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The asteroid belt composition
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Inner Solar System Constraints

® Masses, orbits of terrestrial planets

® | ow mass of Mars

® Almost circular and coplanar orbits
® Structure of asteroid belt

® Mass depleted

® Dynamically excited

® Mix of S and C-type objects
® Water delivery to Earth

Stronger Constraints



Why is Mars so small! And why are
the asteroids’ orbits excited and the
belt mass-depleted?
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Key ingredients to build the
inner solar system

® Rocky-mass distribution in the terrestrial region

® Giant planets’ orbits






MERR

® Jupiter, Saturn formed close to their current
orbits and sculpted late stage terrestrial
accretion
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MERS

® Jupiter, Saturn formed close to their current
orbits and sculpted late stage terrestrial
accretion
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e The rocky-mass distribution in the classical model is
based on the minimum mass solar nebula and disk

dust observations (weidenschiling, 1977; Hayashi et al 1981)










Replenish the planet’s (observed) composition until they reflect solar
abundance.
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Giant Planet Orbits
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Jupiter and Saturn gas disk phase evolution
( typically capture in 3:2 or 2:1 MMR)

e.g. Pierens et al. 2014
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Jupiter and Saturn gas disk phase evolution
( typically capture in 3:2 or 2:1 MMR)

e.g. Pierens et al. 2014
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How did Jupiter and Saturn reach their current orbits?

After gas dispersal

(Late) dynamical
instability
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How did Jupiter and Saturn reach their current orbits?

After gas dispersal

(Late) dynamical  Resonant configuration
instability
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How did Jupiter and Saturn reach their current orbits?

After gas dispersal

(Late) dynamical
instability

Current Orbits

Gomes et al. 2005; Nesvorny 201 |



Giant Planets dynamical instability

Gomes et al., 2005; Levison et al. 2011
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The classical model setup

W
)

X X X
111
oFH
Lo w

N
Ul
Frprrrrrril

N
&)

S~
O
=
-
C
[}
Q
O
L

o
»
o

Solid Surface Density (g/cm?)
- -
o U

U1
rryprrrrirri

Semi-major Axis (AU)

: [
0 - 0.00001 0.0001 0.001
o 05 1 15 2 25 3 35 4

Semi-major Axis (AU)

Water Mass Fraction



The “classical” Model (J&S resonant)
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Real terrestrial
planets

Simulations
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Grand Tack model invokes a specific migration
history of the giant planets
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h=0.04: a=2x10": t
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Time (orbits)
Hydrodynamical simulation with Jup, Sat

accreting gas from disk (pierens & Raymond 201 1,A8A, 533,A131)
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Radial drift of solids/migration in the protoplanetary disk:
enhancing the surface density in the terrestrial region
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The distribution of mass in solids in the
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The distribution of mass in solids in the
terrestrial region?
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Earth Mass

A high-mass asteroid belt
has excited orbits but a
huge Mars

1.000

0.100
A
L O
0.010 ¢ X E
0.001 F o o e s E

o 05 1 15 2 25 3 35 4
Semi-major Axis (AU)

|lzidoro et al., 2015, MNRAS

0.700 ¢

0.600

0.500

0.400

o
w
S
S

Eccentricity

0O 05 1 15 2 25 3 35 4

Semi-major Axis (AU)

X=25
¥
- j ]
O O EQXO _
AO !
a2 O@ §©o i .
: g i o
: & AT 4 © ]
- Q %}Q O : ! ]

o o5 1 15 2 25 3 35 4
Semi-major Axis (AU)



Earth Mass

A high-mass asteroid belt
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Earth Mass

A high-mass asteroid belt
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Earth Mass

A high-mass asteroid belt
has excited orbits but a
huge Mars
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Earth Mass

A high-mass asteroid belt
has excited orbits but a
huge Mars
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Earth Mass

A low-mass asteroid belt

IS under-excited

1.000 X=955

0.100

X
0.010 | )
C X X X
[ X x
X
N Xy X
><><>S<X>?§< >%x
» X XX
. ><>< Xx %
x
0-001 * XX X

0O 05 1 15 2 25 3 35 4

Semi-major Axis (AU)

Izidoro et al., 2015, MNRAS

lllllllll'lllllllll'lllllllll'lllllllll'lllllllll'lllllllll'lllllllll'lllllllll'lll

0.700

0.600

0.500

0.400

0.300

Eccentricity

0.200
0.100

0.000

25.000
20.000

= 15.000
a)

Incl. (D

10.000

5.000

0.000

N R R N R R N RN LR LR
- X 3
- X 3
— x .
n . ]
L x % .
r x ]
. o O ; 3
— ———————— e 2% —]
r x,” X x X: ]
o >x<x 4 B 1 ]
L /X % 1 -
= x/ﬁ‘( ox ;X | ]
E 3 XX I .
= AQO xx O g B ! 3
r O" I x)e%;’ixx,( REA x ]
= R 5 S0 X % %"xxx 1
r | i‘@x X X XX Xx ]
r . X % 2500 ¥ Z x .
E i N 3 S .
L ! ¢ % .
- 1 k 3 7
r : 5‘( ]
L 1 % ]
- H ?( X <
Coo o s a1 IQ TR o JENEENE R

=

o 05 1 15 2 25 3 35 4
Semi-major Axis (AU)

UL R R RN R AR RN R LR
x x 7

Xx=55

B e e e

O o5 1 15 2 25 3 35 4
Semi-major Axis (AU)




Earth Mass

A low-mass asteroid belt

IS under-excited
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For small Mars,
need mass deficit



With mass deficit,
asteroid belt is
under-excited

For small Mars,
need mass deficit

lzidoro et al (2015, MNRAS)



The Missing Ingredient...



The Missing Ingredient...
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Experiment |:
Jup & Sat in 2:1 resonance with e=0.025
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. Why is<Mars so small’ﬂ
~why are the asteroids
orbits excited?

L U ™

g.*.ow-mass (empty) aster0|d belt + chaotic
iants?

G’%nd Tack? . y
B
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Where did Earth’s water and
C-type asteroids come from!
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Water in small bodies
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The Grand Tack

In the Grand Tack

04 .
e model water is
"oc delivered to Earth by
0.4F .
03 the same population
O.?; .
0 that was implanted
into the asteroid belt
§ o1k as C types
® (Walsh et al 201 I; O’Brien et al
S 03¢ 2014)
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A new mechanism:
Jupiter’s growth affected nearby

Stability limit for nearby
orbits (~3.5 Ruin ~M'73)



A new mechanism:
Jupiter’s growth affected nearby

Stability limit for nearby
orbits (~3.5 Ruin ~M'73)
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Generic process: C-types in main belt
and water on Earth may be simple
consequence of Jupiter’s growth.
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Implantation of planetesimals with different sizes

D=1km
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1000km

C-types are implanted throughout
the main belt but preferentially in
the outer belt
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Delivery to terrestrial planets vs. injection
into asteroid belt

Relative surface density of gas disk
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Delivery to terrestrial planets vs. injection
into asteroid belt

Relative surface density of gas disk
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This scenario is also consistent with
migrating giant planets
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Where did Earth’s water
and C-types come from?

- Scattered planetesimals

during Jup/Sat’s growth
- Grand Tack!?
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..the observed orbital alignment can be maintained by a

distant eccentric planet with mass
— Batygin & Brown (2016)
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Additional evidence for Planet 9?

Trujillo & Sheppard (2016)

New Extreme Objects - —ﬂ_“‘*-a______Extreme Kuiper Belt Objects
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lce Giants Tilt

I ’ |

Uranus Neptune
98° 30°

Planetesimals accretion fails in explaining their formation (Levison et al. 2010)

Pebble accretion alone fails in explaining their obliquities (Johansen et al 2009)

One and preferably 2 giant collisions during their growth (Morbidelli et al., 2012)



MERR

® Jupiter and Saturn blocked the migration of the
ice giants and promoted the formation of the ice
giants (lzidoro et al, 2015ab)
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MERR

® Jupiter and Saturn blocked the migration of the
ice giants and promoted the formation of the ice
giants (lzidoro et al, 2015ab)
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® Jupiter and Saturn blocked the migration of the
ice giants and promoted the formation of the ice
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Orbital distance



MERR

® Jupiter and Saturn blocked the migration of the
ice giants and promoted the formation of the ice
giants (lzidoro et al, 2015ab)
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MERR

® Jupiter and Saturn blocked the migration of the
ice giants and promoted the formation of the ice
giants (lzidoro et al, 2015ab)
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MERS

® Jupiter and Saturn blocked the migration of the
ice giants and promoted the formation of the ice
giants (lzidoro et al, 201 5ab)
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MERS

® Jupiter and Saturn blocked the migration of the
ice giants and promoted the formation of the ice
giants (lzidoro et al, 201 5ab)
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Scattering of planetary embryos
during the ice giants accretion

Mass (Earth Mass)

Izidoro et al., 2015, A&A
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The Sun was born in a cluster of
~| 000 stars (e.g.,Adams 2010)
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Planet 9:a scattered ice giant!




Planet 9:a scattered ice giant!
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Planet 9:a scattered ice giant!




Planet 9:a scattered ice giant!




Gravitational
scattering by Jupiter
plus external
perturber

Jup.
Kick 1

planetplanet.net



Gravitational
scattering by Jupiter
plus external
perturber

Jup.
kick 2

planetplanet.net



Gravitational
scattering by Jupiter
plus external

perturber

planetplanet.net



Gravitational External kick
scattering by Jupiter separates orbit from
plus external — T T = Jupiter
perturber ~~
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Planet 9:a scattered ice giant!?
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Explaining the Solar System:







Planetesimals
scattered during
Jup/Sat’s growth

Planet 9
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Planetesimals
scattered during
Jup/Sat’s growth

Jup/Sat’s
Grand Tack!?
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Planetesimals
scattered during
Jup/Sat’s growth

Low-mass
asteroid belt?
Chaotic early

Jup/Sat?

Jup/Sat’s
Grand Tack!?
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Planet 9:a

Low-mass  gcattered ice
asteroid belt!? giant?

Chaotic early
Jup/Sat?

Planetesimals
scattered during
Jup/Sat’s growth

Jup/Sat’s
Grand Tack!?
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Planet 9:a

Planetesimals :
Low-mass  scattered ice

scatter,ed during . cieroid belt? iant?
Jup/sat's growth  Chaotic early
Jup/Sat?
Jup/Sat’s Giant impacts
Grand Tack? explain the

masses and tilt of
the ice giants



