Late stages in the
evolution of the
Solar System
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"Classical’ model of terrestrail planet accretion: from embryosin the

0.5-2.0 AU zone.
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L ooking for solutions for the €/i/timescale problem:
Pushing dynamical friction
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New ssimulations: O’Brien, Morbidéelli, L evison, 2006
4 ssimul. with circular Jup. & Sat. and 4 with giant planetson current orbits
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O’Brien et al. (2006)
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Inclination (deg)
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Quantifying or bital excitation

> i My \/r,r.j{l = f.‘.j‘?jl COSEj — D i Mj./G5
25 /% ObML 06

Angular Momentum Deficits

AMD =

=7 S,
(CJS)  (EJS)

1 -0.0034 -0.00077
2 -0.0013 -0.00049
3 -0.0026  -0.0026

4 -0.0051 -0.0013
median | -0.0030 -0.0010
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Timescales....

Planet Mass vs. Time
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Origin of material incor porated into the planets

ObML 06 -

CIs2

Circular JS case

IS

15% of planetary mass accr eted
from beyond 2.5 AU, 75% of
which from embryos
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Eccentric JS case
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151 |
152 | I‘
153 ‘ l ‘
IS4 | i ‘
| | | I | |
0.5 1.0 1.5 2.0
Semi—-Major Axis (ALl

Source Region

0.3 all



Why these d | ffer ences Embryo Enters 5:2 and is Ejected by Jupiter (EJS)

between the circular and :
the eccentric cases? 2 .
) d
Theanswer isin “ .
resonance strength :
: E —
. . = Z2 2
So, was Jupiter circular or 2 5| ]
eccentric? ...difficult to ) o
Say". 9 0 IE -I*J- :E ili ‘1ID 12
Embryo Migrates to Temestrial Planet Region (CJS)

4.2 | | | | 2
4 4
g 3.% 7]
g 25 _
® i ;

1

0.5

0 20 40 60 80 100



1] Giant planet mlgra

a planetesimal disk




Migration direction: Our Solar System case.
Fernandez and | p (1980); Malhotra (1993, 1995)
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Evidence for planet migration: The Kuiper belt
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Why did Neptune stop at 30 AU?

Gomes, Morbidedlli, Levison, 2003 .
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The migration mode Disk from 20 to 50 AU
dependson thedisk’s
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Hahn and Malhotra (1999) solution
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Dynamical mass depletion of the Kuiper belt
Gomes, Morbidelli, Levison (2004)
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Simulation asin Hahn and Malhotra (1999) but with a half massive disk
and one Earth mass embryo




GENERAL IMPLICATION

It iIsnot possibleto deplete the belt by g ecting most of its
objectsto Neptune-crossing or bit* otherwise Neptune would
have migrated well beyond 30 AU !

*unlessthe belt was <5 M e from the beginning — not enough to grow the KBOs

Thecollisional grinding of the Kuiper belt does not seem to
work either (Gomeset al., 2004; Kenyon and Bromley, 2004)

Thus, Gomes (2003) - Levison & Morbidéelli (2003) proposed that
thedisk wastruncated at ~ 30— 35 AU. The KBOshad to form
within thislimit and betransported outward, during Neptune’s
migration.



I11) Late instabilities :
the Late Heavy Bombare




In all previous
simulations,
migration started
Immediately because
planetesimalswere
placed in very
unstableregions.
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However, at the end
of the gas-disk phase,
planetesimals should
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Gomes, Levison, Tsiganis, Morbidelli, (2005)
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Heliocentric Distance (AU)

Gomes, Levison, Tsiganis, Morbidelli, (2005)
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Weargue that this isdie
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Two strengths of our LHB model.

|: We explain alate heavy bombardment, with magnitude and

duration consistent with crater constraints
R. Gomeset al. 2005. Nature, 435,466
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Asteroids dominated the LHB signature: Kring and Cohen 2002, Strom et al. 2005:



1. We explain the
current orbitsof the
giant planets: their semi
maj or axes,
eccentricities and
Inclinations

K. Tsiganis, R. Gomes, A.
Morbiddli, H.F. Levison 2005.
Nature, 435, 459

We also explain the
distribution of Jupiter

Trojans (see Morbideli,
L evison, Tsiganis, Gomes 2005)
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Conclusions

When thegasdisk is dlsspated th
System is not done yet -

Terrestrial planet formatlon contl 'v
about ~40 My £

Glant planets migrate ed.,
; planetea mals continues
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Thel ate Heavy Borﬁba?dmen
reor ganization of the Solar Syst- |

which led to the System that We know




LATE PLANET INSTABILITIES

: | A larger discs
From Rieke et al., 2005 APJ 620 |
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might be quite generic, explaining the IR excess observed for main sequence stars
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