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Recent Astonishing Discoveries

e Surprising Exoplanet Populations!!
.. :Rare (~ | %) Hot Jupiters

: More Warm Jupiters

: the Most Dominant Super-Earths

=> migration of massive bodies??
or, radial drift of solid particles??
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e Surprising Exoplanet Populations!!
Bl :Rare (~ | %) Hot Jupiters
: More Warm Jupiters

: the Most Dominant Super-Earths

=> migration of massive bodies??
or, radial drift of solid particles??

ALMA Images of HL Tau!!

Origins of nearly axisymmetric gaps

: massive objects formed by Gls??

: massive objects formed by Secular Gls??

: dust gaps formed by ice lines??

: dust gaps formed by sintering??
etc...



The Fundamental Information:
) How Protoplanetary Disks evolve with time
2) How Planet-Forming Materials distribute in the disks
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Astonishing ALMA Images of HL Tau

Partnership et al 2015

(Jy beam’) x10° HL Tau :a Class /I YSO
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58",
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Astonishing ALMA Images of HL Tau

Partnership et al 2015
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Akiyama, YH et al 2016 obtain a better quality of images



A “mystery” for the disk around HL Tau

Disk accretion rate ~ 10" — 107° Mg, yr*

Hayashi et al 1993, Beck et al 2010

himm = 2.15 au himm = 0.70 au
ass =3 1073 ass =3 1074

0, @

Pinte et al 2016




Explore 3 possible origins of disk accretion

Self-gravity MRIs with Magnetocentrifugal
(Gls) Ohmic resistivity winds (MCWVs)

e.g., Forgan et al 2010 e.g., Flock et al 2015 e.g.,Simon et al 2013

Develop a steady state disk model
and examine the disk around HL Tau



Steady State Disk Models

e.g.,Wardle 2007, Armitage et al 201 3, Suzuki et al 2016

M — MTurb -+ MMean ol MWind MTurb e 37704Turbcshgzg

MMean = 37"-041\/Ieauf1 & hg Zg

Turbulent

Stress BT e 22 2\ Ay G D




Steady State Disk Models

e.g.,.Wardle 2007, Armitage et al 2013, Suzuki et al 2016
M, = MTurb i MMean aE MWind Moy = 37704Turbcshg2g
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Steady State Disk Models

e.g.,.Wardle 2007, Armitage et al 2013, Suzuki et al 2016
M, = MTurb il MMean 3 MWind Moo SW@Turszthg

MMean = 37"-OzMeamCs hg Eg

Turbulent
Stress Mwind == 27Wiyind CsT 2
Self-gravity MRIs with Magnetocentrifugal
(Gls) Ohmic resistivity winds (MCWVs)
glol MRIs with ohmic resistjvit )Ozrl}w/[ufi[l) gml MCWs wit ambipolar_di”"sion
OKGI M GQO g Viscous g
T = 363 % evolutionﬁ %
g §104 evolutnon . evoiution
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107 | .*

Vorobyov & Basu 2007 Okuzumi & Hirose 201 | Simon et al 2013



winds (MCWVs)

Magnetocentrifugal
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Self-gravity MRIs with Magnetocentrifugal
(Gls) Ohmic resistivity ~ winds (MCWVs)

100 * Dust
surface density || Dust surface density

by Kwon et al 201 |
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winds (MCWVs)

Magnetocentrifugal
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winds (MCWVs)
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Next steps

Complete the analysis Hasegawa et al in prep

Consider another possibilities
to explain origins of disk accretion in the HL Tau
e.g.) a quiescent phase of episodic accretion
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The Fundamental Information:
) How Protoplanetary Disks evolve with time
2) How Planet-Forming Materials distribute in the disks

Dust Growth
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Two Additional Motivations
|) the HL Tau disk may be regulated by MCWs

2) the local turbulence tends to be damped out
as the plasma beta decreases

M — MMean e MWmd

. MCW | | - -
Viscous Wlnd -drive

evolution,.

Dimensionless Stress

MMean = 37"-041\/Ieaun & hg Zg

e ol e
Simon et al 2013



Simplified Model for Dust Growth

Coagulation (collisions)

!!!!!

e.g., Birnstiel 2012, Okuzumi et al 2016

Follow the evolution of
the largest dusty aggregates

The radial drift regime:
T Pdx
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Simplified Model for Dust Growth

Coagulation (collisions)

!!!!!

e.g., Birnstiel 2012, Okuzumi et al 2016

Follow the evolution of
the largest dusty aggregates

The radial drift regime:
T Pdx
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Next steps

Complete the analysis Hasegawa et al in prep

Cover the larger parameter space
to verify our results




Summary

A number of astonishing observational discoveries have recently
been achieved in exoplanet sciences

These discoveries are still not fully digested yet

The key information is |) origins of disk evolution and
2) the spatial distribution of planet-forming materials

Performed a simplified, but comprehensive analysis of disk
accretion; examined 3 disk models (Gls, MRIs with Ohmic
resistivity, Magnetocentrifugal winds) for the HL Tau disks

Found that MCWs would be the most likely for the HL Tau disk

Investigated how dust growth would be affected in the MCWV disk
model, using a simplified dust growth model

Found that the aggregate size may be used to infer the strength of
magnetic fields threading the disks



