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ABSTRACT

Using numerical simulations, we show that smooth migratbthe giant planets through a planetesimal disk leads torhitab
architecture that is inconsistent with the current one:réseilting eccentricities and inclinations of their orkdr® too small. The
crossing of mutual mean motion resonances by the planetkiveauite their orbital eccentricities but not their orbiitaclinations.
Moreover, the amplitudes of the eigenmodes charactertbiagurrent secular evolution of the eccentricities of tRrpand Saturn
would not be reproduced correctly; only one eigenmode ig@xkdy resonance-crossing. We show that, at the very leasgunters
between Saturn and one of the ice giants (Uranus or Neptweer) to have occurred, in order to reproduce the current aecul
properties of the giant planets, in particular the ampétotithe two strongest eigenmodes in the eccentricitiesmfeluand Saturn.

Key words. Solar System: formation

1. Introduction Snellgrove (2001). The top panel shows the evolution of the
semi major axes, where Saturn’ semi-major axis is depicted
The formation and evolution of the solar system is a longbtarby the upper curve and that of Jupiter is the lower trajectory
ing open problem. Of particular importance is the issue ef thnitially far away, Saturn swiftly approaches Jupiter, gibfy
origin of the orbital eccentricities of the giant planetsieB passing across their mutual 2:1 resonance (at approxiynatel
though these are small compared to those of most extra-s@&00 yr in the figure), and is eventually trapped in the 3:2
planets discovered so far, they are nevertheless largea@ahp resonance. At this point, the migration of both planets slow
to what is expected from formation and evolution models.  down slightly and then reverses. Morbidelli & Crida (2007)
argued that this dynamical evolution explains why Jupiter d
Giant planets are expected to be born on quasi-circularsorgiot migrate all the way to the Sun in our System. Pierens &
because low relative velocities with respect to the plasietals Nelson (2008) convincingly demonstrated that the trapping
in the disk are a necessary condition to allow the rapid feiona in the 3:2 resonance is the only possible outcome for the
of their cores (Kokubo & Ida, 1996, 1998; Goldreieh al, Jupiter-Saturn pair. The lower panel of Figdje 1 shows the
2004). Once the giant planets have formed, their eccetigsici evolution of the eccentricities of both planets, where Sesu
evolve under thefects of their interactions with the disc of gaseccentricity is depicted by crosses and that of Jupiter by
These interactions can in principle enhance the eccetgsci bullets. Both eccentricities remain low all the time. Thedtu
of very massive planets (Goldreich & Sari, 2003), but fo@f the eccentricities associated to the passage througB:the
moderate-mass planets they have a dampifigce In fact, resonance at approximately 9000 yr is rapidly damped. Once
numerical hydro-dynamical simulations (Kley & Dirksen @) trapped in the 3:2 resonance, the equilibrium ecceneitire
D’Angelo et al, 2006) show that only planets of masses larg@pproximately 0.003 for Jupiter and 0.01 for Saturn, i.e fv
than 2-3 Jupiter masses that are initially on circular erhie ten times smaller than their current values.
able to excite an eccentricity in the disk and, in response, t
become eccentric themselves. Planets of Jupiter-massssr le once the gas has dispersed from the system, the giant

have their eccentricities damped. Accounting for turboen janets are still expected to migrate, due to their intévactith
should not change the result significantly: the eccenyrlmg planetesimal disk (Fernandez & Ip, 1984; Malhotra, 1993,
excitation due to turbulence is only of the order of 0.01 fdi0a 1995: Hahn & Malhotra, 1999: Gomest al., 2004). While
Earth_ mass planet and decreases rapidly v_vith increasing M@fgration in the gas disk causes the planets to approach each
of said planet (Nelson, 2005). By comparison, the mean egher (Morbidelliet al, 2007), migration in the planetesimal
centricities of Jupiter and Saturn are 0.045and 0.05ré9p8C  isk causes the planets to diverge i.e. it increases the rati
between the orbital periods (Fernandez & Ip, 1984). In this

In addition, the interactions between Jupiter and Satwsn, process, the orbital eccentricities are damped by a mestmani
they evolve and migrate in the disk of gas, should not lead tdkaown as “dynamical friction” (e.g. Stewart & Wetherill, 88).
significant enhancement of their eccentricities. Fidﬂlrmdy\s; Figurel]Z provides a example of the eccentricity evolution of
a typical evolution of the Jupiter-Saturn pair, from Mas&et Jupiter (bullets) and Saturn (crosses) who are initiallyb &t
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Fig. 1. The evolution of Jupiter (bullets) and Saturn (crosses)
the gas disk. Taken from Morbidelli & Crida (2007), but repro,
ducing the evolution shown in Masset & Snellgrove (2001).
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crossing (see electronic supplement of Tsigaial, 2005, or
figure@ below), as well as their orbital separations and alutu
inclinations. However, the mean values of the eccentegiti
do not properly describe the secular dynamical architecodr

a planetary system: the eccentricities of the planets laszil
with long periods, because of the mutual secular interastio
among the planets. A system B planets hadN fundamental
frequencies in the secular evolution of the eccentrigitasd

the amplitude of each mode — or, at least that of the dominant
ones — should be reproduced in a successful model. We remind
that Tsiganiset al. (2005) never checked if the Nice model
reproduces the secular architecture of the giant planets (w
will show below that it does) nor if this is achieved via théd 2:
resonance crossing (we will show here that it is not).

Actually, in this paper we make an abstraction of the Nice
model, and investigate which events in the evolution of thaty
H]anets are needed to achieve the current secular archieadt
the giant planet system. We start in section 2 by reviewingtwh
this secular architecture is and how it evolves during ntigna
in the case where no mean motion resonances are crossed. In
section 3 we investigate thefect of the passage through the
2:1 resonance on the secular architecture of the JupiteriBa
pair. As we will see, this resonance crossing alone, althoag
producing the mean eccentricities of both planets, doeseaiot
produce the frequency decomposition of the secular sydtem.
section 4 we discuss thdtect of multiple mean motion reso-
nance crossings between Jupiter and Saturn, showing théd th
still not enough to achieve the good secular solution. Itice&
we examine the role of a third planet, with a mass comparable
to that of Uranus or Neptune. We first consider the migration o
this third planet on a circular orbit, then on an eccentrigitor
and finally we discuss the consequences of encounters hetwee
this planet and Saturn. We show that encounters of Satum wit
the ice giant lead to the correct secular evolution for theere
tricities of Jupiter and Saturn. In section 6 we return toNhee
model, verify its ability to reproduce the current seculahiec-

. . . ) ture of the planetary system and discuss other models théd co
Fig. 2. The evolution of the eccentricities of Jupiter (bullet) ang, principle be equally successful in this respect. Althiotigjs

Saturn (crosses) as they migrate through a 50 Earth masses Rhaper is mostly focused on the Jupiter-Saturn pair and the ev
etesimal disk. From Gomes al. (2004). lution of their eccentricities, in section 7 we briefly dissuthe
fate of Uranus and Neptune and the excitation of inclination
The case of the terrestrial planets will be discussed in argkc
and 8.7 AU with their current eccentricities (initial cotidns paper. The results are then summarised in section 8.
typical of Malhotra, 1993, 1995; Hahn & Malhotra 1999).
They migrate, together with Uranus and Neptune, through a
planetesimal disk carrying in total 8,. The disk is simulated
using 10,000 tracers (see Gonwtsal, 2004, for details). The 2. Secular eccentricity evolution of the
figure shows the evolution of the eccentricities of Jupited a  jupiter-Saturn pair
Saturn: both are rapidly damped below 0.01. Thus, a smooth
radial migration through the planetesimal disk, as oriljna One can study the secular dynamics of a pair of planets as de-
envisioned by Malhotra (1995) cannot explain the currestribed in Michtchenko & Malhotra (2004). In that case thapl
eccentricities (nor the inclinations) of the orbits of thewd ets are assumed to evolve on the same plane and are far from mu-
planets. tual mean motion resonances. The Hamiltonian describigig th
interaction is averaged over the mean longitudes of thespdan
Then, how did Jupiter and Saturn acquire their curreiihis averaged Hamiltonian describes a two-degrees-efifrm
eccentricities? In Tsiganist al. (2005), the foundation papersystem, whose angles are the longitudes of perihelia ofthe t
for a comprehensive model of the evolution of the outer Solptanets:w; and w,. The D’Alembert rules (see Chapter 1 of
System — often called thBlice model — it is argued that the Morbidelli, 2002), ensure that the Hamiltonian dependy aml
current eccentricities were achieved when Jupiter andr@atthe combinatiom\w = w; — w,. Thus the system isfiectively
passed across their mutual 2:1 resonance, while migratingréduced to one degree of freedom, which is integrable. This
divergent directions under the interactions with a plasiatal means that, in addition to the value of the averaged Hanton
disk. They indeed showed that threeaneccentricities of Jupiter itself, which will improperly be called “energy” hereafte¢he
and Saturn are adequately reproduced during the resonasygem must have a second constant of motion. Simple algebra
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Frequency Value'{yr) PhaseY)

0.06 0.08 Os 4.26 30.67

== 9o 28.22 128.11
0.03 - a }\ 0.04

Table 1. Frequencies and phases for the secular evolution of

\\\\\ \\% Jupiter and Saturn on their current orbits.
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Fig. 3. Global illustration of the secular dynamics of the Jupite
Saturn system. The bullets represent the current values ef
andAw.

Fable 2. CoficientsM ik of the Lagrange—Laplace solution for
i

the Jupiter-Saturn system. The fogents of the terms with fre-

guencies other thagy andgs are omitted.

on canonical transformations of variables allows one tos@ro
that this constant is

in figure @) and one aAw = & (marked by a cross). Thus,
K= ”flv,ulal(l— V1- ef) + W&V#zaz(l— V1- e%) . (1) there are three kinds of energy level curves along which the

Jupiter-Saturn system could evolve: those along whieh
wherey; = G(M + m), Y = mM/(M + m), M is the mass of Jibrates around (type 1), those along whiche circulates (i.e.
the starG is the gravitational constant amd, a ande are the assumes all values from 0 tar2ype Il) and those along which
mass, semi major axis an eccentricity of each planet. Nate tAz librates around 0 (type Ill). Notice that while type Il cusve
K, calledangular momentum deficictually measures the devi-wrap around the stable equilibrium &t> = = in the left panel,
ation in angular momentum for an eccentric two-planet systethe curves wrap around the stable equilibriumat = 0 in the
with respect to a system of two planets, both on circularteybiright panel. This means that during the circulation’a$, the
with the same values @. Now the global secular dynamics ofeccentricity of Jupiter has a maximum what = = while that
the system can be illustrated by plotting level curves oféhe of Saturn has a maximum whevr = 0. The real Jupiter-Saturn
ergy over manifolds defined by the condition tiats constant. system has this type of evolution.

Figure|} shows the result for the Jupiter-Saturn system.

The value ofK that we have chosen corresponds to the current we stress that there is no critical curve (separatrix) sgpar
masses, semi major axes and eccentricities of these pldihets ing the evolutions of type I, Il and I11. By critical curve weean
left panel illustrates the dynamics in the coordinagsosAw@ 3 trajectory passing though (at least) one unstable eqjuiiib
and e;sinAw, while the right panel uses the coordinategoint, along which the travel time is infinite; an examplehs t
es cosAw andes sinAw, wheree, refers to the eccentricity of curve separating the libration and circulation regimespemdu-
Jupiter ands to the eccentricity of Saturn. The bullets represemim. In this respect, Speaking of “resonance” when librates,
the current configuration of the Jupiter-Saturn system. ¥éss s it is sometimes done when discussing the secular dynafnics
that the two panels are just two representations ofsthie extra-solar planets, is misleading because the word “ersmet,
dynamics. The same level curves of the energy are plottedifthe classical dynamical systems and celestial mechagies
both panels. Thus, the" level curve counting from the triangle minology, implies the existence of such a critical curve.
in the left panel corresponds to th€ level curve counting from | addition to using phase portraits, the secular dynanfics o
the triangle in the right panel. Indeed, the dot represerttie  the Jupiter-Saturn system, or any pair of planets with sewll
current Jupiter-Saturn configuration is on the Bvel curve centricities, can also be described using the classicalarag-
away from the triangle on each panel. The secular evolutipRp|ace theory (see Chapter 7 in Murray & Dermott, 1999)sThi
of the system has to follow the energy level curve that pass@gory, which is in fact the solution of the averaged probtim
through the dot. The other energy curves show the seculgfihed above, in the linear approximation, states thagticen-

evolution that Jupiter and Saturn would have had, if theesgst yricities and longitudes of perihelia of the pair of planetslve
were modified relative to the current configuration, presgrv 5q:

the current value oK. We warn the reader that the dynamics

illustrated in this figure is not very accurate from a quatitie  e; cosw; = MssC0Sas — Msg COSag

point of view, because we have neglected tlfiecs of the ¢;sing; Mss Sinas — Ms g Sinag

nearby 32 mean motion resonance between Jupiter and Satuscosws = Mg s CoSas + Mg COSag

Nevertheless all the qualitative aspects of the real dyosiatie  eg sinwsg Mg s Sinas + Mg g Sinag (2)
correctly reproduced.

whereas = gst + 85 andag = gst + Bs. Heregs andgg are the
We remark that the global secular dynamics of the Jupitexigenfrequencies of the system, wileandgs are their phases
Saturn system is characterised by the presence of two stadtle = 0. In equation |Z|2) alM;x > 0. TabIes[El anﬂz report the
equilibrium points, one af\ew = 0 (marked by a triangle values of all the cocients, obtained from the Fourier analysis
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of the complete 8-planet numerical solution (Nobtlal., 1989). to one looping around the equilibrium Ats = 0.

There is a one-to-one correspondence between the relativeFurther increasing the amplitude of the mode relative to
amplitudes of the cdicientsM; and the three types of seculatthat of thegs mode, eventually results iMgs also becoming
evolution illustrated in figurﬂ 3. We detail this relatioishe- larger thanMgg. Now, all quantities in equationE (6) arﬂ (7) are
low, in order to achieve a better understanding of the ptaget positive, which means the the system follows an energy level
evolutions illustrated in the next sections. curve of type Ill, along whictAw librates around 0. Notice that

the value ok; cosAw atas — ag = m jumps from—(Mss + Msg)

From equation|]2) the evolution ef cosAw andes cosAw  to (Mss + Msg), which means that the the level curve in the left
(the quantities plotted on theaxes of the panelsin figuﬂs 3) arepanel of figure[IS flips from one going around the equilibrium

point atAw = & to one going around the equilibriumatz = 0.
€);COSAw = [M5,5M6,5 - MS,GMG,G

+(Ms5Me — Ms 6Me5) COS@rs — as)] /€s Finally, when the amplitude of thgs mode is zero, the sys-
€s CosAw = [MssMes — MseMee tem is on the stable equilibrium Atz = 0 (the cross in figurf] 3).
+(MssMes — MssMgs) COSlrs — as)| /65 (3)
where Below we discuss how the secular dynamics of the planets
changes as they migrate away from each other and are also sub-
e = \/Mé’s N Més — 2MssMs 6 COS{rs — ) (4) |r2t|it;[)end to dynamical friction, exerted by the planetesimapip-
and
> > 2.1. Migration and the evolution of the secular dynamics
€s = \/M65 + M66 + 2M6,5M6,6 COS@/5 - a/e) . (5) . . i . . .
' ' Let's imagine two planets migrating, without passing thgu
Whenas — ag = 0 one has any major mean motion resonance. A good example could
) be Jupiter and Saturn migrating from a configuration with
€3C0sAw = (Mss — Msg)sign(Mes + Mg) orbital period ratioPs/P; slightly larger than 2 to their current
esCosAw = (Mgs + Mgg)signMss — Msg) , (6) configuration, withPs/P; slightly smaller than 2.5.

where sign() is equal te-1 if the argument of the function is
negative,+1 if it is positive and O if it is zero. Instead, when
a5 — ag = m one has

The migration causes the semi-major axis ratio between the
planets to change. Thisffacts the values of the cfiients
Mk since they depend explicitly on the above ratio; in turn,
e;c0sAw = (Mss + Msg)signMes — Me,g) this dfects the global portrait of secular dynamics. However,
es cosAw = (Mss — Meg)Sign(Mss + Ms) . (7) if the migration is slow enough, the amplitude of oscillatio

around the equilibrium point is preserved asaliabatic invari-
Now, suppose that the amplitude corresponding to ¢ge ant(Neishtadt, 1984; Henrard, 1993). More precisely, it can be
frequency is zero, i.eMss5 = Mgs = 0. Then, the dependencedemonstrated that the conserved quantity is
of equation |[8) onas — ag vanishes and, from equatioﬁl (6)
or equation |([7), one sees that the system is located at the / /—( [ )
equilibrium pint atAw = 7, so thate; = Msg andes = Mgg jw My VGuaas (1 ! eﬁ dAw (8)
(the point marked by a cross in figLEIe 3).

which is the action conjugate tw, and Wheresﬁ denotes the

Let us now gradually increase the amplitudes of tae integral over a closed energy curve (i.e. a bounded trajgcto
mode, relative to that of thgs one. This implies increasing that characterises the secular motion of the two planetsn(as
Mss and Mgs at the same rate, while keepindss and Mg figureﬁs), if migration is frozen. Therefore; during migratithe _
fixed. Initially, whenMs s and Mg s are small compared thls planet_s would react to the slow changes in the global d_yrﬁmlc
and Mg, all quantities in equationg](6) anfl (7) are negativ@ortrait, by passing from one energy curve to another in such
and therefore the evolution of the system follows an enert{ay as to preserve the quantity in equatign (8), i.e. thellation
level curve of type I, along whicAw librates aroundr. The @amplitude around the stable equilibrium point remains tats
distance of this curve from the equilibrium point, which vadlc Since for Jupiter and Saturn this amplitude is relateMig, it

amplitude of oscillationhereafter, is directly proportional toturns outthatany smooth migration should not have chariged t
Ms s or Mgs. codficient significantly. In the next section the additionfiket

of dynamical friction is analysed.

SinceM5,6 < MG,G and M6,5 < M5,5, then Wheri\/l5,5 = M5,6
one hadMgs < Mgg. This implies that increasing the amplitud
of the gs mode eventually brings us to the situation whistgs
becomes larger thalls g, but Mgs is still less thanMgg. Now
the value ofe; cosAw atas — as = 0 i.e.Ms5 — Msg becomes Dynamical friction is the mechanism by which gravitating
positive. When additionallyrs — ag = n its value remains objects of diferent masses exchange energy so as to evolve
negative, i.e—(Mss + Msg). Thus, the system now evolves ortowards an equipartition of energy of relative motion (Sasl
an energy curve of type I, along whidkw circulates. Notice 1985). For a system of planets embedded in a massive popula-
that the value oks cosAw at as — ag = 7 remains negative, tion of small bodies, the eccentricities and inclinatiorighe
while the value atrs — @g = 0 jumps from—(Mes + Mgg) to  former are damped, while those of the latter are excitedy@te
(Mg + Mgg). Thus, the level curve in the right panel of figlﬂe & Wetherill, 1988).
flips from one looping around the equilibrium pointstr = 7

®.2. Dynamical friction and the evolution of the secular
dynamics
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Fig. 4. Effect of eccentricity damping on the evolution of JupiteFig. 5. The evolution of Jupiter and Saturn, as they pass across
and Saturn. In this experiment the damping force is appbed their mutual 2:1 resonance. In the bottom panel, Saturwsrec
Saturn only. The top panel shows the fimgentsMs s (filled cir-  tricity is the upper curve and Jupiter’s is the lower one.
cles),Msg (open circles)Mgs (filled triangles) andVigs (open

triangles) as a function of time. The bottom panel shows the e

centricities of Saturn (open circles) and Jupiter (filledtleis). by applying Fourier analysis to the time series produced in
respectively six short-time integrations, where no eaueity

damping was applied. As one can see, allfoents decrease

In principle, each planet might fier dynamical friction with time, at comparable rates.

with different intensity, owing to a fierent location inside the
planetesimal disk. However, the planets are connecteddo eﬁ1
other through their secular dynamics, so that dynamioztidn, €
even if acting in an unbalanced way between the planetss tu
out to have a systematic nefect.

Thus, we conclude that, whatever the initial configuratibn o
planets, smooth migration and dynamical friction cammo
ﬁiease the amplitude of tlyg term and cannot turn the libration
of Aw into a circulation. This result will be relevant in the next
section.

To illustrate this point, consider again the Jupiter-Satur
system of figur¢]3 and suppose that dynamical friction isiagpl 3 The effect of the passage through the 2:1
only to Saturn. The eccentricity of Saturn is damped, so the resonance
value of K is reduced. Consequently, the location of the two
stable equilibrium points has to move towarels= 0. If the We now consider the migration of Jupiter and Saturn, intial
adiabatic invariance of equatiorﬂ (8) held, the amplitude oh quasi-circular orbits, through their mutual 2:1 meaniorot
oscillation around the equilibrium point would be presetveresonance. Tsiganist al. (2005) argued that this passage
eventually turning a libration ckw into a circulation. However, through the resonance is responsible for the acquisiticihef
the adiabatic invariance does not hold in this case. Theoreagurrent eccentricities of the two planets.
is that dynamical friction damps the eccentricity of Saturn
and therefore damps both thdss and the Mgs codficients. Figure [5 shows the fiect of the passage through this
Since theMss and Mgs codficients are relatedMss is also resonance, starting from circular orbits. The simulatien i
damped. In other words, the amplitude of oscillation arourajain done using the Swift-WHM integrator, but in this case
the equilibrium point is damped, and so the valuelgfiven in the equations of motion are modified so as to induce radial
equati0n|ZI8) decays with time. migration to the planets, with a rate decaying as exfx).

No eccentricity damping is imposed. In practise, at every

As a check, we have run a simple numerical experimetimesteph the velocity of each planet is multiplied by a quantity
We have considered a Jupiter-Saturn system with semi majbr ), with 8 being proportional tdexp(-t/). For JupiteiB
axes 5.4 and 8.85, with relatively eccentric orbits and dargs negative and for Saturn it is positive, so that the two etan
amplitude (60) of apsidal libration aroundvw = 180C°. We migrate inwards and outwards respectively, as observed in
have integrated the orbits using the Wisdom-Holman (Wisdorealistic N-body simulations (Fernandez & Ip, 1984; Hahn &
& Holman, 1991) method, with the code Swift-WHM (LevisorMalhotra, 1999; Gomest al, 2004). We choose = 1 Myr.
& Duncan,1994). We used a time-step of 0.1 y and modified
the equations of motion so that a damping term is included for The top panel of Figurﬂ 5 shows the ratio of the orbital
the eccentricity of Saturn only. Figuﬂa 4 shows the resutie T periods of SaturnHs) and Jupiter P;) as a function of time.
bottom panel shows the evolutions of the eccentricitieshef tWe stop the simulation well befoties/P; achieves the current
two planets, wheres is represented by open circles amdby value, to emphasise th&ect of the 2:1 resonance crossing. The
filled circles: both are damped and decay with time at the samméddle panel showaw as a function of time. The bottom panel
rate. The top panel shows the amplitudes of theffiments shows the evolutions of the eccentricities of Jupiter antdirda
of equation K|2), i.eMss (filled circles), Msg (open circles), where the lower trajectory corresponds to Jupiter and tipeup
Mss (filled triangles) andMges (open triangles), computed atcurve corresponds to Saturn. We notice that the orbitabgeri
six different points in time. The computations were performertio abruptly jumps across the value of 2. Correspondinéy
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T [Myr] M5‘5 x 1073
e Lo
Y . A=\ 5 7.49
5 R 10 7.02
T .\\ s ff B 20 5.05
L\ 1V NI NS i upi
-0.035|- 0.05 ] Table 4. Values ofMs 5 in Jupiter after the 2:1 resonance cross-
g V & g ing with Saturn as a function of the migration e-folding time
-0l0-70.07 -0.035 0 0.035 0.07 -0-]:0.1 -0.05 0 0.05 0.1 T
€;cosA w €5 COSA W

are always comparably small. Thus, we conclude that the 2:1

resonance crossing, although it explains the cumergnvalues

of the eccentricities of Jupiter and Saturn, cannot by fitsel
Fig. 6. Similar to figure[B but after the 2:1 resonance crossing.explain the current secular dynamical structure of theesyst

J\K 5 6 Let us now provide an interpretation of the behaviour ob-
served in the simulation. The dynamics of two planets in the
vicinity of a mean motion resonance can be studied following

5 0.00272  0.00275 Michtchenkoet al. (2008). For the 2:1 resonance, the fundamen-
6 0.0378  0.0854 tal angles of the problem are
o3 = Aj— 2/13 + @)
Table 3. CodficientsM; of the Jupiter-Saturn secular system Ao = wy-ws. )
the end of the simulation illustrated in flgLﬂe 5. The motion of the first angle is conjugated with the motion

of the angular momentum defidk of the planets, defined in
equation Kll). The motion of the second angle is conjugatéd wi

eccentricities of Saturn and Jupiter jump<®.07 and~ 0.045, the motion of the quantitQs = ms VGusas (1 - 1= eé)

which, as noticed by Tsigan& al. (2005), are quite close to thelf the system is far from the resonance, the motiorrgfcan
current mean eccentricities of the two planets. During these- be averaged out. Thdf becomes a constant of motion and the
guent migration, the eccentricity of Saturn increases sdmé secular dynamics described in the previous section is eredv
and that of Jupiter decreases respectively. The two plamégs In particular, if the planets migrate slowly enough so thn t
into apsidal anti-alignment (i.&w librates around 180 degrees)adiabatic invariance of — see equatior{(8) — holds, the ampli-
shortly before the resonance passage and the librationtadgl tude of oscillation around the stable equilibrium point bét
shrinks down to~ 10° as the eccentricities o the two planetsecular dynamics has to remain constant. However, as rioigrat
grow. The crossing of the 2:1 does not seem to significanttpntinues, the approach to the mean motion resonance fiwees
affect the libration amplitude, which remains of the order dbcation of the equilibrium point to shift to larger ecceaity.
~ 10° during the post-resonance-crossing migration (see alfbus, by virtue of a geometridiect, the apparent amplitude of
Cuk, 2007). As a result of this narrow libration amplitudee t libration of Aw has to shrink as the eccentricities increase. This
eccentricities of Jupiter and Saturn do not show any sign isfvisible in Fig.[§ in the phase before the resonance crgssin
secular oscillation. In practise, Jupiter and Saturn acatkd at
the stable equilibrium point of their secular dynamics, lesm As the planets are approaching the resonance, the angle
in figure[. This is very dferent from the current situationcan no longer be averaged out in a trivial way. However, an adi
(compare with figur{|3)_ TabE 3 reports the values offhg abatic invariant can still be introduced, as long as the sza&
codficients of equation[[2) at the end of the simulation. Thir the motion ofo is significantly shorter than that éfw and
Mss andMes s codficients, related to the amplitude of oscillatiorthat migration changes the system on even longer time scales
around the equilibrium point as explained in secfipn 2, @my v This invariantis
small; they are more than an order of magnitude smaller than
their current values. As discussed in secfiofn 2.1, theyavoat K = Q Kdo,, (10)
increase during the subsequent migration of the planetsuse
they behave as adiabatic invariants. Even worse, they wowtlere the integral is taken over a path describing the cauple
decrease if dynamical friction were applied. evolution ofK ando3, which is closed Qs andAw are frozen
(i.e. a trajectory of the so-called “frozen” system).

Simulations that we performed assuming larger values of
7 (i.e. slower migration rates) lead to the same result. The As shown in Michtchenket al. (2008), for a pair of planets
eccentricities of Jupiter and Saturn after the 2:1 resomanwith the Jupiter-Saturn mass ratio aed< 0.08, the dynamics
crossing are about the same as in figgre 5. The amplitudeodfthe 2:1 resonance presents one critical curve, or separat
libration of Aw is always between 6 and 15 degrees, with nfor the K, o-; degree of freedom and no critical curve for the
apparent correlation omr. TabIe|]4 recapitulates the resultsQs, Aw degree of freedom. Thus, when the resonance is reached
for what concerns the values of thdss codficient, which during the migration, the invariance @f is broken (Neishtadt,
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adiabatic approximation holds; Neishtadt, 1984).

After the resonance crossing, one can again average over
o3 and reduce the system to a one-degree of freedom secular
system. AsAw = =, Jupiter has to be on the negatixexis
of a diagram like that of the left panel of figuﬂa 6. Thus the
secular evolution of Jupiter will be an oscillation arourne t
, _ stable equilibrium afw = n. The amplitude of this oscillation
R PR a7 1 T Y Taary T depends on the value of the eccentricity of Jupiter acquated

Xme,pase, Sl resonance crossing, relative to the value of the stabldilequi

Fig.7. Left: the evolution ofo; ande; in polar coordinates. rium of the secular problem. It turns out that, for the masses
Right: the evolution ofcs and es. Before the resonance isof Jupiter and Saturn these two values are almost the same.
reached, both planets have nearly zero eccentricitiesofrdg Thus, the amplitude of oscillation is very small. We thinlatth
black dots). When the resonance is reached, both planefs juitis is a coincidence and that, in principle, it does not have
to the corresponding Region lIl, along tkeaxis and through the to be that way. In fact, we have verified numerically that the

“X”-point of the critical curve (grey dots). From the suppien- result depends on the individual masses of both planets, eve
tary material of Tsiganist al.(2005) for the same mass ratio. For instance, if the masses of dupite

and Saturn are both reduced by a factor 100, the eccemsiciti
of both planets jump te- 0.01 at resonance crossing, and this
puts Jupiter on a secular trajectory that briegslown to 0; that
1984), since the two time-scales of the motion are no moré wggJ, the secular motion is now at the boundary between type-I
separated. As the planets are migrating in divergent dinest and type-ll, as defined in sectitﬁh 2. This is caused byferint
they cannot be trapped in the resonance (Henrard & Lemaitsealing of the jumps ir; andes with respect to the planetary
1983). The resonant angtey has to switch from clockwise to masses and to aftiérent global secular dynamics in the vicinity
anti-clockwise circulation. Correspondingly, the quani has of the resonance, which in turn is caused by fiiedent relative
to jump to a larger value, that is the planets acquire an amguimportance of the quadratic terms in the masses.
momentum deficit. How this new angular momentum deficit
is partitioned between the two planets iffidult to compute a Once the planets are placed relative to the portrait of their
priori, because the dynamics are fully four-dimensional wo secular dynamics, their destiny is fixed. As they move awamfr
degrees of freedom) and, therefore, not integrable. the mean motion resonance, the secular portrait can change,
particular because the near-resonant perturbation térataite
As shown in figurg]7, there are clearly two regimes of motioguadratic in the masses rapidly decrease in amplitude.é-iec
in the portrait€Q;, oy andQs, os = A3 — 24s + ws (remember location of the equilibrium points can change, but the plane
thate ~ Q; andeZ ~ Qs). Before the resonance crossing (blackave to follow them adiabatically. This explains the slownoo
dots), the dynamics are confined in a narrofisaentred region tonic growth of the eccentricity of Saturn and the decay af ti
close to the origin of the polar coordinates. After the resme Jupiter, observed in the top panel of figE|re 5, while the atuqbé
crossing (grey dots), the dynamics fill a wide annulus, atyoe  of libration of Aw does not change (middle panel).
metric relative to the axis ces = 0. The curves in each panel
are free hand illustrations of the dynamics near and insfitsta
order mean motion resonance. The region filled by the blatik d
is bounded by the inner loop of the critical curve (labelléd | Since the passage of Jupiter and Saturn through the 2:1 reso-
the plot). The annulus filled by the grey dots is adhesivetsat hance, starting from initially circular orbits, producesescular
inner edge, to the outer loop of the critical curve. The jump isystem that is incompatible with the current one, we now
eccentricity observed at the resonance crossing correéspgon explore the fects of the passage of these planets through a
the passage from the region inside the inner loop to thatdritsseriesof resonances. This is done to determine whether or not
the outer loop. such evolution could increase the value\is in both planets.
Thus, in practise, it is as if each planet saw its own reso-
nance: the one with critical angle; for Jupiter and the one ~ We set Jupiter and Saturn initially on quasi-circular arbit
with critical angleos for Saturn. The two resonances are jugust outside their mutual 3:2 resonance. The choice of these
two slices of the same resonance, because only one criticdtial conditions is motivated by the result that duringeth
curve exists (Michtchenket al,, 2008). This is the reason whygas-disk phase, Saturn should have been trapped in the 3:2
the eccentricities of both planets jump simultaneousle ZH resonance with Jupiter (Morbidelkt al, 2007; Pierens &
resonance is structured by the presence of a periodic albitg Nelson, 2008). Once the gas disappeared from the system, the
which o; and Aw remain constant and are equal to 0 and two planets should have been extracted from the resonance at
respectively (Michtchenket al, 2008). AsAw = o3 — os, low eccentricity, by the interaction with the planetesimalnd
the phase portrait of the-; resonance and that of thes subsequently start to migrate.
resonance are rotated by 180 degrees, with respect to each
other. ThusQ; reaches a maximum whery = 0 andQs when In the above setting, our planets are forced to migrate
os = n. Consequently, when the planets reach their maximlough the 5:3, 7:4, 2:1, 9:4 and 7:3 resonances, ending up
eccentricities and the angles start to circulate anti-clockwisegclose to their current location in semi major axis (i.e. Isiig
Aw has to be~ 1807 (see figureﬂ?). It is evident that the resulinterior to the 32 resonance). In the migration equations we set
of this transition through the resonance depends just on theo that it takes about 40 Myr to realg/P; ~ 2.5 although,
resonance topology and not on the migration rate, as longeas &s we saw before, the migration timescale has little infleent
latter is slow compared to the motion of theangles (i.e. the the resonantféects. The result of this experiment is shown in

§- Passage through multiple resonances
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25 ; ; ; ; ; ; : through a sequence of mean motion resonances is not enough to
achieve their current secular configuration. A richer dyitars
required, likely involving interactions with a third plamne

P/Py

5. Three-planet dynamics

From the discussions and the examples reported abovevités g
clear that, to enhance the amplitudes of ¢genode, it is nec-
essary that the eccentricity of Saturn receives a kick thabt
counterbalanced by a corresponding increase in the eaigntr
of Jupiter (or vice versa). This would indeed move the planet
away from the stable equilibrium point of their secular dyna
ics, thus enhancing the amplitude of oscillation arounsl pioint
and, consequentiil;s. Given that Jupiter and Saturn are not
alone in the outer solar system, in this section we invetgitiee
effect that interactions witla third planet with a mass compa-
Fig. 8. Like figure[$, but for Jupiter and Saturn evolving throughable to that of Uranus and Neptune, which we simply refer to
a sequence of mean motion resonances, from just outside tiaSi 'Uranus’, has on the Jupiter-Saturn pair. We first address the
mutual 3:2 commensurability up to their current location.  effects of the migration of Uranus on a quasi-circular orbieffh
we study the ffects of its migration on an initially eccentric or-
bit and, finally, we address the problem of encounters amuag t

figure 8, which is similar in format to figurd 5. The horizontaPlanets.
lines in the top panel denote the positions of the resonances
mentioned above. Notice a distinct jump in the eccentesiti 5 ;. Migration of Uranus on a quasi-circular orbit
of both planets at each resonance crossing. In order to reve
the system from becoming unstable, we applied eccentriclijpe main mean motion resonance with Saturn that Uranus
damping to Saturn, so to mimic th&ect of dynamical friction can go through is the 2:1. Thus, this is the resonance cssin
and reach final eccentricities that are similar to the cumezan that we focus on here. Given that, as we have seen in the
values of the two planets. The parameters for the simulatiprevious sections, theffect of a passage through a mean
depicted in figure[|8 are = 25 Myr andes = -2 x 108 yr-1. motion resonance is quite insensitive to the migration,rate
The dfect of damping is visible in the eccentricity evolutionthe initial location of the planets etc., the main issue thay
after the 2:1 resonance crossing; we will discuss tiieceon potentially lead to dferent results is whether the crossing of
the motion ofAw below. the 2:1 Saturn-Uranus resonance happened before or after th
putative crossing of the 2:1 Jupiter-Saturn resonanceviBele
The middle panel of figurH 8 shows that the passage throughestigate each of these two cases.
the 7:4 resonance significantly increases the librationlizuncle
of Aw. In fact, the amplitude of th&lss term in @), increases  To have the crossing of the Saturn-Uranus resonance
from 9 x 10 before the resonance crossing, t®1® after happen first, we have performed a numerical experiment, with
the crossing. The passage through the 2:1 resonance, hpwevaturn and Jupiter having initially a small orbital periedio
shrinks the amplitude of libration &fw. This happens because(Ps/P; = 1.53), and Uranus and Saturn having an orbital
the 2:1 resonance crossing, as we have seen in the previpesod ratioPy/Ps ~ 1.95. The exact initial locations are
section, does not enhandéss (it remains equal to 019 in not important, as long as they do not change the order of the
this simulation) but does enhance the overall eccenggitif resonance crossings. All planets initially have circuldbits.
the planets. As explained earlier, this causes the ampliaid The three planets are forced to migrate to their currentiposi
libration of Aw to decrease. with 7 = 5 Myr. Eccentricity damping is imposed on Saturn and
Uranus, to mimic dynamical friction, with forces tuned such
Notice from figure[B that, after the 2:1 resonance crossirigjat, at the end of the simulation, Uranus approximatelgitea
the amplitude of libration ofAw starts to increase, slowly andits current eccentricity.
monotonically. This is caused not by an enhancement of the
amplitude of oscillation around the equilibrium point ofeth Figure[SP shows the result. The top panel shows the pericentre
secular dynamics, but by the damping of the eccentricitfes @and apocentr® of the planets which, from top to bottom, are
the planets. It is the opposite of what was just describedrbef Uranus, Saturn and Jupiter respectively. The separatimngm
a geometrical #ect. In reality, the value o5 is decreasedo these curves gives a visual measure of the eccentricity eof th
0.015 (from 0.019) during this evolution. Hence, at the end afrbit of the respective planet. The middle panel shaws for
the simulation, the amplitude of theg mode is about a factor Jupiter and Saturn.
of 3 smaller than in the real secular dynamics of Jupiter and
Saturn. Without eccentricity damping, the amplitude of the In this simulation, Uranus crosses the 2:1 resonance with
mode would have remained equaki®.019, still much smaller Saturn att ~ 0.9 Myr. This gives a kick to the eccentricity
than in the current Jupiter-Saturn secular dynamics. of Uranus (itsg, Q-curves abruptly separate from each other)
and, to a lesser extent, to the eccentricity of Saturn. This
Several other experiments, changing the initial cond#iosudden increase in the eccentricity of Saturn moves thédestab
slightly or the migration speer] lead essentially to the same reequilibrium point of the Jupiter-Saturn secular dynamissya
sult. Thus, we conclude that the migration of Jupiter andi®at from e; ~ es ~ 0. However, the eccentricity of Jupiter does

Aw[]
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Time [Myr]
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Fig.9. A three-planet migration simulation, in which both the=ig. 10. A three-planet simulation, with Uranus initially on an
2:1 resonance between Uranus and Saturn and the 2:1 resonancentric orbit and migrating to its current location. Nagna-
between Saturn and Jupiter are crossed. tion is imposed on Jupiter and Saturn.

not receive an equivalent kick by this resonance crossimg, s Myr. The 2:1 resonance crossing between Uranus and Saturn
remains close to zero. Consequently, Jupiter must staliego again kicked the eccentricity of Saturn, which in turn erdeah
secularly along a trajectory close to the boundary betwgset the amplitude of thegs term. In this case, the final value of
and type-Il curves (see sectiﬂ1 2); in other woMigs ~ Msg. the Mss codficient was 0.014, i.e. of the same order as in the
This is the reason why the amplitude of librationtaf changes previous experiment.
abruptly at the Uranus-Saturn resonance crossing, antigsac
an amplitude of- 180°. Given the above results, we conclude that, no matter when
the Uranus-Saturn 2:1 resonance crossing occurs, themeeis-a
The interim between 0.9 and 3.3 Myr is characterised Bigncement of the amplitude of tige term, as expected, but it
large, long-periodic, oscillations of the eccentricitydfanus, iS too small (by a factor of 3) to explain the current Jupiter-
which correlate with the modulation of the amplitude of éibr Saturn secular system. It appears that the mass of Uranuis is t
tion of Aw. These oscillations have a frequency equaste g7, small to provide enough eccentricity excitation on Saturdnen
whereg; is the new fundamental frequency that characteriseassing through a mean motion resonance with it.
the extension of[[2) to a three-planet system. Soon after the
Uranus-Saturn resonance crossing; g7 is small and therefore
the oscillations have large amplitude. As Uranus depads fr
the resonance with Saturiy; decreases; at the same timeln the current solar system, the proper frequency of padheif
gs increases, since Jupiter approaches the 2:1 resonance Withnusg,, is smaller thams (3.1 and 4.3'/yr, respectively). If
Saturn. Hence, the oscillation with frequerggy— g; becomes Uranus was much closer to Saturn, howegghad to be much
faster and its amplitude deceases. This sequence of imugbas larger too. For instance, if Uranus were just outside the 2:1
shorter oscillations reduces the overall amplitude oflilon of resonance with Saturn (say = 14.8 AU andas = 8.6 AU), g;
Aw to approximately 40 degrees. was~ 6.5”/yr. One might then wonder if, during the migration
of Uranus thegs = g7 secular resonance could have occurred.
At t ~ 3.3 Myr, Jupiter and Saturn cross their mutuaDn the other hand, if Jupiter was closer to Satggrwould have
2:1 mean motion resonance, which has theas that we been higher as wellgs > 6.5"/yr if Ps/P; < 2.2. Thus, the
discussed before. The amplitudeMi s is roughly preserved in occurrence of thgs = g; resonance depends on the locations of
this resonance crossing, as already illustrated in se@idts both Jupiter and Uranus, relative to Saturn.
value att = 4 Myr is 0.010, much larger than in sectign 3 but
still about a factor of four smaller than the current valubeT To see the #ect of this secular resonance, we performed an
Mss codficient receives an additional small enhancement iealised experiment, in which we placed Jupiteaat 5.2 AU,
t ~ 7.5 Myr, when Jupiter and Saturn cross their 7:3 resonan@aturn atag = 9.5 AU and Uranus agy = 16 AU with an
but this does not change the substance of the result. eccentricity of 0.25. The initial eccentricities anad for Jupiter
and Saturn were taken from a run, in which these planets gasse
To reverse the order of the resonance crossings, we havethmough their mutual 2:1 resonance and migrated up to the
a second experiment, in which we placed Jupiter and Satstn jlocations reported above. Hendes would librate with very
beyond their 2:1 resonanc®d4/P; = 2.06), on orbits typical small amplitude, in the absence of Uranus. In this experimen
of those achieved by the 2:1 resonance crossing (see sE()tionhe latter was forced to migrate towards its current locgtiath
This means that Jupiter and Saturn are in apsidal libration= 2 Myr. No migration was imposed on Jupiter and Saturn.
around 180, with an amplitude of thgs mode that is small in Since initiallygs = 4.4”/yr andg; > gs, thegs = g7 resonance
both planets, compared to the current value (see Bable 8hudr crossing had to occur during this simulation. No eccertyrici
was placed on a circular orbit af, = 12.5. Again the planets damping was applied to any of the planets in this run.
were forced to migrate to their current locations, with= 5

5.2. Migration of Uranus on an eccentric orbit
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The result is shown in figu@lo. In the first part of the simu- 30 ; ; ; ; ; ; ; ;
lation (t < 1.3 Myr) the amplitude of libration oAz, which is 25 | vM 1
initially very small, sufers a large modulation, correlated with {
the oscillations of the eccentricity of Uranus. The dynasiiere
are in analogous to what we described before, for the intering 14
between the two mean motion resonance crossings in fijure 9. |
Att ~ 1.3 Myr, thegs = g7 resonance is crossed. This leads to 0 1 1 1 1 s s s s
an exchange of angular momentum between Uranus and Jupiter. 0 2 4 6 8 10 12 14 16 18
The eccentricity of Uranus decreases a bit, while the vafue o
the Ms5 codficient is enhanced. As a respongdey starts to
circulate. The final value oMs5 is 0.04, essentially matching
the current value.

Q[AU]

]

Aw|

Although Jupiter has to be far from Saturn to have a genuine
secular resonance crossing, we have found that more realist 0
simulations, in which Jupiter and Saturn are initially much T My
closer to each other — so to be able to migrate in the correct
proportion with respect to Uranus — can lead to interestifgd. 11. Example of an encounter between Uranus and Saturn.
results as well. The reason is that, although from the béggnn The plot is similar to figur§]9.
g7 < Os, the two frequencies can become quasi-resonant; such
interactions also allow for a significant transfer of ecceity
from Uranus to Jupiter and can excite the valudfgg up to the their 2:1 mean motion resonancBs(P; = 2.06), on orbits
current figure. typical of those achieved during the 2:1 resonance crogsing

apsidal anti-alignment with negligible oscillation antpde).

However, the reader should be aware that, while ffteceof Uranus was placed on an orbit with semi-major axis ranging
mean motion resonances is quite insensitive on parametdrs from 11.8 AU to 13.4 AU at 0.2 AU intervals, with an initial
initial conditions, in the case of a secular resonance, tihgome eccentricity of 0.1. This value of the eccentricity is of reler
depends critically on a variety of issues. More precisdig t of that achieved by Uranus, under the secular forcing induce
effects of thegs = gy resonance, or quasi-resonance, mubly Jupiter and Saturn. The system was then allowed to evolve
depend on the eccentricity of Uranus, the migration timesca under the mutual gravitational forces and external migrati
and the position otwy relative tow;, immediately before this forces. For all simulations, the e-folding time for the naition
resonant interaction. The reason for the first dependertbais forces was set at 5 Myr. Eccentricity damping was applied to
ey sets the strength of the secular resonance. The dependém@mus and Saturn, the values beigg = -2 x 108/yr and
ont andwy has to do with the fact that the timescale associatéd = —1.2 x 10~7/yr. The damping ca@icient for Uranus was
with a secular resonance is very long, of the order of 1 Mysssumed to be six times larger than that of Saturn because, in
Thus, migration through a secular resonance, unlike ni@rat principle, Uranus is morefiected by the planetesimal disk than
through a mean motion resonance, is not an adiabatic procelsse gas-giants. The strength of the damping term was cadithra
at least for values of up to 10 Myr that we are focusing onso that the post-encounter evolution of the eccentricity of
here. Thus, the time spent in the vicinity of the resonanak atranus follows the one seen in the fiNFbody simulations of
the values of the phases at which the planets enter the ms®na siganiset al. (2005). These details are not very important,
have important impact on the resulting dynamics. because we focus here on the final secular dynamics of Jupiter

and not on the final orbit of Uranus. The latter is very sevsiti

Given the above, we conclude that the secular interactitmthe prescription of damping, but not the former as we have
with an eccentric Uranus is a mechanism that is potentialigen in sect. 2.2. Uranus was typically found to be scattered
capable of exciting thegs mode in the Jupiter-Saturn systerrby Saturn (and sometimes by Jupiter). The simulations were
to the observed level, but this mechanism is quite un-genetopped once the phase of encounters among the planets ended
Moreover, if we invoked an eccentric Uranus to explain theither because Uranus was decoupled from the giant planets,
origin of the Jupiter-Saturn dynamical architecture, wauldo due to eccentricity damping, or because it was ejected fhmm t
still need to explain how Uranus got so eccentric in first placsystem.

Finally, thegs = g7 secular resonance cannot alone explain the

excitation of the planetary inclinations, which will be dissed The simulations that yielded the best results in terms of fina
in section 7. For all these reasons, we continue our search fi¢s s value are those with initial semi-major axes of Uranus
a better mechanism and consider below tffea of planetary a; < 13 AU. In these successful simulations, a total of four or
encounters. 20%, the average final value bfs 5 was approximately 0.04, in
very good agreement with the current configuration. Fi@e 1
gives an example of evolution from one of these successfig, ru
and is similar to figurg]9 and figufe]10. As seen in our results,
Close encounters between Uranus and Saturn could potentiiditially placing Uranus further away from Saturn results i
be a very @lective mechanism for kicking the eccentricity ofencounters that are too weak to pump updhenode in Jupiter.
Saturn and enhancing the amplitude of tigenode.

5.3. Planetary encounters with Uranus

In summary, we conclude that encounters between Saturn
To investigate this, we have run a series of twenty sinand Uranus constitute arffective and quite generic mechanism
ulations, where the initial semi-major axes of Jupiter arfdr achieving a final secular evolution of the Jupiter-Satsys-
Saturn were chosen such that these two planets are justi®utsém that is consistent with their current state. Compareallto
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35 : : : : : is a bit small, but well within a factor of 2 from the real value
Another Nice-model run from the same Gometsal. (2005)
study gave an essentially identical result. However, adthir
simulation gaveMss = 0.059, which is higher than the real
value. In a fourth simulation, in which not only Saturn bugal
Jupiter encountered an ice giant, a value close to the raal on
was again recoverd, nameMss = 0.037. Given the chaotic
nature of planetary encounters and that the resulggvalues

are close to the real one (0.044) or even larger (e.g. 0.089),
conclude that the Nice model is able to reproduce the secular
architecture of the Jupiter-Saturn system.

30

25+

a4, Q[AU]

In principle, depending on the initial separations between
Saturn and the innermost ice giant, the Nice model can also
860 P 900 920 920 give pla_netary evolutions in which encounters between rBatu
Time [Myr] and an ice giant do not occur (only the ice giants encourgerin
) ) ) S each other; see Tsigan& al., 2005). These evolutions have
Fig. 12. Sample evolution of the giant planets in ﬂNmemodeI_ been rejected already in Tsigares al (2005), because they
(from Gomest al, 2005). Each planet s represented by a pair @fad to final mean eccentricities (and inclinations) that tao
curves, showing the time evolution of their perihelion apti&  small and an orbital separation between Saturn and Uraatis th
lion distance. is too narrow et the end. They also lead to a valudlgf that
is much too small compared to the current value, because the
2:1 resonance crossing alone is not capable of pumping the
excitation of thegs mode, as we have seen earlier.

other mechanisms investigated in this paper, which eitberad
work or work only for an ad-hoc set of conditions, planetrgh
scattering is our favoured solution to the problem of thgiarof
the secular architecture of the giant planet system. Ini@eﬁt
we provide further arguments in favour of this conclusion.

At this point, one might wonder whether the Nice model, in
the version with Saturn-Uranus encounters, is the only hode
capable of this result. From the study reported in this paper
seems likely that encounters among planets might ffecsnt
to excite the modes of the final secular system, without any
need for Jupiter and Saturn crossing their mutual 2:1 resmma
The work presented above shows that a combination of threother words, one might envision a model where Jupiter and
effects provided by the 2:1 resonance crossing between Jup&eaturn formed on circular orbits, well separated from edbbro
and Saturn and by encounters @rdsecular interactions with in the beginning, so th&s/P; was always larger than 2. These
an eccentric Uranus, can produce a Jupiter-Saturn systaim filanets then had close encounters with other planetaryysrspr
behaves secularly like the real planets. which at the end left them on eccentric orbits with both gge

andgs modes excited.

The 2:1 resonance crossing, the encounters among the
planets and the high-eccentricity phases of Uranus anduNept A single encounter of an embryo with one planet would not
are essential ingredients of the Nice model (Tsigaetisal, work because, by kicking the eccentricity of one planet aoid n
2005; Gomest al, 2005; Morbidelliet al, 2007). Thus, we of the other, it would produce a secular system Witk ~ Ms g
expect that this model not only reproduces the mean orbitiélthe embryo encountered Saturn) or withss ~ Mg (if the
eccentricities of the planets, as shown in Tsigatial. (2005), embryo encountered Jupiter). The real system figdint from
but also the correct architecture of secular modes. Cugipughese two extremes. However, multiple encounters with one
this has never been properly checked before, and we do sgilanet or with both of them should do the job. To achieve an
the following. estimate of the mass of the planetary embryo that couldexcit

the secular modes of Jupiter and Saturn up to the observed

In Figure, the pericentre and apocentre distance of thaues, we have run four sets of four simulations each. It eac
four giant planets are plotted as a function of time, in a &mu run we considered Jupiter, Saturn and one embryo, initially
tion taken from Gomest al. (2005) that adequately reproducesn circular orbits. The mass of the embryo was 1, 5, 10 and
the current positions of the giant planets. The curve sigrtil5 Earth masses respectively, for the four sets of simuiatio
around 5 AU represents Jupiter, the one around 9 AU is Satufie initial location of the embryo waa = 7.2 AU, 8.0 AU,
the trajectory at 12 AU is Uranus (who ends up switching0.1 AU, 10.7 AU, for the four simulations in each set, wherea
positions with Neptune) and the uppermost curve at 16 AU dsipiter and Saturn were initially ay = 5.4 AU andas = 8.9
Neptune (who ends up closer to the Sun than Uranus). TU in all cases. In most simulations, the embryo was evehtual
plot is a magnification around the time when Jupiter and Batwjected from the Solar System: in two runs the embryo callide
cross their 2:1 resonance and the system becomes unsthble.With Jupiter. The values of th#&lss and Mgg codficients for
plot shows the phase until all encounters had stopped, whicheach set of simulations are reported in taﬁ)le 5. It turns loatt t
this case happened when the period ratio between Jupiter #melputative embryo had to be massive, of the order 0 M.
Saturn wasPs/P; = 2.23. The final semi-major axes of theWe stress that multiple embryos with the same total massdvoul
four planets areqj, as, ay, an) = (5.23,8.94,19.88,31.00), so not do an equal job, because the geometries of the encounters
that the largest “error” is in Saturn’s orbit. A Fourier speen  would be randomized, rather leading to dynamical friction
of Jupiter's eccentricity at the end of the simulation giveimstead of excitation. In fact, we did the same experimeti wi
Mss = 0.027, andMsg = 0.036. The amplitude of thgs term 100 Mars mass objects instead of a unique 10 Earth-mass

6. The Nice model and its alternatives



12 A. Morbidelli et al.: Secular architecture of the giaranpts

me[Me] @ [AU] | Mssx 10 Mggx 107 of the eccentricities of Jupiter and Saturn have proved gnou
to guide us towards a solution, which is also valid in the more
general problem. That is, these planetary encounters tieat a

i 7é2 i:gi gig necessary to explair_l thg Jupiter-Saturn secular _architacrtan

1 101 0.475 891 also explain the excitation of thgy andgs modes i.eM;7 and

1 10.7 8.97 8.56 Mg, and of the inclinations of the planets.

5 7.2 5.23 85.3

5 8.0 15.0 57.3 The excitation of they; andgs modes does not appear to be
5 10.1 7.78 12.0 very consraining. During the encounters between Satuemils

5 10.7 7.49 20.2 and Uranus-Neptune encounters, the eccentricities of dbe i
10 7.2 38.0 88.5 giants become typically much larger than the current values
10 8.0 22.5 15.1 Thus, the combination of encounters and dynamical friatiam

18 18% éég gg? produpe a wide range of a}mplitudes of theand gg modes,

15 79 323 210 including the current amplitudes. But we cannot excludé tha
15 8.0 203 28.9 other mechanisms, such as a sequence of mutual resonance
15 10.1 20.4 80.9 crossing, could have led to the correct amplitudes, as well.

15 10.7 14.8 152.1

Conversely, the inclination excitation is particularlytan
esting, because it provides a strong, additional argument i
favour of a violent evolution of the planets that involvestoal
close encounters. In fact, the planets should form on daflgnt
co-planar orbits, for the same reasons for which they should
form on circular orbits: low relative velocities with resgi¢o the
planetesimals in the disk are necessary for the rapid foomat
object; it resulted inMss and Mg being smaller than 0.001, of their cores. Once the planets are formed, tidal intevasti
demonstrating that an ensemble of small objects could n@ havith the gas disk damp the residual inclinations of the pigne
excited the relevant modes to their current states. In esiah, (Lubow & Ogilvie, 2001). After the disappearance of the gas,
for the excitation of theMss mode to reach its current value dynamical friction exerted by the remnant planetesimak dis
Jupiter and Saturn should have encountered Uranus or Neptwauld also damp the planetary inclinations. Thus, simitar t
or a putative third ice giant of comparable mass. Therefot@e eccentricities, a relatively-late excitation meckaniis
for what concerns the excitation of the secular Fourier )modgequired to explain the inclinations of the planets. Howeve
of the planetary orbits, a generic scenario of global inbtgb unlike the eccentricities, the passage across mean motion
and mutual scattering of the four giant planets, as originalresonances does not significantly excite the inclinaticmsbse
proposed by Thommest al. (1999) would work; the passage ofthe resonant terms depending on the longitude of the nodes ar
Jupiter and Saturn through their mutual 2:1 resonance,lwhic at least quadratic in the inclinations. Secular resonaaces
specific to the Nice model relative to Thomnesal. (1999) (or also indfective, if all planetary inclinations are initially small.
Thommeset al.,, 2007, in which Jupiter and Saturn are initiallyThe only mechanism by which inclinations can H&ogently
locked in the 2:1 resonance) is not necessary. increased is by close encounters. In fact, in the Nice mablel,

inclinations of Saturn, Uranus and Neptune, relative toottiét

Pierens and Nelson (2008), however, showed that the oy Jupiter, are well reproduced. A similar result holds ditsio
possible final configuration achieved by Jupiter and Satarn the Thommest al. (1999) model.
the gas disk is in their mutual 3:2 resonance. Unless aligema
evolutions have been missed in that work, this result idedéis It is interesting to note that the eccentricities of the gian
the initial planetary configurations considered in Thomraes planets are about twice as large as the inclinations (réispsc
al. (1999; 2007) and supports the Nice model, in particular 1 0.05 and~ 0.025 radians or 1.5°). This is what one would
its newest version described in Morbidedli al. (2007), where expect, if both the eccentricities and the inclinations Ibeen ac-
the four giant planets start locked in a quadruple resonaitbe quired by a combination of gravitational scattering andatyn
Ps/Py=3:2. ical friction. Conversely, if encounters among the plartedsl
never happened and the eccentricities had been acquicedjthr
specific resonance crossings, we would expect the planetary
centricities to be much larger than the inclinations.

Up to now we have focused our discussion on the secular

evolution of the eccentricities of Jupiter and Saturn. Hesve 8 Conclusion

the outer Solar System has two additional planets: Urands an

Neptune, which introduce the additional frequendg®ndgs In this work we have demonstrated (see Fig. 2 and sects. 2.1

in the secular evolution of the eccentricities. Thus, oneugh and 2.2) that the secular architecture of the giant plamétish

also be concerned about the correct excitation ofgghandgs  have non negligible eccentricities and inclinations anecHjt

modes in all planets. In addition, the planets have a richlaec amplitudes of the modes in the eccentricity evolution ofitéup

dynamics in inclination, associated with the precessiotheir and Saturn, could not have been achieved if the planets ra@yra

nodes. The excitation of the correct modes in the inclimatis smoothly through a planetesimal disk, as originally emvrisid

a problem as crucial as that of the eccentricities. in Malhotra (1993; see also Malhotra 1995; Hahn & Malhotra,

1999; Gomest al., 2004). Thus, we believe that the community

The reason that we did not discuss these issues so fasti®uld no longer consider the smooth migration model as

because considerations based solely on the secular erolué valid template for the evolution of the solar system. Even

Table 5. Values ofMs 5 in Jupiter andMgg in Saturn after eject-
ing planetary embryos of various masses from various aalgi
locations.

7. Ice giants and inclination constraints
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repeated passages through mutual resonances, that wagld Nesvorny, D., Vokrouhlicky, D. & Morbidelli, A. 2007 AJ 13
happened if the planetary system was originally more compd®62
than envisioned in Malhotra’s model, could not account far t Nobili, A., Milani, A. & Carpino, M. 1989 A&A 210, 313
orbital architecture of the giant planets, as we observenthdierens, A. & Nelson, R. 2008 A&A 482, 333
today. Saslaw, W. 1985 ApJ 297, 49
Stewart, G. & Wetherill G. 1988 Icarus 74, 542

Instead, the outer planetary system had to evolve in a mdrgiganis, K., Gomes, R., Morbidelli, A. & Levison, H. 2005
violent way, in which the gas giants encountered the icetgjanNature 435, 459
or other rogue planets of equivalent mass. In this respleet, Thommes, E., Duncan, M. & Levison, H. 1999 Nature 402, 635
correct templates for the planetary evolution are the Niodeh Thommes, E., Nilsson, L & Murray, N. 2007 ApJ 656, 25
or the Thommeet al. model (or variants of these two). As weWisdom, J. & Holman, M. 1991 AJ 102, 1528
noted above, the Nice model seems to be, so far, more coherent
and consistent in all its facets. We remark that encounters
among the planets have been shown to also be fiectze
mechanism for the capture of the systems of irregular #atell
(Nesvornyet al,, 2007). These arguments, which aréatient
and independent of those reported in this paper, also suppor
violent evolution scenarios of the outer solar system.

In a forthcoming paper we will investigate the orbital dy-
namics of the terrestrial planets in the context of the elahof
the giant planets that we have outlined in this work.
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