/,\

Models of Solar Sysfem# L 5
formation ’

Sean Raymond 4 6
Laboratoire d’Astrophysique de Bg slnfui‘i b
& T @Iane%Ianet net !

\ \\,/1; | ‘3 ‘ 8'.\‘\?
- L "%
e N ;;,‘
: ' _ ’

\

with A |zidoro, A. Morbidelli, A. Pierens, M. Clement, K.Walsh, S. \N Kaib, B. Bitsch

L4


http://planetplanet.net

SOI.AR SYSTEM

on MealNITES
rar e l.‘w “‘-".- »

Disk structure/ 2 g
oagulati

evolution

giant

C

[+1F] imal
accrétion ﬁ
gas ‘eﬂon g
N
impacts

debris disk _chs ~ galactic
oo s._ ( tides context (e.g.

/, \ ' /\ m cluster phase)

Two recent (ridiculously long) reviews: Raymond et al (2018); Raymond & Morbidelli (2020)

y

MudpupP







t=0.0

lrIvlrvvr'rv]rtvllvrlvrwl

J 3

/H
o
>

1

|

3

-06 -
l A A A l A A L l A ' A l A A A l LA A l A A A l
-06 -04 -02 00 02 04 06
x/H

Johansen, Klahr & Henning (201 1)




Planetesimals:

~[00 km

Review of planetesimal formation: Johansen et al (2014, PP6)



Slide courtesy M. Lambrechts

Pebble accretion

Johansen & Lacerda 2010; Ormel & Klahr 2010; Lambrechts &
Johansen 2012, 2014; Morbidelli & Nesvorny 2012, Bitsch et al
2015, 2018; Levison et al 2015a,b; Johansen & Lambrechts
2017; Ormel 2017; Brouwers et al 2019; Liu et al 2019, ...

Pebble accretion (“Bondi regime”)
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Slide courtesy M. Lambrechts

Pebble accretion

Johansen & Lacerda 2010; Ormel & Klahr 2010; Lambrechts &
Johansen 2012, 2014; Morbidelli & Nesvorny 2012, Bitsch et al
2015, 2018; Levison et al 2015a,b; Johansen & Lambrechts
2017; Ormel 2017; Brouwers et al 2019; Liu et al 2019, ...

Pebble accretion (“Bondi regime”)
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Planetesimals

“snow line”

rocky 50% rock, 50% ice



Planetesimals

“snow line”
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Planetary embryos

~Mars-mass
( I O% MEarth) 5' I O MEarth

Pebble accretion is far more efficient past the snowline
(Lambrechts et al 2014; Morbidelli et al 2015; Ormel et al 2017)



Age distributions of carbonaceous
and meteorites

Magmatic irons

OC

Urellites

Eucrites

Angrites

Magmatic irons

Accretion time (Myr after CAls)

Kruijer et al (2020)



~Mars-mass
( I O% MEarth)

5-10 MEarth



Jupiter’s core blocks the inward
flux of pebbles, starving the
growing terrestrial planets

One large embryo
blocks pebble flux

Morbidelli et al (2015); Lambrechts et al (2019)



How was Solar System chopped in two!

Jupiter’s core! Pressure bump in the disk!?

a Early infall (t= 0 Myr) Oulved |  of CAls
and initial disk formation by outflow
@
<
Enriched in nuclides from neutron-rich stellar environments

Depleted in nuclides from neutron-rich stellar environments

b Late infall / / / /

NN\

C After infall (t < 1 Myr) Mixing blocked

swiL

Implantation of CC bodies
d Gap formation (f~2-5 Myr) lnto inner Solar System

P

Kruijer et al (2017,2020) Brasser & Mojzsis (2020)




Growth+migration tracks of
giant planets

Johansen & Lambrechts (2017); after Bitsch et al (2015)



Growth+migration tracks of
giant planets

)
B T o i
5 N\

Cores that start inside |0
AU end up as hot Jupiters!

Johansen & Lambrechts (2017); after Bitsch et al (2015)



How did Jupiter end up at 5 AU!?
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® Jupiter’s core formed at |15-20 AU (Bitsct



How did Jupiter end up at 5 AU!?

® Jupiter’s core formed at |15-20 AU (Bitsct

® Very low viscosity disks: very slow t
migration (e.g, Bitsch et al 2019)
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How did Jupiter end up at 5 AU!?

® Jupiter’s core formed at |15-20 AU (Bitsct

® Very low viscosity disks: very slow t
migration (e.g, Bitsch et al 2019)

® |nner disk evaporated away, plane
closer than ~| AU (Alexander & Pascucci

® Saturn stops or reverses Jupiter’s
(Masset & Snellgrove 2001; Grand Tack model)



Inner Solar System constraints




Inner Solar System constraints

2 MEarth 5x10-4 MEarth >5-10 MEarth
(solids)



Demeo &
Al Carry 2014

2 MEarth 5x10-4 Megarth >5-10 MEearth
(solids)




Demeo &
Carry 2014

2 MEarth

Number, masses

Angular momentum
deficit

Growth timescales,
compositions

5x10-4 MEarth

>5-10 MEarth
(solids)



Demeo &
Carry 2014

Number, masses

Angular momentum
deficit

Growth timescales,
compositions

5x10-4 MEarth

Total mass

S/C dichotomy
Orbital distribution

>5‘1 O MEarth
(solids)



Simulations of the “classical model”

(Wetherill 1978-96; Chambers 2001; Raymond et al 2004, 2006, 2009, 2014; O’Brien et al 2006; Izidoro et al 2015; Morishima et al 2008,
2010; Fischer & Ciesla 2014; Kaib & Cowan 2015, ...)

2 MEarth 1-2 MEarth >5-10 MEarth
(solids)



Simulations of the “classical model”

(Wetherill 1978-96; Chambers 2001; Raymond et al 2004, 2006, 2009, 2014; O’Brien et al 2006; Izidoro et al 2015; Morishima et al 2008,
2010; Fischer & Ciesla 2014; Kaib & Cowan 2015, ...)

Over-populated
Earth asteroid belt with
Venus Mega-Mars Marses

s 0fi,

Jupiter




Simulations of the “classical model”

(Wetherill 1978-96; Chambers 2001; Raymond et al 2004, 2006, 2009, 2014; O’Brien et al 2006; Izidoro et al 2015; Morishima et al 2008,
2010; Fischer & Ciesla 2014; Kaib & Cowan 2015, ...)

Over-populated
asteroid belt with

Mega-Mars Marses

s ofi,

Jupiter

Problem E
METER R
big as Earth

(Wetherill 1991)



Simulations of the “classical model”

(Wetherill 1978-96; Chambers 2001; Raymond et al 2004, 2006, 2009, 2014; O’Brien et al 2006; Izidoro et al 2015; Morishima et al 2008,
2010; Fischer & Ciesla 2014; Kaib & Cowan 2015, ...)

Over-populated
Earth asteroid belt with
Venus Mega-Mars Marses

® o3

Jupiter

Problem I: Problem 2: too
Mars is as many asteroids
big as Earth (on bad orbits)

(Wetherill 1991) (Raymond et al 2009; Izidoro et al 2015)



3 possible solutions
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Solution |. planetesimal distribution

Assumption: few (if any) planetesimals formed
in Mars region/asteroid belt

p\anet—form'\ng disk

L~ o -
—> 4—\
2 MEarth Few planetesimals

(Hansen 2009; Izidoro et al 2015;Walsh & Levison 2016; Drazkowska et al 2016; Raymond & Izidoro 2017b)



HL Tau’s disk
(ALMA Partnership et al 2015)
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HL Tau’s disk
(ALMA Partnership et al 2015)



10’
distance to the star [AU]

Drazkowska et al (2016)

HL Tau’s disk
(ALMA Partnership et al 2015)



Solution |.Low-mass asteroid belt

(Hansen 2009; Izidoro et al 2015;Walsh & Levison 2016; Drazkowska et al 2016; Raymond & Izidoro 2017b)



Solution |.Low-mass asteroid belt

(Hansen 2009; Izidoro et al 2015;Walsh & Levison 2016; Drazkowska et al 2016; Raymond & Izidoro 2017b)






C-types and Earth’s water from giant
planet region




C-types and Earth’s water from giant
planet region

Some asteroids (Vesta? Irons?! S-types?)
scattered out from terrestrial planet region

Raymond & lzidoro (2017a,b); also Bottke et al (2006); Ronnet et al (2018),
Mastrobuono-Battisti & Perets (2017); Pirani et al (2019); Raymond & Nesvorny (2020)




Solution 2: migration of
upiter and Saturn

Pierens &
Raymond (201 1)



The Grand Tack model

(Walsh et al 201 |)

Jupliter Masset & Snellgrove 2001;
Morbidelli & Crida 2007;
Pierens & Nelson 2008;

Crida et al 2009;
Zhang & Zhou 2010;
Pierens & Raymond 2011;
D’Angelo & Marzari 2012;

Pierens et al 2014
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Solution 2: migration of
Jupiter and Saturn




Solution 2: migration of
Jupiter and Saturn




Solution 2: migration of
Jupiter and Saturn

The “Grand Tack” model

(Walsh et al 201 1)




Solution 2: migration of
Jupiter and Saturn

The “Grand Tack” model

(Walsh et al 201 1)




The Solar System’s instability

(Thommes et al 1999, 2005; Tsiganis et al 2005; Morbidelli et al 2005,2007, 2009; Levison et al 201 |; Batygin &
Brown 201 |; Nesvorny & Morbidelli 2012; Deienno et al 2016,2018, Nesvorny 2018...)
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The Solar System’s instability

(Thommes et al 1999, 2005; Tsiganis et al 2005; Morbidelli et al 2005,2007, 2009; Levison et al 201 |; Batygin &
Brown 201 |; Nesvorny & Morbidelli 2012; Deienno et al 2016,2018, Nesvorny 2018...)
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The Solar System’s instability

(Thommes et al 1999, 2005; Tsiganis et al 2005; Morbidelli et al 2005,2007, 2009; Levison et al 201 |; Batygin &
Brown 201 |; Nesvorny & Morbidelli 2012; Deienno et al 2016,2018, Nesvorny 2018...)
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NEW: instability was early, likely in first ~10-100 Myr

(Zellner 2017; Morbidelli et al 2018; Nesvorny et al 2018; Mojzsis et al 2019)




Solution 3: dynamical instability
among giant planets

Setstehe v“-‘% ‘ \



Solution 3: dynamical instability
among giant planets



Solution 3: dynamical instability
among giant planets

The “Early Instability” model
(Clement et al 2018, 2019ab)



3 possible solutions

X [aU]

“Low-mass asteroid

belt” The “Grand Tack Early instability
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3 possible solutions

X [aU]

“Low-mass asteroid

belt” The “Grand Tack Early instability
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MOJO - Part 0/11 - Introduction
Sean Raymond & Alessandro
Morbidelli (2018)
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Gas giants

~10 Earth-
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Gas giants

~10 Earth- late veneer

mass cores M i g rati O n (P|anetesimi| imPact

1 MEarth

Mars-mass
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embryos Moon-forming

impact
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Meteorites can be broken in two classes:
carbonaceous and non-carbonaceous

CC achondrites
CC chondrites
cKk1_CO!

NC achondrites —O0 —?-Q-CV

| NWA 2976

NC chondrites o) &

Earth, Moon, Mars CM CH?™ NWA 6704
~O-| - @™ -
CB | 4 g

HED Tafassasset

Mesosiderites Auﬂtgs_ Eir:h__
Acapulcoites OC g -O- Moon
\ ‘O.’;' Mars EC
_‘Q\——_—j —\

¢ Angrites
“Ureilites Pallasites (MG)

Kruijer et al (2017, 2020); after Warren (201 |) and others.



Meteoritic evidence for early
growth of Jupiter’s core

Time of Snapshots of disk evolution
parent body during Jupiter’s growth

accretion
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Kruijer et al (2017)



What if the pebble flux into inner
Solar System was not blocked?

: Continuous
pebble flux:

super-Earths

0 Pebble flux
IR b b I OC ked .

| i

)
0 ] ]
C)rbital C . n (A

Lambrechts et al (2019)



The Grand Tack
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Walsh et al 201 |




Chaotic excitation of the
asteroid belt

agr's H

Izidoro et al (2016)




Chaotic excitation of the
asteroid belt

agr's H

Izidoro et al (2016)
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Unsolved mysteries

* Where did Jupiter’s core form, and why didn’t it m/g#atef- 5
inward to become a “super-Earth™? %

+ Where and when did planetesimals form, and how does
this connect with meteorite dichotomy?

* When did instability happen, and what was the trigger?



Unsolved mysteries

* Where did Jupiter’s core form, and why didn't it m/g#atef- 5
inward to become a “super-Earth™? %

+ Where and when did planetesimals form, and how does
this connect with meteorite dichotomy?

* When did instability happen, and what was the trigger?

* What’s up with Mercury anyway!



