results inconsistent with the structure of theraist belt, whatever its initial orbital
distribution. On the other hand, the jumping-Jupiter madra can work, provided that the
asteroid belt had the appropriate distribution, that isafination distribution up te- 20°, which
is not unreasonable. Thus, our conclusion is that the aeuugdlition of the giant planets of the
solar system was of the jumping-Jupiter type. This conolusias a long list of implications,

which we discuss in the next section.
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6. Implications
6.1. Captureof thelrregular satellites of Jupiter

Nesvorny et al. (2007) showed that the capture of irregsadellites is a generic outcome
of planet-planet encounters and reproduces their orbg#iloution well. They showed that this
capture mechanism also works for Jupiter provided thatriigdpates in the encounters, which
we support here. Bottke et al. (2010) showed that the sizghiiton of the irregular satellite

systems is also consistent with this scenario.

6.2. Contribution of main belt asteroidstothe LHB

To evaluate which fraction of the asteroid belt populati@edimes unstable during the
jumping-Jupiter evolution and what is the subsequent dhvasteroidal impact flux onto the Earth
and the Moon, we have proceeded with the same sequence efyise simulations similar to
what was described in Sections 3 and 5, but we added ano#pefssép 0) prior to re-enacting the

jumping-Jupiter scenario (which is step 1).

For step 0 we started with the same uniform distribution ¢érasds as described in sect. 2.
We assumed that the giant planets are situated on the odsitsided in Morbidelli et al. (2007).
These orbits are fully resonant, quasi-circular and corgolaJupiter and Saturn are locked in their
mutual 3:2 mean motion resonance; Uranus is in the 3:2 exteréan motion resonance with
Saturn and Neptune is in the exterior 4:3 mean motion reszenaith Uranus. These orbits are the

result of hydro-dynamical simulations of the dynamicallation of the giant planets embedded in



hal-00515995, version 1 - 8 Sep 2010

—29_—

a gas disk. This configuration is stable after the dispefdakbogas nebula in absence of an exterior
planetesimal disk, and are thus believed to be the orbitgiting planets had in the interim between
the end of the gas disk phase and the onset of their globahuigahinstability. If one believes

this instability triggered the LHB, this compact configuoathad to last for approximately 600 My.

To set up the right initial conditions for determining the@mt of mass transferred to the
Moon, we have integrated the asteroids under the influentteeafiant planets on these presumed
pre-LHB multi-resonant orbits for 600 My (step 0). The tstral planets were not included in
this simulation. Asteroids were removed when their perdmetlistance decreased below 1.5 AU
i.e. when they became Mars-crossers, or had an encountedupiter. A total of 724 out of the
original 1 000 asteroids survived. The final orbital digitibn in semi major axis-eccentricity
space of the asteroids is shown in the top-left panel of Fid\sfone can clearly see, no gaps are
visible near resonances with Jupiter. In fact, it is well\wnahat mean motion resonances are
stable if Jupiter follows a circular orbit (Morbidelli, 2@D This represents what we believe is a

realistic orbital distribution of the asteroids at the drfggiant planet migration.

For step 1 (the second simulation), we integrated the ranwif24 particles while enacting
the jumping-Jupiter evolution. The second step was idehticwhat has been described earlier,
while for the third step the terrestrial planets, Uranus Biegtune were added and the system
was simulated for another 25 My. In the last three steps@sdtewere removed if they collided
with the Sun, a planet or were scattered beyond Jupiter. éetid of the third step 319 out of
724 particles survived (45%). We expect that this numbeloisecto the final number of surviving

asteroids because only a few were still crossing the orbitdaws and the Earth at the end of the
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last step.

To compute the mass impacting the Moon and the Earth we piledess follows. During
steps 1 and 2, we computed the collision probability of eyssticle with our planet and its
satellite, assuming that the latter were on their currexedi orbits. We performed this calculation
using the algorithm presented in Wetherhill (1967). Durihg last step, we used the same
approach, but adopted the orbital values of the Earth obdadluring the simulation itself. The

Moon was assumed to be at the current distance from our planet

We understand that this procedure is not ideal. The facttieaé are no terrestrial planets in
steps 1 and 2 probably increases the lifetime of some oljjeat®scaped from the asteroid belt.
Also, the strength of thes resonance is severely reduced during step 2 because thardecting
between Jupiter and Saturn is not taken into account. Thaktnailso artificially enhance the
lifetime of some of the destabilized asteroids. For theasags, our results should be regarded as

being upper bounds to the real flux of matter from the astdrelitowards the Earth-Moon system.

We find that the mean collision probability of our initial 724teroids with the Moon during
steps 1 to 3 is 4« 10°. This number includes particles on stable orbits, so thennsedision
probability of asteroids dislodged from the asteroid bekbout twice as much i.e.>810°.
The collision probability with the Earth is 20 times largd@ihe mean impact velocity, before

gravitational focusing, is 20 krs.
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To translate these collision probabilities into estimaibghe total mass impacting the
Earth-Moon system, we take into account that Minton & Malag2010) argued that the asteroid
belt might have lost half of its population during the lagt &y because of chaoticftlision. The
current mass of the asteroid belt is estimated to.Be 30?! kg (Krasinsky et al., 2002) or:610*
Earth massed\s). If the post-LHB mass was twice as much an®0% of the population was
destabilized during the jumping-Jupiter evolution, them 624 asteroids represent a total mass
of ~ 1.5x 10?2 kg or 25 x 103 Mg. Multiplying this by the mean collision probability with
the Moon we find that a total of % 10'" kg was delivered to our satellite during the LHB from
within the current boundaries of the asteroid belt. Thel totss delivered to the Earth is 20 times
larger. This is about an order of magnitude smaller than ¢imeetary contribution, as calculated
in Gomes et al. (2005). The cometary flux is quite insensttvie exact dynamics of the giant
planets, because the orbital evolution of the comets is datad by planetary scattering and not
by resonance sweeping. Thus, unless the trans-Nepturskrindd a substantially lower mass
than currently thought, we have little reason to believe tiha estimates about the cometary flux
in Gomes et al. (2005) need to be significantly revised in taméwork of the jumping-Jupiter
scenario. Consequently, we conclude that, if the origist@raid belt population was uniform in

semi major axis, comets should have dominated the LHB ovar bt asteroids.

This conclusion, however, might violate constraints. Ehisra lively debate on the nature of
the LHB. It was argued (Kring & Cohen, 2002) that the basimdfimg projectiles were neither
comets nor primitive asteroids, in contrast with our redfikhis is confirmed, it will be necessary
to look for alternative sources of projectiles, such as fwegyopulations of small bodies in

between the orbits of the terrestrial planets, that couttbb®e fully destabilized during the
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jumping-Jupiter evolution.

6.3. Thepre-LHB structure of the asteroid belt

Since the jumping-Jupiter scenario preserves the origmaéihation distribution, and only
~ 50% of the main belt population is removed onto planet-éngssrbits, the asteroid belt had to
be relatively similar to today’s belt at the time when gialati@t migration started i.e. at the time
of the LHB, if one accepts that the two events are connectedigbn et al., 2001; Gomes et al.,
2005; Strom et al., 2005). More precisely, the asteroidmations had to be spread between 0
and 20, and the total mass of the belt had to be comparable to therduwne. Thus, a very small
number (if any) of bodies larger than Ceres (called plagetarbryos) could exist. This provides
a new set of formidable constraints for future models of theprdial dynamical excitation and
depletion of the asteroid belt occurring during terrespianet formation (Wetherill, 1992; Petit

et al., 2001; O’'Brien et al., 2006, 2007).

6.4. Orbitsof the giant planets before the onset of their dynamical instability

The fact that the asteroid belt roughly preserves its pr&Isttucture during a jumping-
Jupiter evolution also provides constraints on the orlbiés the planets had to have had prior
to their migration. If the orbits of Jupiter and Saturn had kacentricities comparable to their
current values, gaps would have been carved within a fewamiflears, exactly where the main
resonances were located in the pre-migration phase, apavilidd still be visible today. This is

demonstrated below.
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Today, the eccentricity of Jupiter causes the main Joviaanameotion resonances to be
unstable: the eccentricities of resonant asteroids areased to such large values that they
begin to cross the orbits of the planets (Gladman et al., 199@me of these planet-crossing
objects are removed from the resonances by encountershvsie pplanets, while others have
their eccentricities increased to Sun-grazing values.réhmval of asteroids from these resonant

locations is the reason for the 'gaps’ that we see in theiligton of asteroids today (see Fig. 1).

The most powerful resonance with Jupiter is the 3:1 resanatentered at 2.50 AU with a
width of approximately 0.05 AU. If Jupiter had had an ecdeityr similar to its current value
before migration, when its semi major axis was about 5.4 Adnta gap near 2.6 AU should
have rapidly opened in the asteroid distribution, cleaifidct from the currently observed gap
at 2.5 AU. In fact, after the migration of Jupiter the gap agebby the 3:1 resonance at its final
location would probably overlap with the pre-migration gegsulting in a wide empty zone

ranging from approximately 2.45 to 2.65 AU

We tested this hypothesis by performing the following ekpent. Jupiter and Saturn were
placed on orbits similar to those described in Malhotra 8.9995) and Minton & Malhotra
(2009): Jupiter was set at 5.4 AU and Saturn at 8.7 AU on ovlits their current eccentricities.
There were no terrestrial planets. We considered a disimibof asteroids consisting of 2000
test particles, with the same initial conditions as desttiim sect. 3. Assuming, as in Minton &

Malhotra (2009) and Strom et al. (2005), that the triggeriahgplanet migration was delayed by



hal-00515995, version 1 - 8 Sep 2010

—34—

0.4 T T T - T
%% o .l' .
035 A TE SR
0.3 F .. .:: a,::': .::':’ .‘.. . .
0.25} ALY F SRTEAEEPH
A R A S N A P )
) 0.2_..2.t.5.0 S .;......:-. .'o'.o.‘o.._:
. M of e L ae o ce2e
045 otoeiars, oo %o s B le A
. N .”“'....'f.. R .;’.....‘.
01f Yos TRy TR S
005 | L5 T FIE S
0 LR TR A A S
2.2 2.4 2.6 2.8 3 3.2
a [AU]
0.4 T T T T T
0.35 . N
03} el ]
0.25 | a2y .
oLl < ote o K |
I S ST I R
015 %y #fee T w0 T '
R N T S 4
01 - .o:’..... .:,'..’: -‘0 :: R - o, .
005, % m Ny e
0 | - | o 1| I.. .I
2.2 2.4 2.6 2.8 3 3.2
a [AU]

0.4 T ; | |
035 s .
0.3 ¢ [} * _.:
‘l~.. .o
0251  wxal LoSF M s
02 L. wetis Y, N
. e b o .: . ot
015" '_”:. : '%. M ,.’.::'.7 R AR
0L bs SRAT o572l
BRI AT v ce
0.05 Fs " &% ,:'..- 3l L L.
o o e . \ne?
T o . Y
2.2 2.4 2.6 2.8 3 3.2
a [AU]
0.4 T T ; | |
0.35 F .. |
03F ) _
025F & ast e Y
° * o ) . e o
o of ®eQ o o PR S
0a5f "L L W el
. ..’. . .}:.,.... " :;.... ‘i,
0.1 e [ . o -." d. .-..g::
o % * e .‘ ee % : \\-i
005 - L RS
0 1 1 1 1 |
2.2 2.4 2.6 2.8 3 3.2

a [AU]

Fig. 7.— Semimajor axis vs. eccentricity distribution of tisteroid belt for various configurations

of the giant planets. The top-left illustrates the disttitn after 600My of evolution with the giant

planets on multi-resonant quasi-circular orbits of Modlidet al. (2007). The top-right panel

shows the orbital distribution after 600 My of evolutionsaming that Jupiter and Saturn stayed

on non-migrating orbits corresponding to the initial cdimis of Minton & Malhotra (2009). The

bottom-left panel illustrates how the distribution in tle@tright panel would have evolved after a

fast @ = 0.1 My) exponential migration of Jupiter and Saturn towardsrtburrent orbits, plus a

400 My subsequent integration. For reference, the bottght panel shows the current distribution

of 335 asteroids (same number as the particles plotted ibdttem-left panel), among the real

H < 9.7 asteroid population.
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~ 600 My, so that it coincides with the beginning of the LHB, wstfisimulated the evolution
of these asteroids for 600 My, without imposing any mignatom the giant planets. Once
again asteroids were removed when their perihelion distaecreased below 1.5 AU or they
encountered Jupiter. The asteroid distribution at the énli® simulation is depicted in the
top-right panel of Fig. 7. The gap associated with the 3:tmasace (located in this simulation at
2.6 AU) is clearly visible as well as that of the 5:2 resonaferently at 2.82 AU but here at
2.93 AU). These ’fossil’ gaps are not observed today (cd. E), so either they never formed or

were refilled by some mechanism (see below).

We subsequently simulated the remaining asteroids, imgasismooth exponential
migration of the orbits of Jupiter and Saturn, but on a timeese = 0.1 My. This choice of
7 ‘mimics’ the fast migration time scale of the jumping-J@piscenario. After the migration
was finished, the system was simulated for another 400 Myowttterrestrial planets, which is
long enough for gaps to open near the final positions of thenaesces. The resulting orbital
distribution of the asteroid belt at this epoch is plottedha bottom-left panel of Fig. 7. As
expected, there is a very large depletion of objects bet@eeand 2.6 AU, which is especially
prominent at small eccentricities. A few objects remainhi@ middle of this wide gap, because
they managed to jump across the sweeping 3:1 resonancewibl@sgyap is not observed in the
asteroid belt today. In fact, the bottom-right panel of Fighows, for comparison, the observed
distribution of asteroids with absolute magnitude< 9.7. For consistency, we have randomly
selected a number of real asteroids equal to the number t¢lpar(335) that remained until the

end of the simulation, in the range of semi major axes showe. he
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We conclude from this experiment that migration on a jumgpingiter time scale could not
have replenished the fossil gaps opened by Jupiter if ther lahd been originally situated on an

orbit with eccentricity comparable to its current value.

We do not foresee any other mechanism that could replengsfosisil gaps for the following
reasons. First, remember that the real asteroids that wepasedering as tracers of the asteroid
belt are big (larger than approximately 50 km). These objant too large to migrate under the
Yarkovsky dfect. Additionally, only a few of them are members of a cadirgl family. Thus,
neither non-gravitational forces, nor collisional brep&uwould have refilled the pre-migration
gaps with such large objects (the same is not true, obvipislgmaller objects, for which we
would not expect to see any fossil traces of the pre-mignageps). Thus, the only remaining
possibility is that massive bodies (hereafter called pkmyeembryos) resided in the belt and
displaced the asteroids by gravitational scattering. Asaid above, it is unlikely that bodies
more massive than Ceres existed in the belt up to the timeaot glanet migration. But even
if some embryo had been in the belt, it is unlikely that it @bbbve refill the gaps. In fact,
from our first simulation, where Jupiter and Saturn are at¥J4and 8.7 AU with their current
eccentricities, we found that the mean lifetime of parsalgth semi major axes in the range
2.57-2.61 AU (i.e. in the region of the gap opened by the 3sbmance in the pre-migration
phase) is 6 My. This region is 25 times narrower (0.04 AU) ttleawhole belt (1 AU). Thus,
to prevent a gap from opening, embryos should have beenrtimyety25 of all asteroids in this
resonance every 6 My. Assuming that the pre-migration plessed 600 My, the equivalent of 4
asteroid belts should have been injected into the 3:1 remenso be subsequently removed by its

action. We strongly doubt that any planetary embryo coulctltione this without leaving other
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scars in the asteroid belt distribution, even more pronednican the fossil gaps themselves!

In conclusion, given that fossil gaps could not be replesilstind they are not observed today,
we believe that it is unlikely that they ever existed. Thiplias that the giant planets had to reside
on quasi-circular orbits before the LHB, in accordance i hydro-dynamical simulations of

Morbidelli et al. (2007) (c.f. the top-left panel of Fig. 7).

7. Conclusions

Minton & Malhotra (2009) showed that the current orbitalisture of the asteroid belt is
consistent with a primordial uniform distribution of agi&ls in semi major axis, eccentricity and
inclination space, and an exponential migration of the igagamets with a characteristic time scale
7 = 0.5 My. However, they did not demonstrate thateeds to be this short, nor they discussed by

which mechanism planet migration could operate on thissoake.

In this paper we have demonstrated that the migration of idr& glanets, withr = 5 My or
longer, is inconsistent with the current structure of thie, beéhatever its initial orbital distribution.
The divergent migration of Jupiter and Saturn needs to basisaf used in Minton & Malhotra,

or even faster.

This constraint on the time scale of migration unveils thenoh@ant process by which the
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orbits of Jupiter and Saturn separated from each other.itigipte, two mechanisms are possible:
(i) planetesimal driven migration or (ii) encounters of lbdupiter and Saturn with a third planet
(presumably Uranus or Neptune). The first mechanism resuéts exponential migration, but
the characteristic cannot be faster than 5 My. Given the incompatibility of tregue ofr with

the current structure of the asteroid belt, this processeaexcluded. The second mechanism,
dubbed ’jumping-Jupiter evolution’, results in a radiadglacement of the orbits of Jupiter and
Saturn on a time scale shorter than 0.1 My, but the migraticdhe planets cannot be well
represented by an exponential law. We have simulated tHatewoof the asteroid belt during a
jumping-Jupiter evolution and we have found that the finhitat structure of the belt matches
well the observed one, provided that the original belt hadproximately uniform inclination

distribution that extended up to 20°.

This result strongly argues that the real evolution of thgplanets was of the jumping-
Jupiter type and that the orbits of the giant planets, bafugration, were significantly more

circular than the current ones.

8. Appendix: A temptative timeline of events characterising the Solar System evolution, as

emerging from thisand previous works.

The first solids of the solar system condensed 4.568 Gy agoKeine et al., 2009 for a

review). This is generally consideredtame zeran solar system history.

Because most of the mass of Jupiter and Saturn is in H and dse thlanets must
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have formed in a quite massive gaseous proto-planetary(Bdlack et al., 1996). Because
proto-planetary disks typically last 3-5 My around younarst(Haisch et al., 2001), Jupiter and

Saturn should have formed within this time.

When embedded in a gas disk, giant planets tend to migra@rdsvihe central star (Lin
and Papaloizou, 1986). Hydro-dynamical simulations (Mtaaad Snellgrove, 2001; Morbidelli
and Crida, 2007; Pierens and Nelson, 2008) have consigtraivn that Saturn migrates faster
than Jupiter and, as it approaches the latter, it is evdptoaptured in their mutual 2:3 mean
motion resonance. At this point, the inward migration oftive planets stops. Depending on the
disk parameters, the two planets either stay in place, orat@gutward in resonance, until the
disappearance of the disk (Morbidelli and Crida, 2007).sxplains why we do not have a hot
Jupiter in our Solar System. Walsh et al. (2010) proposedlinaiter migrated down to 1.5 AU
before Saturn formed and was captured in resonance; wheadburred, the two planets reversed
migration and Jupiter reached 5.4 AU when the gas-disk gesaed. Either way (i.e with or
without a substantial outward migration of Jupiter and 8g9tuvhen the gas disk disappeared
around 3-5 My, Jupiter and Saturn should have been in theiwah2:3 mean motion resonance,
with quasi circular and co-planar orbits, with Jupiter ab@aiis.4 AU. Uranus and Neptune, should
also have been in resonances with Saturn and with themsélapped in this configuration by
differential migration during the gas-disk phase: howevergthee multiple resonances in which

these planets might have been (Morbidelli et al., 2007; @atgnd Brown, 2010).

At the disappearance of the gas, two massive disks of plsinedés should have remained:
one in the inner solar system, with an outer edge locate@ ¢tothe minimal orbital radius that
Jupiter acquired during its evolution in the gas-disk, and im the outer solar system, beyond the

orbit of the most distant planet. The terrestrial planetsy&d by mutual collisions from the inner
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disk. Geochemical constraints (Touboul et al., 2007; Abegt al., 2008; Kleine et al., 2009) and
numerical modeling (Chambers and Wetherill, 1998; Chas)li#001; Raymond et al., 2006;
O’Brien et al., 2006; Hansen, 2009; Morishima et al., 201@gest that the terrestrial planets
took 30—100 My to form.

By the time terrestrial planet formation was completed,aberoid belt was substantially
depleted and dynamically excited. If Jupiter never wentisicantly inwards of 4-5 AU, the
depletion and dynamical excitation of the asteroid beluo@d during the terrestrial planets
formation process, due to the combination of perturbatfoor® resident planetary embryos
and Jupiter (Wetherill, 1992; Chambers and Wetherill, 2938it et al., 2001; Raymond et al.,
2006; O’'Brien et al., 2006, 2007). In the Walsh et al. (201&®r&rio, the asteroid population
had already been depleted and excited by the inward and mlitwigration of Jupiter through
the main belt region during the gas-disk phase. The orbxeitation of the asteroid belt at
t ~ 100 My is model dependent. For instance, in Petit et al. (R@@4 final inclinations of
the surviving asteroids were within 15 degrees; in O’'Brieale (2006) most of the surviving
asteroids had ¥0< i < 30°; in Walsh et al. (2010) the resulting inclination distrilaut was

roughly uniform up to 20 degrees, in agreement with the figsliof the present paper.

In the mean time, the outer planetesimal disk was slowlydynigpinto dust by collisional
comminution, losing about a factor of 2 in mass in 600 My (Boet al., 2008). The gravitational
interactions between the giant planets and this disk slomdgified the orbits of the former,
eventually extracting the planets from their mutual meanionaesonances (Morbidelli et al.,
2007; Batygin and Brown, 2010; Levison et al., in prepargtidAt this point the giant planets
became violently unstable. The occurrence of a Late Heawglodment on the terrestrial

planets~ 3.9 Gy ago, strongly suggest that this transition to instgbdccurred~ 650 My



hal-00515995, version 1 - 8 Sep 2010

41—

aftertime zero(Levison et al., 2001; Gomes et al., 2005; Strom et al., 200&h) well after the
formation of the terrestrial planets and the depleg®anitation of the asteroid belt. Due to this
instability, the giant planets started to have mutual enteng; Uranus and Neptune were scattered
into the outer planetesimal disk and dispersed it. As a reduhutual scattering among the
planets and dynamical friction exerted by the outer dis& dlanets finally acquired their current
orbits (Thommes et al., 1999, 2000; Tsiganis et al., 205;dut=ili et al., 2007; Batygin and

Brown, 2010; Levison et al., in preparation).

The present work strongly argues that, of all possible dyoalnpaths that the planets could
have followed from their original multi-resonant orbitsttee current configuration, the real one
had to be of the 'jumping-Jupiter’ type. In other words thbital separation between Jupiter and
Saturn had to increase abruptly as a result of encounterstbftbese planets with either Uranus
or Neptune. Consequently, the orbits of the terrestriaigtia (Brasser et al., 2009) and of the
asteroid belt (this work) were only moderatelfeted by the giant planet instability.

The objects from the outer planetesimal disk and asteraicspeng from the main belt both
contributed to the Late Heavy Bombardment of the terrdgitémets, with the former dominating
over the latter (this work). However, it is possible thatesthsteroid belts existed in regions that
were stable before the giant planet instability and becanséable since; objects from these belts
might have dominated the LHB, but this possibility needshfer investigation to be supported.
A small fraction of the planetesimals of the outer disk sesdion stable trans-Neptunian orbits,

corresponding to today’s Kuiper belt (Levison et al., 2008)

Thus, the Solar System acquired its current global stractithe LHB time and did not

evolve substantially since then.
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