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ABSTRACT

We investigate the dynamical evolution of the terrestriahpts during the planetesimal-driven migration of thegfanets. A basic
assumption of this work is that giant planet migration ocedrafter the completion of terrestrial planet formatiomgts as in the
models that link the former to the origin of the Late Heavy Bxardment. The divergent migration of Jupiter and Satursesithe

gs eigenfrequency to cross resonances of the fggm g« with k ranging from 1 to 4. Consequently these secular resonaacee ¢
large-amplitude responses in the eccentricities of threg#ial planets if the amplitude of tlye mode in Jupiter is of the order of the
current one. We show that the resonanges g, andgs = gs do not pose a problem if Jupiter and Saturn have a fast agparat
departure from their mutual 2:1 mean motion resonance. ©nottier hand, the resonance crossiggs g, andgs = g; are more of a
concern as they tend to yield a terrestrial system incornleatiith the current one, with amplitudes of tieandg, modes that are too
large. We dfer two solutions to this problem. The first uses the fact tiscalar resonance crossing can also damp the amplitude of a
Fourier mode if the latter is large originally. We show tHa probability of thegs = g, resonance damping a primordially excitgd
mode in the Earth and Venus is approximately 8%. Using theesagthanism to additionally ensure that@ge- g, resonance keeps
the amplitude of thg; mode in Mercury within 0.4 reduces the overall probabil@yapproximately 5%. These numbers, however,
may change for dierent initial excitations and migration speed of the gidahfs. A second scenario involves a 'jumping Jupiter’ in
which encounters between an ice giant and Jupiter, withjeatien of the former, cause the latter to migrate away fratu much
faster than if migration is driven solely by encounters witAnetesimals. In this case, the = g, andgs = g; resonances can be
jumped over, or occur very briefly. We show that in this casetéirestrial system can have dynamical properties corhfgarawhat

is exhibited today. In the framework of the Nice model, wéreate that the probability that Jupiter had this kind of exiain to be
approximately 6%.

Key words. Solar System: formation

1. Introduction 2007; Allegreet al., 2008). In contrast, the giant planets had
to have formed in dew million years, otherwise they could
In this paper we continue ouffert to understand the origin of not have trapped the gas from the primordial solar nebula,
the orbital architecture of the planets of the solar systena which typically disappears on this timescale (e.g. Hacl .,
previous work (Morbidelliet al., 2009), which is henceforth 2001). Once triggered, the migration and the other changes i
called Paper |, we analysed the secular architecture ofuter o the orbital structure of the giant planets typically takeesv f
solar system and concluded that, in addition to radial niigma tens of million years (Gomea al., 2004). So, putting all these
encounters between Saturn and one of the ice giants needetimescales together, it is legitimate to think that, by tineetthe
have occurred in order to explain the current propertiehef tterrestrial planets completed their formation, the gidanets
secular dynamics of the outer solar system. Here we inastigwere already on their current orbits. If this is indeed theeca
the orbital evolution of the terrestrial planets during ¢h@nges then there is no object for the present study.
that occurred in the outer Solar System.

However, there is an emerging view that the re-organisation

A prerequisite for this study is a discussion of whether @f the orbital structure of the giant planets might have had a
not the terrestrial planets existed at the time the giamegita delayed start (Gomeat al., 2005; Stronet al., 2005; see also
changed their orbital architecture. According to our bestlels Levisonet al., 2001) and therefore it might have postdated the
(Chambers & Wetherill, 1998; Agnagt al., 1999; Chambers, formation of the terrestrial planets. The reason to thinissbat
2001; Raymondt al., 2004, 2005, 2006, 2007; O'Brieat al., the terrestrial planets underwent a Late Heavy Bombardment
2006, Kenyon & Bromley, 2006) the terrestrial planets fodmeg(LHB) of small bodies. The temporal evolution of this bom-
by collisions among a population of intermediate objectieda bardment is still subject of debate (see for instance Hartma
planetary embryos, with masses of the order of 0.01-0.1hEaet al., 2000, for a review), but the majority of the evidence
masses. This process should have lasted several tens iohsill points to a cataclysmic nature of the LHB, i.e. to a spike & th
to a hundred million years, in agreement with modern resultsatering rate occurring approximately 3.85 Gyr ago (eygleR
from the analysis of radioactive chronometers (Toulebdl., et al., 2000) i.e. approximately 600 Myr after terrestrial plane
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formation. If this is true, then something “major” had to pap ~ Freauency  Value'(yr) B (°)
in the solar system at that time, and the late change in thtabrb.
structure of the giant planets seems to be a plausible exjiten

(although, see Chambers, 2007, for an alternative scetiaio gl ?'Zg %gf
does not involve a change in the giant planets’ orbits). gz 17.35 305.12
. . . O 17.92 335.38

The study of the evolution of the terrestrial planets during g 4.26 30.65

the putative changes of the giant planets’ orbits is theecéo
key to unveiling the real evolution of the Solar System. Fofape 1. Frequencies and phases for Mercury to Jupiter on their
instance, if we find that the current orbital architecturett® ,rrent orbits.

terrestrial planets is incompatible with giant planet ratgm,

then explanations of the LHB based on a late migration of

Jupiter and Saturn (Gomes al. 2005; Stromet al, 2005)  \k 1 2 3 4 5

should be rejected. If, on the contrary, we find that sometgian
planet evolutions, consistent with the constraints of Ppre
also consistent with the current architecture of the ténieds 1 | 01854 -0.0277 0.0015 -0.00143 0.0363
planets, then we have made another important step on the way? 8-882; 8-8?21 606%%)%171 %%11352 8-8%23
of building a coherent and consistent scenario of the dyoalmi : : \ e :
history of the Solar System. This is precisely the purposb®f 0.0007 0.00291  0.0401 00490  0.0203
present paper.

Table 2. CodficientsMj of the Lagrange—Laplace solution for

In the next section, we explain what are the challenges setthg terrestrial planets.
the migration and the orbital excitation of the giant plaret the
stability of the terrestrial planets. Then, in section 3 wek in
detail on the evolution of the Earth-Venus couple and of Merc
and how their current secular dynamics could be achieved feem Table[1, the frequencieg to g, can be partitioned into
preserved. Section 4 is devoted to Mars. Section 5 will yriefftwo groupsigs andg; are small, of the order of 57yr™*, but
discuss the evolution of the inclinations. Finally, Seati® is nevertheless they are larger than the current valug;an the
devoted to the discussion on the relative timing of gianbgta Other handgs and g, are much larger, of the order of 17-18
migration versus terrestrial planets formation. The cosions "yr .

at the light of our result are presented there as well.
Notice that, because the terrestrial planets exhibit weakl

chaotic dynamics (Laskar, 1990), the frequengje$o g4 and

2. Giant planet migration and the evolution of the their amplitudes and corresponding phases are not congitant
terrestrial planets time. The changes are particularly relevant for the freguen

. 0:1. Thus, Tableg|1 anﬂ 2 should be considered as indicative,

2.1. Overview and only reflect the current dynamics. Their values might

have been dierent in the past, even since the giant planets
achieved their current orbital configuration. Conseqyentl
the maximal eccentricities that the planets attain durhngjrt
secular oscillation could change over time. For instanbe, t
current maximal eccentricity of Venus is 0.072 (as it can be
seen by adding together the absolute values of théic@ats
- of the second line in TabIE 2). However, over the last 4 Gyr,

. . the eccentricity of Venus had a 10% probability to excee®0.0
&sihw; = Z Miksina, 1) similarly, with the same probability the eccentricity of Mary

K could have exceeded 0.4, that of the Earth 0.08 and that of Mar

where the index refers to the planet in consideration akd 0-17 (Laskar, 2008). Correia & Laskar (2004) argued thatesom
ranges from 1 to 8 withy = gyt + B«. Thegy are called proper time in the past the eccentricity of Mercury had to be larger
frequencies of the secular perihelion-eccentricity motothe than 0.325 to allow it to be captured in its 3:2 spin-orbitres.
planets. The frequenciag to gs are those characterising theh@nce. As Mercury should have been in synchronous rotation
system of the giant planets Jupiter to Neptune; they app&&fore the formation of the Caloris basin (Wieczomkal.,
also in the equations describing the evolution of the téiisds 2009), one of the latest big impact events recorded on Mgrcur
planets because the latter are perturbed by the formeralityre this high-eccentricity phase should have occurred aftet HiB.
the amplitudes of the terms correspondingy{pg; andgg are
very small in the terrestrial planets and can be neglected to
first approximation. However this is not the case for the ter
corresponding t@s. The frequencieg; to g4 are proper of the
terrestrial planets. Tablﬂ 1 reports the current valueg;ab  When Jupiter was closer to Saturn, the value ofghfrequency
gs and Table[|2 gives the cfiigients M; ; with non-negligible had to be higher. Figﬂ 1 shows the valueggfas a function of
amplitude in equation[kl). The cfiients of the terms with the orbital period ratio between Saturn and Jupites/e;).
frequenciegys to gg are omitted because their amplitudes aréhe values ofgs have been obtained by numerical Fourier
much smaller than the ones given here. Data for both tabées analysis of the outputs of a sequence of 1 Myr integrations
taken from Laskar (1990) and Morbidelli (2002). As one seed the Jupiter-Saturn pair. The two planets were migrated

The evolution of the eccentricities and longitudes of palidhof
the four terrestrial planets can be described, in first appra-
tion, by the Lagrange—Laplace solution of the secular éguosit
of motion (see Chapter 7 in Murray & Dermott, 1999):

€ COSw; = Z Mi; k cosay

M 2. Evolution of gs and its implications
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20 : : : — T : : ; As a demonstration of theffect of secular resonances
% sweeping through the terrestrial planets system during the
18 o ST T T T migration of Jupiter and Saturn, we performed a simple ex-
6l o B periment: Mercury, Venus, Earth and Mars were placed on
. . orbits with their current semi-major axes and inclinatiomst
14 . E with initial eccentricities equal to zero. Jupiter and $atwere
= forced to migrate smoothly froms/P; ~ 2.03 to their current
5 e . . 1 orbits (Fig.[2, top), so thags sweeps through thg,—g; range
P N . i (see Fig[ll). Migration in enacted using the technique dised
LR R in Paper I, with a characteristic e-folding timescale= 1
8t ° % 1 Myr, which is somewhat faster than the fastest time found in
% . Tsiganiset al. (2005). The initial eccentricities and longitudes of
or S o] perihelion of the giant planets were chosen so that the amdgli
4 ‘ ‘ ‘ ‘ ‘ ‘ ‘ L ® e of the gs term in Jupiter was close to that currently observed.
15 16 17 18 19 Pjp 21 22 23 24 25  \Wereferthe reader to Paper | why this is a valid choice.
]

Unlike in Paper I, in all the simulations presented in this

Fig. 1. The frequencys as a function oPs/P;. The horizontal work, we included in the equations of motion the terms résglt
lines denote, from top to bottom, the valueofgs, 9> andgi.  from the additional potential

My \2a(l - €
VGR = _3(6_09) % 2)
from just outside their 3:2 mean motion resonance to a final . . L
pre-determined period ratio, and subsequently the endt @su WhereMg, is the mass of the Sug; is the gravitational constant,

that migration run was intearated for 1 Mvr to obtain the Feur © is the speed of light andis the heliocentric distance. This was
spectrugm 9 y done to mimic the ect of General Relativity. Indeed, averaging

the potential over the mean anomaly and computing the change

in the longitude of pericentre yield
If the period ratio between Saturn and Jupiter had evolvlerzj € longttude ot pericentre yields

from Ps/P; < 2.15 to its current value, at least the secular GM, n

~

1AU\32 1
resonancegs = g andgs = g1 had to be crossed at som&®@er) = 37@ = 0-038:‘(7) - "Iy, (3)
time, as one can see from the figure. Thiteet has already
been pointed out by Agnor (2005) and Agnor & Lin (2007). Foh accordance with Nobili & Will (1986). This potential
reference, the minimal amplitude of planet migration delicterm yields a precession rate of the longitude of perihelion
by Malhotra (1995) from the analysis of the Kuiper belt sbts t of Mercury of 0.43”/yr. A more complex post-Newtonian
initial Ps/P; equal to~ 2.05; Minton & Malhotra (2009) in treatment of General Relativity is possible (see for instan
their recent analysis of the evolution of the asteroid bElip Saha & Tremaine, 1994), but the additional terms account
adopted this initial orbital period ratio. FigUEh 1 showattthe for short periodic #ects or secular changes in the mean
gs frequency becomes high if Jupiter and Saturn are very clogitions of the planets, so they are not important in our
to their mutual 2:1 resonanc®d/P; = 2). This dfect is well case. Conversely in the current solar system, accounting fo
known and is due to the divergence of the quadratic termsdguation ﬂz) is important because it increagesso that it is
the masses of the two planets, which are generated when fifi¢her away from the current value g§ (and hence from the
equations of motion are averaged over the orbital perioels (sasymptotic value ofgs in a migration simulation like ours),
for instance KneZeviét al., 1991). As a consequence, if Jupitefvhich helps in stabilising the motion of Mercury (LaskarQ8).
passed through or was originally close to the 2:1 resonaitbe w
Saturn, as in the Nice model (Tsigaetsl., 2005; Gomest al., Returning to Figurd]2 we see that Mercury’s eccentricity
2005; Morbidelliet al., 2007) or in the scenario of Thommets reaches 0.25 (solid line; middle panel), which is consistéth
al. (2007), also the secular resonanges- g4 andgs = gz had its current orbit. The current mean value and range in eccen-
to be crossed. tricity of Mercury is displayed by the first, higher bullet twi
error bars. We should stress that some other simulatiorilk, wi
A secular resonance crossing can significantly modify tleesimilar set up than this one, led to an eccentricity of Mercu
amplitudes of the proper modes in the Lagrange—Laplace soéxceeding 0.5. Mars’ eccentricity (dashed line; middlegbgis
tion, i.e. theM;’s. In fact, the Lagrange—Laplace solution of thexcited up to 0.1 very early in the simulation and then osiel
secular dynamics is only a good approximation of the motidn the 0-0.1 range i.e. slightly less than in reality (depicby
when the planets are far away from secular or mean motitire second, lower bullet with error bars). Alternativelgrvs
resonances. Thus, if the system passes through a resonaocgires a mean eccentricity around 0.1, with a maximalevalu
Os = Ok the terrestrial planets follow a Lagrange—Laplacas large as 0.14 (bottom panel; solid line), while the makima
solution before the resonance crossing and another Lagrangccentricity of the Earth exceeds 0.1 (bottom panel; dashed
Laplace solution after the resonance crossing, with the tline). Thus, the Earth and Venus become significantly more
solutions dffering mostly in the amplitudeM; x of the terms eccentric than they are, or can be, in the current solar syste
with frequencygk. Thus, the crucial question is: are the currer(tLaskar, 2008).
amplitudes of the; to g4 terms in the terrestrial planets (i.e. the
M codficients in Table[|2) compatible with secular resonance The reason for this behaviour is that the amplitudes cor-
crossings having occurred? responding to they; and g, frequencies have been strongly
excited in Mercury, Venus and Earth by the passage through a
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261 v v v v Myr. This value of r is unrealistic for planetesimal-driven
- E migration of the giant planets. For example, in the prefirre
31?/ 1 case of Hahn & Malhotra (1999), in which planet migration
" ] is driven by a 50Mg planetesimal disc, it takes more than 30
Lo py" : = S s Myr for the planets to reach their current orbits. Assuming a
exponential fit to the migration and allowing the migratian t

PPy

0251 be essentially finished after 3 e-folding times, will yield- 10
¢ el Myr. A similar result can be found in Gomesal. (2004). The
¢ oif Nice model is the scenario in which the fastest migration is
v allowed because the entire planetesimal disc is destdiks
0 : once. Even in this model, the fastest possible e-foldingetim
oraf ‘ ‘ ‘ ‘ 1  measusered is ~ 4 Myr (Tsiganiset al., 2005; Morbidelliet
s oal 4, o A X Y a al., 2005).
I e
0oL A H ] The above analysis seems to imply that the current orbital
0 ! . . .
2

s architecture of the terrestrial planets is incompatibl¢hwa

_ ) ) ) late migration of the giant planets. However, this may not
Fig. 2. Evolution of the terrestrial planets during the= g2 and  pe the ultimate answer. In fact, it might be possible that the
s = g1 resonance crossings. The top panel shows the evolutigétentricities of the terrestrial planets had been damitexdthe

of Ps/P;. The middle panel shows the evolution of the eccerecular resonance sweeping, due to dynamical frictiontenker
tricities of Mercury (solid) and Mars (dashed). The botteanel by the planetesimals scattered by the giant planets dulnigig t
shows the eccentricities of Venus (solid) and Earth (dasfiée  migration. Moreover, as shown in Paper |, the evolution ef th
solid circles, accompanied by vertical bars, representahge giant planets was not simply a smooth radial migration, aksén

of variation of the respective planetary element, as giveR b simulation we just presented. Potentially, the excitatidrthe

10 Myr simulation of the current solar system (data takemfrog; mode might have happened late, relative todhe= g, and
Laskar, 1988). gs = 0: crossings. Moreover, encounters had to have happened
among the gas giants and the ice giants (see Paper I), so that
the radial migration of Jupiter and Saturn might not havenbee
pwooth. Also, unlike the giant planets, the terrestriahpta

ight not have formed on circular orbits. As we reviewed in

0 0.5 1 15 2

resonance with thgs frequency. Similarly, thg, mode in Mars
is excited very early on by the same mechanism. A Fourig

analysis done on a 4 Myr continuation of the simulation, wnEe Introduction, the terrestrial planets formed by citfis

Jupiter and Saturn on non-migrating orbits, reveals that tamon massive planetary embryos. As a result of collisionls a
amplitude of theg, term in Venus is about 0.1, i.e. five times 9 P y yOS.

larger than the current value. The amplitude of theterm encounters among massive bodies, the final orbits might have
X been relatively eccentric. The early simulations of thisgass

in Mercury is also~ 0.1, which is less than its current value. ; ; X
The evolution of Mercury, though, is not only influenced ver{t-9- Chambers, 1999) predicted that the orbits of thedtiaé
lanets were~ 5 times more eccentric than the current ones

strongly by Jupiter, but also by Venus. Thus, the excitaton when their accretion ended. More modern simulations (e
theg; term depends sensitively on the phase thapgthterm has  ~, . - ; o 9.
in Mercury when thags = g resonance occurs. Consequently, . Bren et al., 2006), accounting for dynamical friction, succeed
is very easy to excite the amplitude of tgemode in Mercury ' Producing terrestrial planets on orbits whose ecceifigic
ha&d inclinations arecomparable to the current values. But

to a much larger value by slightly changing the set-up of t .
simulation so that the time at which the resonance oc:cursnigthlng guarantees that they had to beshree as now, as well

somewhat dierent. In addition, if the terrestrial planets aré> NOthing indicates that they had toso. The initial orbital
started on co-planar orbitg; is faster and therefore closerds excitation might ha_ve_ been somewhat smalle_zr than now or even
and consequently thg term is excited more easily because of & 9" prfofbabéy W'th'g a faclztor do# h2|_3' d-l(;h's qper&;ﬁa niw
quasi-resonance betwegnandg,. Conversely, sincgs passes Ccdree of freedomto be explored while addressing ffeets o

very quickly through the values af, and gs, the amplitudes secular resonance sweeping.

of the corresponding terms in Mars and the Earth are only
moderately excited (015 forgz and 0.04 foig, in Mars). Since
the final amplitude of thg, term is much larger than that of the
gs term, the Earth and Venus are in apsidal libration around 0

as explained in Paper I. 3. The g5 = g1 and g5 = g resonance crossings

Thus, this simulation shows that, at least in the case & this section we discuss possibilities to alleviate ocm-
a fast migration (see Section 4), tige = g4 andgs = gs Vent the dects of the secular resonances between the funda-
resonances are not a severe problem. Butghe= g, and mental frequencies of the perihelion of Jupitgg)(and those
gs = g1 resonances, occurring towards the end of the migratidf, Venus @) and Mercury §;). We discuss these two reso-
are a more serious concern for reconstructing the currentare Nances together, becaugeandg, have similar values and con-
architecture of the terrestrial planets. For a fast migrasipeed Sequently these resonances both occur during the same phase
the excitation of the, mode is a linear function of the migrationOf Jupiter’s evolution. Below, we discuss in sequence faw p
timescale,]. Consequently, given that with = 1 Myr the tential mechanisms: (i) the terrestrial planets ecceitiggcwere
amplitude of theg, term is five times larger than the currenfl@mped due to dynamical friction after being excited by éser

value, achieving the current excitation would require= 0.2 hance crossing; (i) the amplitude of tgemode in JupiterMss,
was pumped after the secular resonances were crossethiii)

1 We have verified this in our simulations amplitudes of they; andg, modes where larger originally, and

Below, we will consider all these caveats, while analysimg i
detail each secular resonance crossing.




R. Brasser et al.: Secular architecture of the terrestigalgts 5

they were dampedown by the secular resonance crossings; (iv) In the framework of the Nice model, we tend to exclude
Jupiter and Saturn migrated discontinuously, with jumpseimi  this possibility. In the simulations performed in Tsigasisal.
major axes due to encounters with a Uranus-mass planetaso {R005) and Gomest al. (2005), the encounters between gas gi-
thegs = g1 andgs = g, resonances occurred very briefly or dicants and ice giants start as soon as Jupiter and Saturn leeiss t
not occur at all. mutual 2:1 mean motion resonané®(P; = 2) and end before
Ps/P; = 2.1. In the variant of the Nice model proposed in
Morbidelli et al. (2007), the encounters start even earlier, when
3.1. Dynamical friction on the terrestrial planets Ps/P; < 2. We do not know of any other model in which these
. ] o . encounters start after a substantial migration of the gikamets.
It might be possible that the eccentricities of the teriabtr
planets evolved as in the simulation of |ﬂg.2_, but were then Ag a variant of this “latays excitation scenario” we can also
subsequently decreased due to dynamical friction, exdiyed envision the possibility that the radial migration of theamf
the large flux of planetesimals scattered by the giant ptangfanets and the excitation of their eccentricities stactsatem-
from the outer disk. In all models (Hahn & Malhotra, 1999yorarily, but the initial separation of Jupiter and Satuaswsuch
Gomeset al., 2004; Tsiganiset al., 2005) the mass of thethat pg/P; > 2.25 from the beginning. For instance, in some
planetesimal disk driving giant planet migration was 30M30  of the simulations of Thommest al. (1999) where Uranus and
About a third of the planetesimals acquired orbits typical qyeptune are originally in between Jupiter and Saturn,aithyti
Jupiter family comets (JFCs; perihelion distanpe: 2.5 AU)  pg/p; = 2.21. It is likely that the initial separation of Jupiter
sometime during their evolution (Levison & Duncan, 1997hnd Saturn could have been increased in these simulations to
corresponding to 10-M,. The other planetesimals remainedatisfy the conditioPs/P; ~ 2.25, without significant changes
too far from the terrestrial planets to have any influence Qf the results. However, the presence of Uranus and Neptune
them. Given that thgs = g, andgs = g1 resonances occurredshould increase the value gf relative to that shown in Fid] 1
when approximately /3 of the full migration of Jupiter and for the same value dPs/P;. Hence the initial value oPs/P;
Saturn was completed (see ffig.1), the total amount of masssfbuld have been even larger than 2.25 in order to avoidaecul
the planetesimals on JFC orbits that could exert some dy#Mmiresonances witly; andg,. Moreover, we have to re-iterate what
friction on the terrestrial p|anetS after their excitatiwas about we a|ready stressed in Paper |: hydro_dynamica' simulatain
3—5Me. the evolution of the giant planets when they are embeddégtkin t
gas disk show that Jupiter and Saturn should have evolvéld unt
We investigated the magnitude of this dynamical frictioa in they got trapped into their mutual 3:2 resonanieg/@; = 1.5;
follow-up simulation of that presented in Hify.2. A poputatiof Pierens & Nelson, 2008). Initial conditions wilts/P; > 2.25
2000 massive objects — with a total mass &fl8l, — was added are definitely inconsistent with this result. Hence, thesjiuibty
on orbits representative of the steady state orbital fistion of of pumping thegs mode late i.e. whes/P; > 2.25, should
JFCs (Levison & Duncan, 1997) and the simulation was contiprobably not be considered as a viable option.
ued for 1 Myr. During that time- 85% of the JFCs were lost,
after being scattered away by the planets. The rest surared
distant orbits. At the end of the simulation, the amplitufi¢he
g2 eccentricity term had changed only byp% in Earth and 4% |t is a wide-spread misconception that perihelion secidaot
in Venus. This result is expected to scale linearly with thessn nances excite the eccentricities (or, equivalently, thpldutes
of the JFCs. Hence, to have a significant dynamical fricti@i t of the resonant Fourier modes). This is true only if the ahiti
can reconcile the final orbits of the terrestrial planet$ithie ob- eccentricities are close to zero: in this case, obviouslg, t
served ones, one would need an enormous and unrealistic m&ssntricities can only increase.
in the planetesimal population. Thus we conclude that dynam
cal friction cannot be the solution for the eccessive exoiteof The misconception comes from an un-justified use of the
the terrestrial planets. Lagrange-Laplace solution as an adequate integrable d@ppro
mation, i.e. as the starting point for studying the full dymes
with perturbation theory. This linear approach assumesstkiea
3.2. Late excitation of the gs mode in Jupiter frequency of the eccentricity oscillations is independehits
i o amplitude, as is the case withharmonic oscillator. This leads
The resonances that are responsible for the excitationef § the false prediction that the amplitude of the resonardeno
eccentricities of the terrestrial planets are secularnasces. diverges to infinity at the exact resonance. In reality, hawe
Thus, their &ects on the terrestrial planets are proportional {@e gynamics inside or near a secular resonance resemiste tho
the amplitude of theys mode in the secular evolution of theqs a pendulum (see e.g. Chapter 8 of Morbidelli, 2002), which
perturber i.e. Jupiter. is a non-linear oscillator. Strictly speaking, motion taksace
inside a resonance when the corresponding resonant angle,
We have seen in Paper | that the amplitude ofdghenode librates. Let us take as an example the motion of a test particle,
had to have been excited by close encounters between Saturm(th proper secular frequenay perturbed by the planets. For a
Jupiter itself) with a planet with a mass comparable to thesmaesonance betweanandgy, ¢ = (g — gt + (8 — Bk). Correlated
of Uranus. In principle, one could think that these encowmteto the librations ofp are large-amplitudperiodic variations of
happened relatively late, after the ratkg/P; exceeded 2.25 the “angular momentum” of the pendulum, which is a mono-
which, as shown in Fig[| 1, corresponds to the last seculanically increasing function of the eccentricity of thertae.
resonance crossin@d = gi). If this were the case, when theOn the other hand, when we are outside but neargthe gk
resonance crossing occurred, tiffeets would have been lessresonanceg slowly circulates and the eccentricity oscillations
severe than shown in Fiﬂ. 2. are of smaller amplitude. Thus, each resonance has a sgecifie
width, which determines the maximum allowable excursion in

3.3. Decreasing the amplitudes of the g, and g, modes
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eccentricity. Following this general scheme, a secularrasce Earth is large{ 0.1); the initial eccentricity of Mercury is 0.12.
between two of the planetary proper modes (g:g- gs) can be The amplitudes of thgs; and g, frequencies are, respectively,
thought of as a dynamical state, in which two modes exchangmmparable ¢s) and smaller ¢,) than the current ones in all
energy in a periodic fashion, according to the evolutiop.ohs planets. Jupiter and Saturn were started with a period ratio
¢ moves towards one extreme of its libration cycle, one modig/P; = 2.065 and migrated to their current orbits, so that
gains “energy” over the other, and the eccentricity ternfeted passes through the values of tipeandg; frequencies but avoids
to the “winning” mode increase, in expense of terms relatedsonances witlgs andgs. As before, the migration timescale
to the “losing” mode. The situation for the two modes will- was assumed equal to 1 Myr and the initial eccentricities and
be reversed, ag will move towards the other extreme of theongitudes of perihelia were chosen so that the amplitudbef
libration cycle. The total amount of “energy” contained iotlh gs mode in Jupiter is correct. With this set-up, we did several
modes has to be conserved. Hence, the eccentricity vargatisimulations, which dfer from each other in a rotation of the
are determined by the initial conditions, which define a keingterrestrial planet system relative to the Jupiter-Satysiesn.
libration curve. This rotation changes the initial relative phase of ggendg,
terms and consequently changes the phase at which the rsecula
The above scheme is correct in the conservative frantesonancegs = g, is met. The same principle applies to the
i.e. as long as the planets do not migrate. When migratigs = g; resonance.
occurs, the system may be slowly driven from a non-resonant
to a resonant regime. This situation is reminiscent of the on Regardless of what happens to Mercury, we found that in
examined in Paper |, where the slow crossing of a mean motiabout 8% of the simulations the amplitude of tpeterm in
resonance (MMR) was studied. However, there is a fundarhen¥enus was smaller than 0.025 at the end i.e. just 25% of the
difference between the two phenomena, related to the vagtlyial value and comparable to the current one.
different libration time-scales. In the case of a MMR crossing,
the migration rate is significantly slower than the libratio  To measure the probability that also the final orbit of
frequency of the MMR. Thus, MMR crossing is adiabatic Mercury is acceptable, we used a successful simulation that
process, and adiabatic invariance theory can be used tacpredamped theg, mode to construct a new series of simulations
the final state of the system. When a secular resonanceass follows. We first measured the value @f — g, for the
crossed, things are not so simple. The crossing time is of tindtial configuration. This was done by numerical Fourier
same order as the libration period. Thus, each moment thealysis of a 8 Myr simulation with no migration imposed
planets follow an “instantaneous” secular libration cu(ve. on Jupiter and Saturn. Definirfgs> = 27/(gs — d2), we then
the one that they would follow if the migration was suddenlgid a simulation, still without migration of the giant plasg
stopped), which itself changes continuously as the planet& with outputs at multiples ofPs,. All these outputs had, by
radially. Therefore, depending of the initial phases (i#. construction, the same relative phases ofdh@nd g, terms,
when the resonance is approached, a given eccentricity mgde different relative phases of thg term. We used five
can decrease or increase, the final amplitude also depeadingonsecutive outputs, covering a full Zange for the latter,
the crossing time. If migration is very slow, the eccentiégs sinceP;, = 27/(g2 — 91) ~ 5Ps2. Each of these outputs was
may perform several oscillations, due to repeated libnatizsed as an initial condition for a new migration simulation,
cycles. Once the resonance is far away, the Lagrange-leplagth the same parameters as before. All of these simulations
solution is again valid, but with ffierent amplitudes of the led essentially to the same behaviour (i.e. damping) ofgthe
former-resonant modes. mode, because the secular resonamce g, was encountered
at the same phase. But the behaviour of Mercury wésndint
From the above discussion it is clear that the result offeom one simulation to another. We considered the simulatio
secular resonance crossing does not always lead to inegeasiuccessful when the eccentricity of Mercury did not exceed
the amplitude of a given secular mode. The final result deper@4 during the migration simulation, as well as during a 8 Myr
essentially on the initial conditions (eccentricity amypdies continuation with no migration of the giant planets; thedat
and phases) as well as on the migration speed. In practicew#s performed to determine the Fourier spectra at the end. In
the initial amplitude of a mode is small compared to possibtetal we found that the evolution of Mercury satisfied these
eccentricity excursion along the libration curve (or, thieltw requirements in 60% of the simulations. Figtﬂe 3 shows an
of the resonance) the result will be a gain in eccentricity. lexample of a successful simulation. In this run, the amghétaf
conversely, the initial eccentricity is of the order of, arder theg, mode in Venus is damped from 0.1 to 0.025 and the am-
than, the resonance width and the migration speed is not falaude of theg; mode in Mercury increases from 0.169 to 0.228.
small, then there can be a large interval of initial phases th
would lead to a net loss in eccentricity. In summary, we find that there is a probability of
0.08 x 0.6 = 4.8% that the migration of the giant planets
With these considerations in mind, we can envision tHeads to a damping of thg; mode and to an acceptable final
possibility that when they formed the terrestrial planess h orbit of Mercury. This probability should not be taken very
somewhat larger amplitudes of tige andg, modes than now, literally. Although it has been measured carefully, it ciga
and that these amplitudes were damped duringgthsecular depends on the properties of the system of terrestrial tdane
resonance sweeping. To test this possibility, and estirttee that we start with and on the migration rate. From the consid-
probability that this scenario occurred, we have desigied terations reported at the beginning of this section we expect
following experiment. that the probability decreases for reduced initial exicitet of
the g; and g, modes; also, the probability should decrease if
As initial conditions for the terrestrial planets, we todlet slower migrations are enacted, unless the initial exoitetiare
outcome of a simulation similar to that presented in Fﬂg. Mcreased, approximately in proportion with We stress that
so that the amplitude of thg, mode in Mercury, Venus and the amplitude of the, mode cannot be much larger than 0.1,
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Fig. 3. Evolution of the terrestrial planets during the= g, and Fig. 4. Evolution of Ps/P; (top),a; (middle) andas (bottom) in

Os = 01 resonance crossings in where tipgemode is damped a Nice-model simulation in which Jupiter has close encasnte

down. The top panel shows/P;. The middle panel shows thewith Uranus.

evolution ofwy —wg. The bottom panel shows the eccentricities

of the Earth (long dashed), Venus (solid), Mercury (shoghda

and Mars (dotted). Notice the evident reduction of the atugé

of oscillation of the eccentricities of Earth and Venus niar If Saturn scatters the ice giant onto an orbit with a larger

beginning of the simulation. semi-major axis, its own semi major axis has to decrease.
Thus, the Ps/P; ratio decreases instantaneously. Instead,
if Saturn scatters the ice giant onto an orbit with smaller

_ ) semi major axis, passing it to the control of Jupiter, andhthe

otherwise the system of the terrestrial planets becomésntlp  jupiter scatters the ice giant onto an orbit with larger semi

unstable. Mercury is chaotic and potentially unstable orfGy# major axis, the semi major axis of Saturn has to increase, tha

timescale even in the Curren_t system (Laskar, 1990, 1994)0]‘ Jupiter has to decrease, and Consequeﬁgypj has to

the amplitude of they, mode is larger than the current one, iincrease. This opens the possibility tiay P, jumps, or at least

becomes increasinglyficult to find solutions for Mercury that evolves very quickly, from less than 2.1 to larger than 2tB&s

are st_able_for~ 600 l\/_lyr, which is the putative time at which avoiding secular resonances betwggandgz org; (See F|g|]]_)
the migration of the giant planets occurred, as suggestedeby

LHB. We now turn to the Nice model, because this is our favoured

) ) o ) model and the one on which we have data to do more quantitative

To conclude, we consider this scenario viable, but with a |0&ha|ysis. In the Nice model, only in a minority of the sucéaiss
probability to have really occurred. An additional puzglias- ryns (i.e. the runs in which both Uranus and Neptune reach
pect of this mechanism that makes us sceptical, is thatifires| staple orbits at locations close to the current ones) therer:
the original amplitude of thg, mode to be much larger than thatcounters between Jupiter and an ice giant without ejectifgr
of thegs mode. As we said above, it is unclear which orbital eXnstance, this happened in one simulation out of six in Gomes
citation the terrestrial planets had when they formed; hewe ¢t al. (2005), and in two simulations out of 14 in Nesvorety
given the similarity in the masses of the Earth and Venus)-nog. (2007). So, the probability seems to be of the order of 15%.
ing suggests that there should have been a significant imte&layy a1| other runs, only Saturn encounters an ice giant, whash

between the amplitudes of these two modes. Actually, it Woujye said above, decreases g P; ratio instead of increasing it.
be very dificult to excite one mode without exciting the other

one in a scenario in which the excitation comes form a sequenc
of collisions and encounters with massive planetary emriyo al. (2007) showed that encounters with Jupiter would explain

fact, as explained in Paper | for the case of Jupiter a_md_ Satyj, o capture of the irregular satellites of this planet argirth
even if only one planet has a close encounter with a third meass

) . orbital properties. If Jupiter never had encounters, omuB,
body, both amplitudes abruptly increase to comparablesgalu Uranus and Neptune should have captured irregular sagellit

(unless Jupiter captured them by another mechanism, bat the
3.4. A jumping Jupiter scenario it would be odd that the system of the irregular satellites of
Jupiter is so similar to those of the other giant planetsJsestt
In Paper | we have concluded that the current excitation & Sheppard, 2006). Moreover, in the Nice model, the cases
the gs and gg modes in Jupiter and Saturn could be achieveghere Jupiter has encounters with an ice giant are thoseéhwhic
only if at least one of these planets had encounters with & bagive final values ofPs/P; which best approximate the current
with a mass comparable to that of Uranus or Neptune. TheSelar System, whereas in the other cases Saturn tends to end
encounters would have not just excited the eccentricityespdits evolution a bit too close to the Sun (Tsigastsal., 2005).
they would have also provided kicks to the semi major axes dhese two facts argue that, although improbable, this kind o
the planets involved in the encounter. In this section wéuawa dynamical evolution, involving Jupiter encounters with iaa
the implications of this fact. giant, actually occurred in the real Solar System.

We point to the attention of the reader that Nesvoehy
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on Uranus had to be an outward scattering; consequently, in
the absense of encounters with Jupiter, Saturn would hade ha
to move inwards. So, this evolution could not have led to an
increase irPs/P;.

IS
)
T T T T T

The situation is drastically derent if encounters between
Jupiter and Uranus occur. In Fig. 5, this starts to happen at
t ~ 0.25 Myr), when Saturn’s semi-major axis evolves rapidly to
‘ ‘ ~ 9.2 AU and Uranus’ semi-major axis t06.5 AU. Jupiter first
1 1 exchanges orbits with Uranus: Jupiter moves out to 5.52 AU
while ay reaches 3.65 AU while the perihelion distance of
Uranus,qy, decreases te- 2 AU. However, notice that the
intrusion of Uranus into the asteroid belt is not a necessary

2

h SRR

¢ feature of the jumping Jupiter scenario; some simulations
leading only toqy ~ 3-4 AU. Then Jupiter scatters Uranus
R outwards toay ~ 50 AU, itself reachinga; ~ 5.2 AU. The

) - ) ) ) situation is now very dferent from the one before: Uranus is
Fig. 5. Magnification of the dynamics of Fif] 4, in the 180,000yhack on a trans-Saturnian orbit and, because this was tht res
890,000y interval. The top panel now shows the evolution @f a jupiter-Uranus encounter, Saturn has not moved back to
Uranus’ semi major axis. its original position. Thus, this series of encounters hessd |

to an irreversible increase of the orbital separation (agribg
ratio) of Jupiter and Saturn. The subsequent evolution ef th
As an example of what can happen in the Nice modplanets, shown in Figﬂ 5, is dominated by encounters between
when Jupiter encounters and ice giant, the top panel of[FigSéturn and Uranus. These encounters push Uranus’ semi-majo
shows the evolution oPs/P;; the middle panel displays theaxis to beyond 200 AU at = 0.35 Myr and to beyond 100
evolution of the semi-major axis of Jupiter and in the bottorAU at t = 0.725-0.775 Myr, but in both cases Saturn pulls
panel that of Saturn. The time resolution of the output it back. This erratic motion ofy correlates with the one of
100 yr, though only every 1000 years is shown here. Thig. Eventually Uranus’ semi-major axis stabilises~a85 AU.
new simulation is a “clone” of one of the original simulat®on Thus, Uranus and Neptune switch positions, relative tor thei
of Gomeset al. (2005). The positions and velocities of thenitial configuration. This happened in all our simulatianisere
planets were taken at a time when Jupiter and Saturn hhgiter-Uranus encounters took place.
just crossed their 2:1 MMR, but had not yet experienced
encounters with the ice giants — this time is denoted 6y0 in We now proceed to simulate the evolution of the terrestrial
Fig. [} and corresponds to= 8755 Myr in the simulation of planets in the framework of the evolution of Jupiter, Satamd
Gomeset al. (2005) where the giant planet instability occuretlranus discussed above. However, we cannot simply add the
at a time that roughly corresponds to the chronology of thBLHterrestrial planets in the system and redo the simulaticalse
the dynamics is chaotic and the outcome for the giant planets
As one can see in Fiﬂ ARs/P; evolves very rapidly from would be completely dierent. Thus, we need to adopt the
Ps/P; < 21 to Ps/P; > 2.4 aroundt = 0.25 Myr. Then strategy introduced by Petit al. (2001). More precisely, we
Ps/P; decreases again below 2.4, has a rapid incursion irttave modified the code Swift-WHM (Levison & Duncan,1994),
the 2.3-2.4 interval around = 0.75 Myr and eventually, after so that the positions of Jupiter, Saturn and Uranus are ctadpu
t = 2.5 Myr, increases smoothly to 2.45. The latter value islay interpolation from the output of the original simulation
very good approximation of the current value IB§/P;. The Remember that the orbital elements of the outer planets had
striking similarity of the curves in the top and middle panelbeen output every 100 yr. The interpolation is done in ofbita
demonstrates that the orbital period ratio is essentiatiiattd element space, and the positions and velocities are cohpute
by the dynamical evolution of Saturn. Nevertheless, Satam from the result of the interpolation. For the orbital elersen
have this kind of early evolution only if Jupiter has encaugat a, e i,Q, and w, which vary slowly, the interpolation is done
with an ice giant, which justifies the name of “jumping Jupitelinearly. For the mean anomaly, which cycles over several
scenario” used in this section. This can be understood pgriods in the 100 yr output-interval, we first compute theame
looking at the evolution of the two planets and of Uranus iarbital frequency from the mean semi major axis (defined @s th
details, as we describe below with the help of the magnibeoati average between the valuesaoét the beginning and at the end
of the dynamics, which is provided in Fiﬂ. 5. of the output-interval) and then adjust it so titmatches the
value recorded at the end of the output-interval. Then, twer
Saturn first has an excursion in semi-major axis fromutput-interval, we propagatd from one time-step to another,
approximately 8.5 AU to 8.8 AU dt= 0.215 Myr. This happens using this adjusted mean orbital frequency.
because it has repeated encounters with Uranus, which lead
to a temporary exchange of their orbits, placing Uranus at To test the performance of this code, we have done two
a = 8.4 AU. Then Saturn kicks Uranus back outwards, whickimulations of the evolution of the 8 planets of the solateys
again puts Saturn at 85 AU. This series of events showsin the first one, the planets were started from their current
that, if Jupiter does not participate in this phase of entensh configuration and were integrated for 1 Myr, using the o@djin
the dynamics are characterized by energy exchange betw8eift-WHM code. In the second one, an encounters phase
Saturn and Uranus: if one planet is scattered outwards thiee o was simulated, by placing Uranus initially in between the
is scattered inwards and vice-versa. Given that Uranus warbits of Jupiter and Saturn, while setting the terrespiahets
initially much closer to the Sun than it is now, the néfeet on circular and co-planar orbits, and integrating for 1 Myr.
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Fig.6. The evolution of the eccentricities of Mercury (top)Fig.7. The same as Fiﬁl 6, but for terrestrial planets starting from

Venus and Earth (respectively solid and dashed lines) imide their current orbits.

dle panel, and Mars (bottom), during the dynamics of Jupiter

and Saturn illustrated in Fig] 4. The initial orbits of therés-

trial planets are assumed to be circular and coplanar. Tliee s@maller than the real one. For Mercury, the analysis is niot ve

circles and vertical bars represent the eccentricity lasich of  significant because thgp andgs frequencies are closer to each

Earth and Venus, as in Fifj. 2. other than in reality (becauses/P; is a bit smaller, which
makesgs faster, and the inclination of Mercury is a bit larger,
which makesy; smaller). Nevertheless, in a 20 Myr simulation,

In both simulations the orbital elements of the planets wefae eccentricity of Mercury does not exceed 0.4.
recorded every 100 yr. Then, we re-integrated the teredstri
planets, in both configurations, using our new code, in which Since it is unlikely that the terrestrial planets formed on
the orbital evolutions of Jupiter, Saturn and Uranus weiagbe Circular orbits, but from the beginning should have had some
read from the output of the previous integration. We the@rbital excitation, remnant of their violent formation pess,
compared the outputs of the two simulations, for each initiwe have re-enacted the evolution of the terrestrial plarets
planet configuration. Eccentricity fiérences between the twostarting from their current orbits. In this case we assuna th
simulations of the same configuration are interpreted heretheir current orbital excitation is an approximation of ithe
the “error” of our new code. In the first configuration (currerprimordial excitation. Again, Jupiter and Saturn evolveims
system), which represents a quite regular evolution, wedouFig. [. The results are illustrated in Fig. 7. We find that the
that the root-mean-square errors in eccentricity ab& % 10* eccentricities of the terrestrial planets remain moderatel
for Mercury, 43 x 10> for Venus, 40 x 10°° for the Earth comparable to the current values. A Fourier analysis of the
and 89 x 10°° for Mars. In the second simulation (repeategontinuation of this simulation shows again that amplitidé
encounters) the evolution of the terrestrial planets, Mgrén the g andgs terms in Venus and the Earth are0.015. The
particular, is more violently chaotic. Consequently, theoe final amplitude of thegs term in Mars has preserved the initial
remains acceptable (3 x 10-%) for all planets except Mercury, value of~ 0.04. The maximal eccentricity of Mercury does not
for which the error grows above5x 10°2 after~ 0.5 Myr. This exceed 0.35.
is due to a shift in the secular phases of Mercury’s orbit i th
two simulations, which changes the outcome of the evolution Taken together, these two simulations are a successful
Given the chaotic character of the dynamics, both evolstiodemonstration that the rapid evolutionfd/P; over the 2.1-2.4
are equaly likely and acceptable. Thus, we conclude that gange allows the excitation of the terrestrial planets roai
modified integrator is accurate enough (although tfiects of small, because the sweeping of #pesecular resonance is too
encounters among the giant planets are “smeared” over 10daat to have a noticeabldtect.
intervals) to be usedfctively for our purposes.
We have to stress, though, that not all “jumping-Jupiter”

For a comparison with the case illustrated in Fﬁb 2, wevolutions are favourable for the terrestrial planets. dms
first present a simulation where all terrestrial planetgt statases the rapid evolution &/P; ends when the orbital period
from coplanar, circular orbits. Fid] 6 shows the evolutidn gatio is~ 2.2 or less, which is close to thg = g1 or gs = g2
the eccentricity of Mercury (top), Venus and Earth (middlgesonance. In other caseg/P;, after having increased to above
and Mars (bottom). The eccentricities of the terrestriangts 2.3, decreases again and remains for a long time in the rénge o
increase rapidly but, unlike in the case of smooth migratibn values for which these secular resonances occur. In thess,ca
Jupiter and Saturn (Fig] 2), they remain moderate and do le¢ destiny of the terrestrial planets is set: Mercury tgfyc
exceed the values characterising their current seculdntames becomes unstable, and the Earth and Venus become much more
(see for instance Laskar, 1990). A Fourier analysis of a 4 Mgccentric than they are in reality, due to the excitatiorhefd,
continuation of the simulation, with Jupiter and Saturrefye mode.
evolving from their final state, gives amplitudes of tiieandgs
modes in Venus and the Earth ©f0.015, in good agreement  Nevertheless, the evolution &s/P; does not need to be
with the real values. The amplitude of thg mode in Mars is as fast as in Fig[|4 to lead to “good” terrestrial planets. Eig
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Fig.8. Top panel: the evolution of the period ratio betweeRig. 9. The evolution of eccentricities of Venus, Earth and Mars

Saturn and Jupiter in another “jumping Jupiter” evolutioonfi  in a simulation where Jupiter and Saturn approach slowliy the

the Nice model. Middle and bottom panel: the evolutions ef ti2:1 resonance. The top panel shows the evolution of the eccen

eccentricities of Mercury and Venus, respectively. tricities of Mars (upper curve) and of Earth and Venus (el
ping almost perfectly in a unique lower curve). The bottomeda
showsPs/P; vs. time.

gives another example from afiirent realisation of the Nice

model: the top panel shows the evolutionRy/P;, the middle in Figs. 6, 7 and 8Ps/P, evolves very quickly beyond 2.3, and

and the bottom panel show the evolutions of the eccengtiti ; S R
of Mercury and Venus, respectively, for a system of teriistr 40€S N0t éxceed 2.5 in the end. This brings the total prababil
of having in the Nice model a giant planet evolution comgatib

planets starting from current orbits. In this cdag/P; evolves - ; X
rapidly to ~ 2.35, but then it returns in the 2.10-2.25 rangev,\”th the current orbits of the terrestrial planets to ab®t 6

where it spends a good half-a-million years. Subsequeatftigy
evolving again to 2.3, it returns to 2.25 and starts to im;mea4
again, slowly. In this case thefect of secular resonances is "
no longer negligible as in the case illustrated above. But ithe study described in this section is very similar to that
our terrestrial planet simulation the eccentricity of Maxc presented at two DPS conferences by Agnor (2005) and Agnor
is effectively damped, enacting the principle formulated i& Lin (2007) and therefore its results are not new. However,
sect.[3.B. The eccentricity of Venus, via the amplitude @ thAgnor and collaborators never presented their work in a &rm
g2 mode, is excited during the time whé®/P; ~ 2.15 and publication so, for completeness, we do it here.
reaches 0.1. However, it is damped back wRepP; decreases
againto 2.5 at ~ 1.5 Myr. A the end, the orbits of the terrestrial  As discussed in Section 2, when Jupiter and Saturn are
planets are again comparable to their observed orbitsyinste close enough to their mutual 2:1 mean motion resonancgsthe
of eccentricity excitation and amplitude of oscillation. frequency can be of the order of 17-18r (see Fig[JL), and
therefore resonances with the proper frequencies of Mads an
At this point, one might wonder what is the fraction of githe Earth ¢, andgs) have to occur. If the migration of Jupiter
ant planets evolutions in the Nice model that are favourfisle and Saturn from the 2:1 resonance iffisiently fast, as shown
the terrestrial planets. This isfiicult to evaluate, because wein Fig. , the sweeping of thgs = g4 andgs = gz does not
did only a limited number of simulations and then cloned theause an excessive excitation of the amplitudes o§itendgs
simulations that seemed to be the most promising. We try, newode.
ertheless, to give a rough estimate. As we said at the begjnni
of this section, the jumping Jupiter evolutions are about2l8% However, while a fast departure from the 2:1 resonance is
of the successful Nice model runs. By successful we meamthdigely, in the original version of the Nice model (Gometsal .,
runs that at the end yielded giant planets on orbits resegbli2005) Jupiter and Saturn have approach the 2:1 resonance
their observed ones, without considering terrestrial @isicon- very slowly, in order to cross the resonance witffisient delay
straints. The successful runs are about 50-70% of the tatal rto explain the timing of the LHB. During the approach phase
(Gomesset al., 2005; Tsiganist al., 2005). Most of the unsuc- the eccentricities of Jupiter and Saturn (and, therefdse, the
cessful runs were of the jumping Jupiter category, but lettiéo amplitude of thegs term) were small but, nevertheless, the long
ejection of Uranus. It is possible that, if the planetesiaiat timescales involved could allow the secular resonanceswe h
had been more massive than the one used in the simulationaatestabilising £ect on the terrestrial planets.
represented by a larger number of smaller particles, solastto
ter resolve the process of dynamical friction, Uranus wdzide To illustrate this point, we repeated the last part of the
been saved more often, thus leading to a larger fraction@f ssimulation presented in Gomest al. (2005), during which
cessful jumping Jupiter cases. Then, by cloning jumpingtdup Jupiter and Saturn slowly approach the 2:1 resonance, and
simulations after the time of the first encounter with Uranus  we added the terrestrial planets, Venus to Mars, initially o
find that about A3 of the “successful” jumping Jupiter cases areircular orbits. The top panel of Fiﬂ 9 shows the evolutién o
also successful for the terrestrial planets, like the casesented the eccentricities of the terrestrial planets, while onltb&om

The gs = gz and g5 = g4 resonance crossings
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panel the evolution of the period ratio between Saturn and
Jupiter over the integrated time-span is depicted. Thealnit
configuration is very close to thgs = g4 resonance. At this >
time, Jupiter’'s eccentricity is oscillating from 0 to ~ 0.015,
but with a fast frequency related to the 2:1 resonance with
Saturn. The amplitude of thgg mode in Jupiter is only 2 1074,
Eventually, the secular resonance (i.et at0.045 Gyr) excites 0.08
the amplitude of the, term in Mars to approximately 0.15, in 5 006
Earth and Venus to 0.033 and 0.023 respectively, as welleas ty
amplitude of thegs mode in Jupiter to X 10°3. At the same 0
time, the g4 frequency increases abruptly because of Mars’
larger eccentricity to become approximately’Qy2faster than
0s. The long periodic oscillations of the eccentricity of Mars«#
after 0.05 Gyr are precisely related to thg — gs beat. As <
migration proceeds, thgs frequency increases. Surprisingly,
the g4 frequency increases accordingly, which causes the mean ' T Myl
eccentricities of Mars, Earth and Venus to increase aceglyli _ -
We interpret this behavior as if the dynamical evolution i5ig-10. The evolution of eccentricities of Venus, Earth and
sticking to the outer separatrix of thg = g4 resonance, in Mars, starting from circular orbits, in a simulation wheuopier
apparent violation of adiabatic theory. Therefore the= g, and Saturn migrate from within the 5:3 resonance to the Z1 re
resonance is not crossed again. At the end, the eccentri@fiance. The top panel shows ratio of orbital periods between
of Mars becomes large enough to drive the terrestrial plahaturn and Jupiter. The middle panel shows the evolution of
ets into a global instability. This is a very serious probjenthe eccentricities of Mars (short dashed), Earth (long edsh
which seems to invalidate the original version of the Nicelelo and Venus (solid). The bottom panel shows the eccentisaitie
Jupiter (solid) and Saturn (dashed).
Fortunately, the new version of the Nice model, presented in
Morbidelli et al. (2007) solves this problem. This version was
built to remove the arbitrary character of the initial caiais be much shorter than we assume (see for instance the bottom
of the giant planets that characterised the original vargib panel of Fig. 8 in Morbidelliet al., 2007). On the other hand,
the model. In Morbidelliet al. (2007), the initial conditions in these simulations the amplitude of the term in Jupiter is
of the N-body simulations are taken from the output of aexcited through the multiple mean motion resonance crgssin
hydrodynamical simulation in which the four giant planetdetween Jupiter and Saturn, and therefore is ab@ibf the
evolving in the gaseous proto-planetary disk, eventuabch current value (see Paper I).
a non-migrating, fully resonant, stable configuration. ®lor
precisely, Jupiter and Saturn are trapped in their mutual 3: We present two simulations here. Both have been obtained
resonance (see also Masset & Snellgrove, 2001; Morbidailith r = 5 Myr; the first one investigates the outcome of initially
& Crida, 2007; Pierens & Nelson, 2008); Uranus is in theircular terrestrial planets while the other uses the cumebits
3:2 resonance with Saturn and Neptune is caught in the 4Bthe terrestrial planets. The results are presented inr&gjLp
resonance with Uranus. Morbidelt al. (2007) showed that, and, respectively. In both figures, the top panel shows the
from this configuration, the evolution is similar to that &fet evolution of the orbital period ratio between Saturn andtdup
original version of the Nice model (e.g. Tsigamisal., 2005; the middle panel shows the eccentricities of the terrdstria
Gomestt al., 2005), but the instability is triggered when Jupiteplanets except Mercury, and the bottom panel the ecceigsci
and Saturn cross their mutual 5:3 resonance (instead of:1he @f Jupiter and Saturn.
resonance as in the original version of the model). Add#ion
simulations done by our group (Levisehal., in preparation) Notice the little jumps of thés/P; curve and of; andes
show that, if the planetesimal disk is assumed as in Gat@s when Jupiter and Saturn cross mean motion resonances. Also
(2005), the instability of the giant planets is triggeredsasn notice that in the interim between resonances, the eccitisi
as a pair of planets leaves their original resonance, ascttn  of Jupiter and Saturn decay, as a consequence of a dampimg ter
happen as late as the LHB chronology seems to suggest.  that we introduced on Saturn to mimic théfeet of dynamical
friction, and to ensure that they do not become unstable (see
For our purposes in this paper, the crucidletience between Paper 1). In the case where the terrestrial planets havalipit
the new and the original version of the Nice model is thattéupi circular orbits (Fig.[10) we see that they start to be excited
and Saturn approach their mutual 2:1 resonance fast, betteis after 1.5 Myr, when Jupiter and Saturn cross their mutual
instability has been triggered before, when Jupiter andr8at 9:5 resonance and become more eccentric themselves. The
were still close (or more likely locked in) their 3:2 resonen  simultaneous increase in the eccentricities of Venus anthEa
is mostly caused by an increase in thgirterms because of
To test what this implies for the terrestrial planets, weehathe near-resonaneg = g, whenPs/P; ~ 1.7 (see fig|:|1); the
run several simulations, in which Jupiter and Saturn,adfiiti amplitude of theirg, terms becomes approximately 0.02. The
on quasi-circular orbits, migrate all the way from withireth effect of thegs = g4 resonance is visible towards the end of
5:3 resonance to the 2:1 resonance on timescales of a seviilsimulation, when Mars becomes suddenly more eccentric
million years (corresponding to = 5-25 Myr). We stress that (dashed line; middle panel) and has gs term increased to
we enact a smooth migration of the giant planets (evolutioabout 0.08. Its eccentricity does not exceed 0.09, howeawet,
of the jumping Jupiter case would be a priori more favourgbldecreases again in response of the giant planets crossng th
and that the migration time to the 2:1 resonance could easByl resonance. In the next figure, the case where the téatestr
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Fig.11. The same as Fiﬂlo, but for terrestrial planets startifgg. 12. Evolution of the inclinations of Mercury (solid), Venus
from their current orbits. Notice that the evolution for iapand (dark dashed) Earth (light dashed) and Mars (dotted),atling
Saturn is not exactly the same as that of the previous simnlat from 0, in the “jumping Jupiter” evolution shown in the topreé
despite the initial conditions andare the same. This is a resultof Fig..

of the dfects of resonance crossings, which are chaotic and thus

give dfects that are dierent, from run to run.

the inner solar system at the end of the giant collisions @has
_ . . ! presumably they had also inclinations close to zero. If the
planets are initially on their current orbits (fif.] 11), weesegyqoiytion of the giant planets could not excite the inclioas of
almost no changes in the eccentricity evolution of the &ri@ 1, terestrial planets, then the orbits of these planedshide

planets, which remain of the same order as the initial ones. Ty ited from the very beginning. In the opposite case, ol
most likely reason for this behaviour is that the chaotiaurat (and circular) initial orbits cannot be excluded ’
: .

of the migration causes the behaviour of Jupiter and Saturn

be slightly diterent from one simulati_on_to the next. Indeed, the Unlike the eccentricity case, there are no first-order sec-
vaIu_e_ OfP.S/PJ h_as a_'ongef plateau in f'Ello. tha_n in 11.1yar resonances fiecting ythe evolution of the inclinations
add|t|_0n, in the first S'm‘!'a“on the value Mss is sllghl_ylarger of the terrestrial planets during the migration of Jupited a
than in the second, which can be seen from the slightly largegy i " in fact, neglecting Uranus and Neptune, the secular
excursions of Jupiter's eccentricity from its mean. In add." motion of Jupiter and Saturn in the Lagrange—Laplace theory
the little changes in the eccentricities of the terrespiahets in g oharacterised by a unique frequensy)( Its value is now
f|g._ become nearly invisible if the eccentricities areatty approximately-26”/yr and should have been faster in the past,
quite large. when the two planets were closer to each other. The fregegnci
of the longitudes of the node of the terrestrial planets dre a
Thus, we conclude that thgs = gs andgs = gs secular g qer in absolute value thas: the frequencies; and s,
resonances are not a ha_zard for the terrestrial planetsasttih are about-6 to —7”/yr: the s; and &, frequencies are-18 to
the new version of the Nice model. —19”/yr (Laskar, 1990). So, no resonances of the ldgg s,
with k = 1 to 4 were possible.
5. Note on the inclinations of the terrestrial planets . . . . :
Nevertheless, in our simulations with terrestrial plarstdst-
The dynamical excitation of the terrestrial planets at the eing with circular and co-planar orbits in sectipn|3.4 we findd
of the process of formation is still not known. Simulati0n§ig.) that the inclinations are excited and the currehiesa
(e.g. O'Brienet al., 2006) show that the planets had an orbitalan be reproduced, including that of the Mercury (whose mean
excitation comparable to the current one, but this couldbe eeal inclination is~ 8°; Laskar, 1988) and Mars (4deg). This is
artifact of the poor modeling of dynamical friction. Theoe$, because there are a number of non-linear secular resorthates
any indirect indication of what had to be the real dynamicahn occur, which also involve Uranus or Neptune. The frequen
state of the orbits of the terrestrial planets would be weleo  ciess; and s, could resonate witls; or sg, wherjif the latter
were larger in absolute value than the current values (oespe
In the two previous sections we have seen that origin@lely —2.99 and—0.67"/yr now), which is likely when the ice
circular orbits cannot be excluded. In fact, if the teri@btr giants had much stronger interactions with Jupiter andr8atu
planets had circular orbits after their formation, the eantr The frequenciess ands, were close to the 1:2 resonance with
eccentricities and amplitudes of the secular modes could has, when the latter was larger than now due to the smaller drbita
been acquired during the evolution of the giant planetsutiino spacing between the giant planets. As is well known, a resmna
secular resonance crossings and reactions to the jumpssdr= 25, cannot have dynamicaffects, because the correspond-
eccentricity of Jupiter’s orbit. It is interesting to sedhie same ing combination of the angles does not fulfil the D’Alembeiter
is true for the inclinations, which are between 2 and 10 degjrg(see for instance Morbidelli, 2002). However, a resonaiiee |
for the real terrestrial planets. In fact, if the terredtplanets 2s, = s5+ S; does satisfy the D’Alembert rule and is close to the
had originally quasi-circular orbits (probably as a reswiit previous one, due to the current small valusofThe variety of
strong dynamical friction with the planetesimals remagnin dynamical evolutions of Uranus and Neptune that are passibl
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the Nice model (even within the subset of jumping-Jupiterev2007); (iii) the most prominent impact basins on Mars ocedirr
lutions) precludes us to say deterministically which resares after the disappearance of Martian magnetic field (L#isal.
really occurred, when and with whiclffects. But the possibility 2006, 2007); (iv) impact basins on lapetus occurred after th
of exciting the current inclinations starting fram- 0 is not re- formation of its equatorial ridge, which is estimated to dav
mote and therefore, unfortunately, we cannot conclude cat wiiormed between =200-800 Myr (Castillo-Rogeet al., 2007).
had to be the initial dynamical state of the orbits of thedstnial Anybody seriously arguing against the cataclysmic natitbe
planets. LHB should find an explanation for each of these issues.

6. Di . dc lusi Third, one may argue that the origin of the LHB was not
- DISCussion and Lonclusions determined by a delayed migration of the giant planets, but

In this work we have shown that the radial smooth migration #hat it was caused instead by dynamical events that conderne
Jupiter and Saturn tends to excite the eccentricities obthigs  only the inner solar system. The model by Chambers (2007)
of Mercury, Venus and the Earth well above the values achiedoes precisely this and, in our opinion, it is the most sesiou
able during their current evolution. This happens becausgst alternative to the Nice model, for the origin of the LHB. In
frequency decreases during the migration; consequersthtétrs Chambers’ scenario, the system of terrestrial planetsnaig
temporarily in resonance witlp andg; whenPs/P; ~ 2.1-2.3, contained five planets. The fifth rogue planet, of sub-martia
which excites the amplitudes associated with these twaireg Mass, was in between the current orbit of Mars and the inner
cies in the Fourier spectrum of the terrestrial planetsv@wsely, €dge of the asteroid belt. The orbit of this planet becaméatins
the amplitude of theg, frequency in Mars is not excited tooble at a late epoch: after crossing the asteroid belt for domee
much, provided that Jupiter and Saturn approached and @gd dislodging most of the asteroids originally residenthiat
parted rapidly tffrom their mutual 2:1 mean motion resonancé€gion (which caused the LHB) the rogue planet was eventuall
as in the new version of the Nice model (Morbidetlal., 2007). removed by a collision with another planet, a collision vittie
Sun, or ejection from the solar system. Although appealing,
We have found two possible, but low-probability mechahis model has never been given much consideration and has
nisms that may make giant planet migration compatible wiffever been tested in detail, for instance against the aurren
the current orbital architecture of the terrestrial plan€ne structure of the asteroid belt and the magnitude of the LHB. W
requires that the original structure of the terrestriahplas was stress that Chambers’ model cannot by any means explain the
quite strange, with an amplitude of tlee mode significantly bombardment of lapetus. Thus, to accept this model one has to
larger than that of thgs mode. In this case, thgs = g, reso- find an alternative explanation of the late bombardent of thi
nance could have damped the amplitude ofghenode (and to satellite of Saturn that does not involve or imply a migratad
some extent also of thgy mode), for some lucky combinationthe giant planets or, alternatively, to prove that its rifigened
of secular phases. The other requires #atP; “jumped” (or Mmuch earlier than estimated by Castillo-Rog#zal. (2007),
evolved very rapidly across) the 2.1-2.3 interval, as alresu SO that the heavy bombardment of lapetus could have occurred
encounters betwedroth Jupiter and Saturn with either Uranugarly.
or Neptune. Some evolutions of this kind occur in the Nice
model, but they are rare (successful probability approsétga As afinal note, we remark that it is very dangerous to exclude
5%). or adopt a model based on probabilistic arguments on eveatts t
concern the habitability of the Earth, such as its orbitalitex
We are aware that most readers will consider this a firs@n. The fact that we are here to study these problems intresl
serious drawback of the Nice model. But, before leaving way &n obvious observational bias: of all possible solar systeme
critics, we would like to advocate some relevant points. can be only in one that allows our existence, however improba
ble was the chain of events that led to its formation. The Dola
First, this apparent problem is not confined to the Nicgystem is full of low-probability properties related to ftabil-
model, but concerns any model which associates the oridiyt the presence of the Moon (necessary to stabilise thig-obl
of the LHB to a delayed migration of Jupiter and Saturn (e.gity of the Earth; Laskaet al., 1993), the quasi-circular orbits of

Levisonet al., 2001, 2004; Strorat al., 2005; Thommest al., the giant planets (as opposed to the extra-solar plankesph-
2007). sence of giant planets in the temperate zone, to quote oely.a f

Therefore we think that the low probability to preserve a sred
Second, an easy way out of this problem is to deny thﬁt_e|y excited orbit of the Earth cannot be used to disquittiéy
the LHB occurred as an impact spike. In this case, giahice model.
planet migration might have occurred as soon as the gas disk , _ _
disappeared, without consequences on the terrestriabqsbanAcknoMedgemen_ts’ Th|§ work is part of the HeImhoItz_Alllance’s 'Planetary
. . . . _.evolution and Life’, which RB and AM thank for financial suphdExchanges
Whl(,:h had not formed yet. We warn against this SUperf'_C' tween Nice and Thessaloniki have been funded by a PICSamoge of
position. It seems to us that there are at least four StroBCEBi France’s CNRS, and RB thanks the host KT for his hospitalitsirdy a recent
of evidence in favour of the cataclysmic spike of the LHB: (iyisit. RG thanks Brasil's CNPq and FAPERJ for support. HFithiankful for
basins on the Moon as big as Imbrium and Orientale Comdpport from NASA's OSS and OPR programmes. Most of the sitituls in
not have formed as late as 3.8 Gyr ago if the bombardmé*ﬁ? work were performed on the CRIMSON Beowulf cluster at’tOC
rate had been declining monotonically since the time of glan
fqrmat|0n at the rate indicated by dynam|_<_:al moplels withogt poferences
giant planet migration (Bottket al., 2007); (ii) old zircons on
Earth demonstrate that the climate on Earth 4.3-3.9 Gyr aggnor, C., Canup, R., Levison, H. 1999 Icarus 142, 219.
was relatively cool (i.e. the impact rate was low; Mojzsts Agnor, C. 2005 DPS 37, 29.01
al., 2001), and that strong heating events, probably assaciaf\gnor, C. & Lin, D. BAAS 38, 537.
with impacts, happened approximately 3.8 Gyr ago (Tetzéll., Allegre, C., Manhes, G. & Gopel, C. E&PSL 267, 386.
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