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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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A Comprehensive Examination of Planet Formation
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The Origin of the Total Heavy
Element in Observed Exoplanets
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Exoplanets are Ubiquitous in Our Galaxy
New Kepler Planet Candidates

As of June 2017

@ Previously Known @ New
20 . + AN Do SRGE SERGOK Pr———
. s . _Jupiter|
a 10 .. o e p l
= 2 Y e
;6 [ L ,.o »
o A%
T Ry
uJ 2 [ - Phera 5 T ;.: °
) _ A Sy SR grdee o
g } . > 2 &. ‘.?
.g 3. 5}‘.{( ....
- 1) % -
8 s Earth
1 v ¢
@
.N ’.b.o
)] 4."‘:. -
1 10 100 1000

Total = 4,034 Orbital Period (Days)




) (Mearth)

1
‘

i% 1
9
A
m
=
c
8 .
c
m
o

Background |: How do Planets form?
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Background 2: How do Planets form?
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Estimate of the heavy element mass in
observed exoplanets
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Target selection: relatively cool close-in exoplanets

Compute the radius evolution of planets,
by distribute heavy elements in cores and atmospheres



Results of Thorngren et al 2016

—  Fit: (0.7 = 1.28) 21 04640.09
- - Posterior Predictive 1o
m  Jupiter & Saturn
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Mz oc M) with v = 0.61 ~ 3/5
Z, My 1

7. - M, 7. o« M¥ with a = —0.45 =~ —2/5

o X v — 1 => Mz and M, are almost independent of Z,

Mz : the total heavy element mass in planets with the mass of M),
Zs :the metallicity of the host star



Current Picture

of Planet Formation
e.g., Hayashi 1981

Planet formation is a natural
outcome of star formation

The natal disk is composed of
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Planet Formation
‘ via Core Accretion:
Pollack et al 1996 | Accretion Of
' Gas and Solids

Jupiter
Oinie = 10 g/crn2

70 80 90

Mcare — 10M€B

M z increases at the final formation stage
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Planet Formation
_ via Core Accretion:
Pollack et al 1996 | Accretion Of
' Gas and Solids
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Planet Mass (M)) MZ,gas = ZsMxy
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MZ,gas — ZSMXY

Contribution arising from
gas accretion is negligible

Planet Mass (M)
1071 10°

Runaway gas accretion
occurred for planets
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needed for postponing
My, =Mxy + Mz runaway gas accretion
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Mlanet Mass (M) . M ore is determined by
disk parameters for
both planetesimal

& pebble accretion
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, Planet Mass (M) Meore is determined by
disk parameters for
both planetesimal

& pebble accretion
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The spatial distribution of
planetesimals is the key,
which is determined by

the gravitational interaction
with a protoplanet

' Shiraishi & Ida 2008

" t=2300000y

Mg ~ M, M;/S with
no gap in planetesimal disks

-10 -8 6 4 -2 0 2 4 6 8 10 12 14

: My ~ My < M}'® with
M, = Mxy + My gaps in planetesimal disks
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The spatial distribution of
10° planetesimals is the key,
which is determined by
the gravitational interaction
with a protoplanet
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The spatial distribution of
planetesimals is the key,

_ Planet Mass (M)

3 which is determined by
8 the gravitational interaction
< with a protoplanet
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Understanding of
pebble accretion
IS premature



Planet Mass (M
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Understanding of
pebble accretion
IS premature
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The total heavy elements are determined
by the final stage of planet formation

At the stage, solids are accreted onto planets

from gapped planetesimal disks
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Evolution of atmospheric metallicity can be explored,
comparing hot and warm Jupiters

Planetary cores might be fully dissolved into

their atmospheres for gas-poor sub-giants
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SU m mal‘y Hasegawa et al. 2018, submitted

Formation mechanisms of observed exoplanets are better
constrained, by taking into account planet mass,
orbital period, and planet composition

Observed warm Jupiters tend to have correlations:

A My 1
3/5 D snimic i —2/5
Mz x M Z.~ M, Z oc M
Our results indicate that the contribution (dust)

arising from gas accretion is negligible

Runaway gas accretion is postponed until A/, > 100Mg

Accretion of solids from gapped planetesimal disks can
reproduce the above trends better

We propose a classification of observed exoplanets



Magnetically Induced Disk Winds
and Transport in the HL Tau Disk
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Astonishing ALMA Images of HL Tau

ALMA Partnership et al 2015,
also see Akiyama YH et al 2016

(Jy beam™) x10°

e HL Tau :a Class I/l YSO
: ~140 pc (< | Myrs)

4 Nearly concentric
1 multiple gaps in
| the dust thermal emission

56".6 -
| Potential signature of

-1 planet formation

A T Y € - 20O
18°13756" 2 Re-processed image

04h31m385.50 38%.44 385.38

R. A.

The origin of observed gaps is not identified yet!!



Global Properties of the HL Tau Disk

1

Disk accretion rate ~ 107" —107°% Mg yr~
Hayashi et al 1993, Beck et al 2010

No Dust Settling

Vertical dust height: ~lau at r =100 au
e eral 2016 Local diffusion coefficient: ar,c ~ 107*



Magnetically Driven Disk Accretion
e.g.,Armitage et al 201 |, Bai & Stone 2013, Turner et al 2014, Suzuki et al 2016

Magnetized Turbulence Magnetically Induced

F 1 Toroidal magnetic field ' mGauss]
5.0 25 D.OI 25 5.0

Disk Winds
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— Turbulence + Winds
wm  Turbulence only””

p

Wind
dominatec

10° 10° 10°
Hasegawa et al 2017 [

Simulation results from Simon et al 2013, Zhu et al 2015 are used



|. Gas surface density
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Resulting Disk Structures with Disk Winds

Solid lines for Hy;(1mm)
Dashed lines for H;(1cm)
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As B-fields are stronger,
surface density decreases
due to disk winds

Dust scale heights are
independent of B-fields

Results are obtained for given values of disk accretion rate, disk temperature



|. Gas surface density
Given that MO
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Minimum Size of Dust Particles at r = 100 au

Turbulence only Turbulence + Winds
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Results are obtained for given values of disk accretion rate, disk temperature



Resulting Global Structure of the HL Tau Disk
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Disk winds transport the most of angular momentum
(50-80 %) across the entire region of the disk

The gas-to-dust rate varies along the distance from the star
(lower in the inner region & higher in the outer region)
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Next Step 2:
Application to Thermal emission
(Origins of gaps)

ALMA Band 6+7
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SU M mal‘y Hasegawa et al 2017,Ap], 845, 31

ALMA observations of the HL Tau disk can advance our
understanding of

Subsequent radiative transfer modeling suggests a higher
degree of dust settling for the actively accreting disk

Developed the simple, semi-analytical model, taking into
account magnetically induced disk winds

Our results indicate the importance of
to fully reproduce the global
configuration

Followup work will be performed to obtain a better
understanding of and to fully
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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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Planetesimal Formation & Origins of Asteroids

Scenario |: Chondrule accretion
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Gas Accretion onto Cores & Origins of Super-
Earths
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Summary

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

® A number of important advances in planet formation over
full range of scales

® As examples, the origin of heavy elements in observed
exoplanets and theoretical modeling of the HL Tau disk
are discussed

® 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



