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‘ JWST is coming soon
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3. Evolution in the Number of Known (exo)Planets
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Planet formation: Golden era of
Long journey (exo)planetary

from dust to planets -~ science
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A Comprehensive Examination of Planet Formation *
Covering the Full Size Range
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A Comprehensive Examination of Planet Formation
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Bulk Compasition

trom Density o) Semi-Major Axis

in collaboration with
Shigeru Wakita (ELSI), Yuji Matsumoto (ASIAA), Shoichi Oshino (NAQO))
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Chondrules: the primitive material in the solar system

METEORTERMINOLOGY __ Chondrules are abundant
— in chondrites that are
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Current Picture of Planet Formation
e.g., Hayashi 1981

Molecular Clouds
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Gravitational
collapse

NIR image of
Hubble Space Telescope




Current Picture of Planet Formation
e.g., Hayashi 198
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Disks are turbulent
possibly by magnetic fields




Current Picture of Planet Formation
e.g., Hayashi 198
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Disks are turbulent
possibly by magnetic fields
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Current Picture of Planet Formation
e.g., Hayashi 198

—2
Mgise ~ 107 Mg
(: ~ 99% of gas and ~ | % of dust)

Taisk ~ 10° — 107yr

Disks are turbulent
possibly by magnetic fields

At I aU, T, ~ 1014cm—3 TRAPPIST-1 System
T N 300K e gt“pf ’i"} ?a f

-

Inner Solar System

cf) the atmosphere of the Earth, 2.0

Gillon et al 2017



Chondrules: the primitive material
formed in the Solar Nebula (disk)

abundant in chondrites
(up to 80 % by volume)

~|mm sized spherical particles
formed as molten droplets
of silicate (T ~ 1800K)

the cooling rate is
~ 10 - 1000 K per hour
(the nebular gas is needed)

@ .
, “';. _ : : kept forming for 3-5 Myr
» 4 i R after CAl formation began,
R m which is 4.567 Gyr ago

).,
L] ‘ \ l ‘ ‘ ‘ ‘ \ ‘ ‘ ‘ ‘ cf) Mars formed at ~2 Myr after CAl formation



New information from lab experiments
: magnetic fields in the nebula (disk)

Semarkona meteorite
: primitive, ordinary chondrite

Both thermoremanent
magnetization & its direction
=> olivine-bearing chondrules
were magnetized
in the solar nebula

Fuetal 2014

B-fields in the solar nebula were ~ 50 - 540 mG
=> Level of turbulence in the nebula can be estimated!!
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Abundance :

BEFORE AFTER

Chondrule Formation
& Accretion
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Key idea: impact jetting

e.g.,Johnson et al 2015

iISALE simulations
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Parameter Study
Wakita et al 2017

Collisions between Collisions with
|0 km sized planetesimals various setups
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Both the resultlng abundance and the formation timescale
| of chondrules seem reasonable!!

(Note that the thermal history of chondrules is also probably fine)
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~ Thermal History Abundance
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Lab results (magnetic fields) come into play!!!
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Lab results (magnetic fields) come into play!!!

JAV/
-
B f Drast macing BT ¢ Aemera v d-hornd
-
SNea ey
-
M~ racder-marry

MagnetoRotational Instability | <. =
Disks become turbulent
(MRI) can operate AP ——

e Flocketal 201 |



Lab results (magnetic fields) come into play!!!
dsS OfI1 ICVE] OFT tUrvuic
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accretion

Magnetospheri I
agnetospheric ”m Dullemond & Monnier 2010
:) . = net-forming Outer disk

ure gas dis ||||” (mass reservoir)

0.03 AU 0.1..1AU 2- 3AU

. 10AV

UV continuum, Near-IR dust
-recombination lines continuum

Near-IR continuum Mid-IR: (Sub)millimeter:
(origin unclear so far) dust continuum dust continuum
+ atomic lines (Br-y) + molecular lines + molecular rot-lines
+ occasional molecular (H,0, CO,, ..)
lines (H,0, CO, OH)




accretion

:) Pure gas disk Dustinnerrim ' il

Outer disk
(mass reservoir)

Magnetospheric _— "“””“ Dullemond & Monnier 2010
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Near-IR continuum Viid-IR: (Sub)millimeter:

+ atomic lines (Br-y) + molecular lines + molecular rot-lines
+ occasional molecular (H,0, CO,, ..}
lines (H,0, CO, OH)

increases with disk mass and planetesimal mass
(protoplanet)



Magnetospheric | | "”“”H “ | Dullemond & Monnier 2010
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increases with disk mass and planetesimal mass
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Magnetospheri ' i
“accretion il Dullemond & Monnier 2010
1) Pure gas disk Dust inner rim |||H. il i

Outer disk
(mass reservoir)

0.03 AU 0.1..18

UV continuupg Near-IR dust
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Near-IR continuum
+ atomic lines (Br-y) + molecular lines + molecular rot-lines

+ occasional molecular (H,0, CO,, ...)
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increases with disk mass and planetesimal mass
(protoplanet)



accretion

Magnetospheric .
scarcton ' Dullemond & Monnier 2010
3 Pure gas disk forn

Outer disk
(mass reservoir)

UV continuu
-recombig

Near-IR continuum Mid-IR (Sub)millimeter:

I Chondrule accretion onto planetesimals -
occurs when H < h Lesion et al 2015

h increases with

increases with disk mass and planetesimal mass
(protoplanet)

h

Chondrule sea



my = 1023 mp = 10*g

Total chondrule mass Total chondrule mass
Minimum value Minimum value
of B-fields for of B-fields for
chondrule accretion chondrule accretion
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A large number of chondrules
e form in massive disks
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No chondrule formation
due to a low disk mass

Hasegawa et al 2016b



A large number of chondrules
form in massive disks

A very strong magnetic field
is needed for chondrules
to have the same height as

Chandrule formotion planetesimals

retion
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Planetesimals can reside in
the chondrule sea,
but no chondrules indeed

No chondrule formation

due to a low disk mass
Hasegawa et al 2016b
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All the currently available meteorite data can be satisfied
when the disk mass is <5 MMSN
the planetesimal mass is < 10

5 Hasegawa et al 2016b



Planetesimal mass
Hasegawa et al 2016b
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How thick is the chondrule-rich,
surface layer??

10%* g Vesta/Ceres




Chondrule Accretion onto Existing Planetesimals
Matsumoto et al 2017

Time evolution of

. Parameter study
chondrule accretion

0¥ 10%* 10*' 102 10%
my [g]

Chondrule-rich surface layer is
~ 0.3 km for 230km-sized planetesimals
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BEFORE AFTER

Chondrule Formation

A great mixture of lab experiments,

numerical simulations of collisions
theory of planet formation, & disk physics
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Timescale




Planetesimal Formation & Origins of Asteroids

Scenario |: Chondrule accretion
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ALMA image of HL Tau
Key Observed Features

:a high disk accretion rate
: efficient dust settling pinte et a1 2016

Our Disk Model

: magnetized turbulence and
magnetically induced disk winds

ALMA Partnership et al 2015 Hasegawa et al 2017
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Origin of the Heavy Element
Content Trend in Giant Planets

Planet Mass (M))
102 101! 100 161

Estimate of the total

heavy element mass
: focus on warm Jupiters

Thorngren et al 2016

Heavy-Element Mass (Mg)

: solid accretion from gapped
planetesimal disks

Hasegawa et al 2018
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Coupling of Exoplanet Observations
with Planet Formation Theory

Metallicity { = solar]
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Summary

Planet formation is the long journey from small dust grains to
large planets

A number of astonishing progresses allow a comprehensive
examination of planet formation, covering the fill size range

As an example, chondrule formation and accretion are discussed,
focusing on the impact jetting scenario

This scenario can account for a number of the currently available
meteorite data, and may be useful for the sample return missions

Further synergies between planetary and exoplanetary sciences
will be undertaken to draw a better picture of planet formation
and examine the origin of the solar and extrasolar planetary
systems



