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The Solar System




The exo-Solar System

Measure:
* mass (Mjyp sin i)
- orbital size
- orbital shape (eccentricity)
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(Sun’s radial velocity amplitude due to
Jupiter ~12 m/s,P=12 yr)
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Planet formation
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Formation models
storles
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Planetesimals:
~100 km



PlaRletaetesimiars/os

“snow line”’

gas d\ S\(

~Maoskpass 50% rock, 50% ice
(10% MEarch) 5-10 MEearth

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



Jupiter

"Kepler-11 System



“Super-Earths” vs. the Solar System

Occurrence rate:

~30-50%

(Mayor et al 201 I; Howard et al 2012;
Fressin et al 2013, Mulders et al 2018)
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The period ratio distribution
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Lissauer et al (201 |); Fabrycky et al (2014)



All roads lead to
migration...




Growth timescales are very short
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Bolmont et al 2014



Migration cannot be ignored
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. Gas disk lifetime
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“In-situ accretion” is

impossible

(although details of migration are uncertain)

100 Lottt et
0.0 0.1 0.2 0.3 0.4 0.5
Orbital distance (AU)

See Inamdar & Schlichting 2015, Schlichting 2014; Ogihara et al 2015; Grishin & Perets 2015



Orbital migration

recent reviews: Kley & Nelson 2012; Baruteau et al 2014

Matters for
Mp >~ MEarth

More massive planets
migrate faster

Pierens et al (2013)



Migrating planets are trapped
at the inner edge of the disk

Masset et al (2006); Romanova & Lovelace (2006); Romanova et al (2019)



PR RENeS

Instability spreads planets out and
destroys resonances
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Gaseous disk dissipates after a few

million years



The period ratio distribution
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The period ratio distribution
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TRAPPIST-1 System

3:2 3:2 4.3

[Hlustration

(Gillon et al 2017, Luger et al 2017)



Some super-Earths from __ _
migration are pure rock... s

....but most are ice-rich

(Raymond et al 2018; also Coleman et al 2019; Bitsch et al 2019; Izidoro et al 2019)



Jupiter

"Kepler-11 System



i, Blocks, he migiation.of
more di "ﬁé embryos
rom the disk

' m.lq

Prediction: systems with wide-orbit Jupiters
should anti-correlate with super-Earths

Izidoro et al (2015)



Y,

Do Jupiters correlate with
super-Earths?

® Barbato et al (2018): RV — Deficit of
super-Earths in systems with wide-orbit

Jupiters

® Bryan et al (2019): RV — of Jupiter-
like trends in systems with super-Earths

® /Zhu &Wu (2018): RV/Transit — of

Jupiters in super-Earth systems



‘Kepler-11 SYstem_



2 MEarth 5x104 MEarit
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Growth timescales, .
compositions, Orbital distribution
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Eccentricity
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The classmal model”

The “small Mars”

problem
(Wetherill 1991)

Semimajor Axis (AU)
Log(Water Mass Fraction)

Raymond, Quinn &
Lunine (2006)




3 possible solutions to the
small Mars problem

20 40

Y |AU|
G
T

X [auU]

Low-mass asteroid The “Grand Tack” Early instability

belt”



| . Low-mass asteroid belt

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

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

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



| . Low-mass asteroid belt

Dust, gas distributions were smooth(ish)
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-06 04 -0.2 0.0 0.2 0.4 0.6
Johansen, Klahr & tenning (201 1)

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)



| . Low-mass asteroid belt

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

p\anet—form'\ng disk

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



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

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

Raymond & lzidoro (2017a g Ronnet et al (2018); Pirani et al (2019)
Raymond & lzidoro (20I7b), ottke et al (2006); Mastrobuono-Battisti & Perets

(2017)




Water on Earth

. Mwater ~ O. I O/O MEarth 103P/Hartley2
® |[sotopic match to o o "
carbonaceous chondrites 102 | Mersnterio” ™ feteorites
. ./So/ar
(from C-type asteroids;

e.g., Marty 2012; Alexander et al 2012)

Marty (2012)

Classical model: primitive C-types delivered Earth’s water
(Morbidelli et al 2000; Raymond et al 2004, 2007)
New story: water was delivered to Earth by same
population that was implanted into asteroid belt as
C-types

(Walsh et al 201 |; O’Brien et al 2014; Raymond & Izidoro 2017)



2. The Grand Tack

(Walsh et al 201 1)

Pierens &
Raymond (201 1)



Semi major axis

Jupiter in the gaseous disk

\’”50 IVIEarth
\ Jupiter

Type |l
migration starts

~ 200 IVIEalrth

Time



Semi major axis

Jupiter and Saturn in the gaseous disk

/ ~50 Mg

/ Fast Migration
kSa’[urn

- Capture in Resonance (3:2 or 2:1)
Jupiter

Time



The Grand Tack model

(Walsh et al 201 1)

Juplter 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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The Grand Tack model
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Planetary embryos

O Planetesimals

eccentricity

%
o
e
o
N
o
"
o
o

-
’ lﬁl"*!*-*-h-ld-hﬁHWM'ﬁh

T 1.5 2

semimajor axis (AU)

credit;: David O’Brien




3.The Solar System’s instability
(the “Nice model”)

| ' | ; | ' | ' |
o | —20 Myr _
- NEW:Timing is S+ -
uncertain — anytime
before ~100 Myr 2ol _
(Chapman et al 2007; Zellner 2017; >
Morbidelli et al 2018; Nesvorny et al 2018;
Mojzsis et al 2019; Hartmann 2019) 2L |
I
-
T | —_
| . | . | . | . |

—40 —20 0 20 40

X [AU]
Nesvorny (201 1)



t=0: Dispersal of the gas disk.

A8 & _
t=1 Myr: The instability is
triggered.
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t=11 Myr: Mars growth
complete. Earth and Venus
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3 possible solutions to the
small Mars problem

- g/

U
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“Low-mass asteroid

belt” The “Grand Tack Early instability



Jupiter

"Kepler-11 System



Orbital Eccentricity

~Giant exoplanets

¢ exoplanets org | 1/16/2018

]

Msin(i) [Jupiter Mass]

|

Semi-Major Axis [Astronomical Units (AU)]



Planet-planet scattering

.

Simulation Time: 00.0 years

Credit; Eric Ford



Eccentricity
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MOJO - Part 0/11 - Introduction
Sean Raymond & Alessandro
Morbidelli (2018)
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Extra Slides



WVhat controls the branching
between Solar System-like
systems and super—%arth systems!?




Core accretion

Q EARTH

JUPITER SATURN



Large cores block pebble flux

“Pebble isolation”
mass:
~20 ME for typical disk

at Jup’s orbit

1 1.5 2 2.5
Density relative to unperturbed

Lambrechts et al (2014); Bitsch et al (2018)




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

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

One large embryo
blocks pebble flux

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



Slide courtesy Seth Jacobson

_ Integrated pebble flux: 38 MEar
= Total final mass: ~1 Mgar
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Slide courtesy Seth Jacobson
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Integrated pebble flux: | 14 Meart
Total final mass: ~9 Meareh
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Lambrechts et al (2019)



Slide courtesy Seth Jacobson

Integrated pebble flux: 190 Meart
Total final mass: 20-30 Mearth
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Slide courtesy Seth Jacobson

Integrated pebble flux: 340 Meart
Total final mass: 50-60 MEearh
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Continuous
pebble flux:
super=-Earths

Pebble flux
blocked:




Meteoritic evidence for early
growth of Jupiter’s core

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

Chondrites

>
<
-
S
5
€
S
<
O
IS
T
O
E
—

Heliocentric distance

Kruijer et al 2017



Also match multiplicity distribution (the
“Kepler dichotomy™)

N Kepler sample
Unstable

. Stable
— 90% Unstable, 10% Stable

Normalized distribution

1 2 3 4 5 6 7 8 9
Number of planets detected by transit (<0.5 AU)

Izidoro et al (2017)



