25

[“EETEEGHOBUIR” & K% N O P E L ]
TCHHAERS (JAXA)

[-\n

HERDMKBTREZ 2 256, RO 3 OOELEBICKATE 2 — () FIERES
Wﬁﬂ@@ﬁxb#%ﬁ%%«@@%@ﬁﬁﬁﬁ\(Mﬁi ORE T CoBRDE
Eafs (FicEAhTKiLEN D), (i) B EFE% 2 72 secular 7L BRE,

KEBZRICBWTIE, TRETBHINT 70 —F 12X > THEAENRT X BRI
ROBFEL, KBER/NREOE &-HE-LPIERDO 9 (Bl 213, NRER O 74
SN ERF) DAL RS TETR S

—7. OB o EEEERE (27— iKW T, L KB R/INRIEH
D — VO NBIEREE AT (B2, Bl RO R -HUEER A 0 v — H gy
1) %ZATREZRIR Y [FEFIC (—2DEFAT) FHHT 2 -01Cid, & 2T OMKE
UNKEORREL 3 2) omliinti (@uE, 34 X, BLXUORERLRY) HHET
BB EPBEHENT 7 —FIC X VRBEINTND

L2 L—HT, “MEERED XS TR INDEDH 27, K& 2 ISR A

iﬁ%@%ﬁﬁmaﬁﬁykféé@ &096@#?amiéﬁﬁﬁw’ﬂiéﬁ
ZIZHSL 2> TWARWVIRETH 2, 2%V, FIARERMABHANTOL X+ 6

BRE~OHELFBEE (A7 —V0) KT 24 DHEMERZ L WHKRED 5,

JFIRERE R MBICE T 2 X2 b 2 LMK E~OHE(LITER 2 L 7' 1 & 2 DM
AGAB VI X o THR I N T W3, b DHfEZ EIENICHED 5 720113, [
N C D RFTH 2L A 35 X U172 o SR AR o FRAE & [FIIRFIC ﬁAw@ﬁm%
Hig LEET M0 MHAPS5BEITTEIIERI AL LEZOND,



BTG D BN
&
KB % N DY E i |

TeUH e

j%%‘l




| Solar System History

The formation and evolution of the Solar System,

chronologically divided into three ages:

1) The Solar Nebula (first <10 Myr)

dust — planetesimals

2) The Primordial Solar System (before ~4 Ga)

planetesimals — planets

3) The Modern Solar System (after ~4 Ga)

billion years of secular evolutions

>1000km

modified from Turrini et al. (2014)
©Ryuki Hyodo



I Terrestrial Planets

A bimodal mass and narrow localized

distributions of the terrestrial planets.

I The Asteroid Belt

A dynamically excited structure

with a mass of less than one one-

thousandth of an Earth mass.

DeMeo & Carry 2014



I[sotopically most similar to enstatite chondrites

(Dauphas, 2017; Fischer-Godde & Kleine, 2017)

Enstatite-like late accretion \

inferred from the atmosphere

(Gillmann et al. 2020)

I Terrestrial Planets \

A bimodal mass and narrow localized

distributions of the terrestrial planets.

Enstatite-like surface inferred from Isotopically most similar to ordinary chondrites

Messenger X-Ray Spectrometry (e.g., Yoshizaki & McDonough 2020)
(Weider et al. 2012)

I The Asteroid Belt

A dynamically excited structure

with a mass of less than one one-

thousandth of an Earth mass.

DeMeo & Carry 2014
Gradie & Tedesco 1982



IA specific initial planetesimal distribution required

Planet formation

planetesimals — planets

Today, three viable solutions to the small

Mars 1ssue are proposed.

w. Gas w. Gas w/o. Gas
+ successive late

instability

© Sean Raymond



Instability Model | Pro.

Originally, “Nice model” (Malhotra 1993; Gomes et al. 2005) - The resonant structure of the Kuiper belt

(Malhotra 1993; Hahn & Malhotra 2005)
or “Planetesimal-driven migration” (Fernandez & 1p 1984) - Jupiter Trojan (Morbidelli et al. 2015)

or later “Jumping-Jupiter model” - Neptune Trojan (Nesvorny & Vokrouhlicky 2009)
(Brasser et al. 2009; Nesvorny 2011; Batygin et al., 2012) .
- Irregular satellites (Nesvorny+2017)

- The final orbital sculpting of the asteroid belt
(Morbidelli et al., 2010; Roig and Nesvorny, 2015; Deienno et al. 2016)

- The different components (cold, hot) of the Kuiper belt
(Nesvorny, 2015)

- The origin of the Oort cloud and scattered disk
(Brasser and Morbidelli, 2013; Nesvorny et al., 2017)

- Ring formation around giant planets

(Hyodo et al. 2017)

| Challenges

- Excessive excitation of the terrestrial planet orbits
- Excessive mixing of the terrestrial planet building blocks

- Uncertainty with the connection to the early nebula stage

© Phil Armitage



Composition from e.g, Grimm & McSween 1993

w. a limited range of mass ratios

(Masset & Anellgrove 2001)

|A famous but not certain

- The terrestrial planets were already in place before instability.
(Gomes et al. 2005; Morbidelli et al. 2005; Tsiganis et al. 2005)

- However, the excitation of the terrestrial planet orbits

may be significant.
(Agnor & Lin 2012, Kaib & Chambers 2016; Brasser et al. 2013; Roig et al. 2016)

- Originally, a spike model. Now, a smooth decay.
(Boehnke and Harrison 2016; Zellner 2017; Morbidelli et al. 2018; Hartmann 2019)

Walsh et al. 2011
DeMeo & Carry 2014



Early Instability

~1-10Myr after gas disk dispersal limits the mass and formation time of Mars.

Pro.

- Instability may occur during the terrestrial planet formation.
(Boehnke & Harrison 2016; Zellner 2017; Morbidelli et al. 2018; Nesvorny et al. 2018)

- A simple explanation w/o. “grand-tack”.

Challenges

Note sure whether this instability can account for the

irregular satellites (inc. Trojan) of giant planets.

Clement et al. (2018)
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#1l) Grand Tack model (Walsh+ 2011)

Asteroids

[
Earth Mars

Mercury Venus

* — ] (EIXIE L < 13 7% W) Walsh+ 2011



See more statistical arguments in Lykawka & Ito 2019; Nesvorny’+2021

I Mars-Earth 1sotope difference IMars—Earth 1sotope difference IMars-Ear th 1sotope ditference

7 local accretion ;
(Mah et al. 2021) G

I Radial mixing of C- and S-types I Radial mixing of C- and S-types I Radial mixing of C- and S-types

well mixed

(Woo et al. 2018) not studied

if inherited from a mixing

/suthcient mixing y S giant planet required £\ . : ot olanet
(Walsh et al. 2011) (Raymond&Izidoro 2017) via growing giant plane
- ' (Clement et al. 2019)



See more statistical arguments in Lykawka & Ito 2019; Nesvorny’+2021

Mercury origin remains a glaring problem
(e.g., Chau+2018; Clement+2019; Lykawka & Ito 2019)

Numerous cratering impacts may do a job (Hyodo et al. 2021a)

Mars-Earth 1sotope ditterence Mars-Earth 1sotope ditterence Mars-Earth 1sotope difterence
p 5 P ;

7 local accretion : . .
(Mah et al. 2021) ¢, Dot studied

I Radial mixing of C- and S-types I Radial mixing of C- and S-types I Radial mixing of C- and S-types

A% well mixed
% (Woo et al. 2018)

\ if inherited from a mixing

/suthcient mixing £ giant planet required £ N\ . ) : 1
(Walsh et al. 2011) (Raymond&Izidoro 2017) via growing giant planet
' ' (Clement et al. 2019)



| Looking at an earlier phase —
What 1s the initial planetesimal distribution?

| A smooth distribution | An annulus distribution
E ALMA observations &

planetesimal formation

The classical view

Smooth or Annulus?

dust — planetesimals As:ier(il(tl l()lelt Asteroid belt
( 61};1%8 0) implanted
The mitial planetesimal distribution borns
smooth, or borns in an annulus?
Present Present

>

N

Distance to star Marel et al. 2019

Surface density




I Pressure Bump

- edges of dead zones
(e.g., Charnoz+2019; Ueda+2019)

. . - curved by planet gravity
PlaneteSImal Formatlon (e.g., Pinilla+2012; Kanagawa+ 2015)

- etc.
Whipple 1972

A local elevated concentration of solids may

be a favorable condition for planetesimal

| Snow Line

formation, followed by streaming instability

and/or gravitational instability.

Saito & Sirono 2011

Ida & Guillot 2016

Okuzumi et al. 2016

Drazkowska & Alibert 2017

Lichtenberg et al. 2021 HyOdO et al. 2021c

| Others

- Dust evolution (e.g., Wada et al, 2009; Okuzumi et al. 2012; Zhang et al. 2015)
g g
Marel et al. 2019 - SGCUI&F GI (e.g., Takahashi & Inutsuka 2014; Tominaga et al. 2020)
- Anti-c clonic vortex (e.g., Barge & Sommeria 1995; Inaba & Barge 2006)
Y g g g
- “No-Drift” mechanism (e.g., Hyodo et al. 2021b)

- eftc.



I Dritting Pebbles

- A barrier to forming planetesimals

P ebble S - But, may pile up at a specific radial location
- A process that delivers materials AV%

from one place to another. DQ h
gas drag
e.g., Garaud 2007 :] A \:

Lambrechts et al. 2012
Morbidelli et al. 2015
Ida et al. 2016

Hyodo et al. 2021bc
Johansen et al. 2021

| Pebble Accretion

- May induce a rapid growth of a gas-giant.

gas-assisted

sphere of influence

|
gas-free

sphere of influence

- However, the first planetesimals
need to be formed, anyway.

©homedepot.com
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Ormel & Klahr 2010
Lambrechts & Johansen 2018







