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First Stage: Class 0/Class | YSOs

disk

bipolar

“ " Grain Growth in Class 0/1 YSOs

. '\‘;r" . Li et al 2016 in prep, Harada et al 2016, submitted
__—10000AU-» time=0 = |be—500AU- »' 100,000 vesrs
Second Stage: Planet Formation in HL Tau
Class I/Class Il Disks Akiyama et al 2016, Hasegawa et al 2016 in prep
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Final Stage:

Solar & Extrasolar
Planetary Systems

contral

Disks with non-Ideal MHD Effects

Hasegawa & Takeuchi 2015, Hasegawa et al 2016 in prep

Repetitive Outbursts in EX Lupi
Flock et al 2016 in prep

Chondrule Formation & Accretion

Hasegawa et al 201 6a,b, Matsumoto et al 2016, submitted
Wakita et al 2016, submitted

Formation of Presolar Grains
Nozawa et al 2015,Wakita et al 2016, submitted



Best Example of Planetary Systems

) (1y)  (12yr) (165 yr)
1MEa/rth 318MEarth




Best Example of Planetary Systems

Small, rocky ! Big, gaseousl/icy
i
planets ' planets
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i
r —~>
i 1 i
i
; | au 5au 30 au
yr) (I yr) (12yr) (165 yr)
1MEarth 318MEarth 17MEarth

All the planets (except Mercury) are
in the circular (e < 0.1), coplanar (i ~ 6 degree) orbit




“Classical’”’ Picture
of Planet Formation

e.g., Hayashi 1981

All the planets should have formed
in a disk around the sun

The natal disk was composed of
gas and solid

The composition of planets was
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the First Detection of
an Extra Solar Planet
about 20 years ago

nature

search JournaL [

Journal Home
Current Issue

aop article
Archive  Narure 378, 355 - 359 (23 November 1995); doi:10.1038/378355a0

Download PDF
References

soon ataton A JUpIter-mass companion to a solar-type star

Export references

MICHEL MAYOR & DIDIER QUELOZ
Send to a friend

Geneva Observatory, 51 Chemin des Maillettes, CH-1290 Sauvemy, Switzerland
More articles like this

The presence of a Jupiter-mass companion to the star 51 Pegasi is inferred from observations of periodic variations in the star's radial velocity.
The companion lies only about eight million kilometres from the star, which would be well inside the orbit of Mercury in our Solar System. This
object might be a gas-giant planet that has migrated to this location through orbital evolution, or from the radiative stripping of a brown dwarf.
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Exoplanetary Populations

e.g., Mayor et al 201 |, Howard et al 2012,
Batalha et al 2013, Holczer et al 2016

Planetary Mass (Mearth)

>3300 confirmed
(>4600 candidates)

1e+0 le+l

Semi-Major Axis (AU)




Planetary Mass (Mearth)
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Exoplanetary Populations

e.g., Mayor et al 201 |, Howard et al 2012,
Batalha et al 2013, Holczer et al 2016

:rare (~ | %)

: more (~ 10 - 20 %)

>2500 confirmed
(>4600 candidates)

: dominant ( > 50 %)

Semi-Major Axis (AU)

Planet-forming materials or planets should move
in protoplanetary disks!!



Exoplanetary populations can be reproduced well
by coupling planet traps with core accretion

Key idea: Planet Traps (or Planetary Migration)

Result |: Orbital Distributions of Planets
s e L 2 ’ JEITI .' ;G«.f:;"o.‘ dall daps i e e e B




Key Ildea:

Planet Traps

(or Planetary Migration)
Hasegawa & Pudrltz 2010b,Ap}, 710, LI67
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Planetary Migration

e.g. Goldreich & Tremaine 1980,Ward 1986, Lin & Papaloizou 1986,
Nelson et al 2000, Masset 2001, 2002, Tanaka et al 2002
Baruteau & Masset 2008, Paardekooper et al 2010,201 |

. ~4
Surface density map at end of run R17,
A L L l r LI LI ! I U |

Angular momentum transfer

Lindblad resonances:
Inner disk => planet => outer disk

Corotation resonances:
Inner disk <= planet <= outer disk
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Planetary Migration

e.g. Goldreich & Tremaine 1980,Ward 1986, Lin & Papaloizou 1986,
Nelson et al 2000, Masset 2001, 2002, Tanaka et al 2002
Baruteau & Masset 2008, Paardekooper et al 2010,201 |

Surface density map ¢ at ond of run Rl/

Angular momentum transfer

Lindblad resonances:
Inner disk => planet => outer disk

Corotation resonances:
Inner disk <= planet <= outer disk

The net of transferred angular

momentum regulates migration
Masset 2002



2 Modes of Migration

e.g. Goldreich & Tremaine 1980,Ward 1986, Lin & Papaloizou 1986,
Nelson et al 2000, Masset 2001, 2002, Tanaka et al 2002
Surface density map at end of run R17, Baruteau & Masset 2008, Paardekooper et al 2010, 201 |

Type | migration (no gap)

. effective for low mass planets such as
terrestrial planets & cores of gas giants

vvvvvvvvvvvvvvvvvv

Type Il migration (gaps)

..................



Planet Traps

e.g. Goldreich & Tremaine 1980,Ward 1986, Lin & Papaloizou 1986,
Nelson et al 2000, Masset 2001, 2002, Tanaka et al 2002

Type | migration (no gap)

. effective for low mass planets such as
terrestrial planets & cores of gas giants

~ The direction and the speed of migration depend on disk
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Planet Traps

Masset et al 2006
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Planet Traps

Masset et al 2006

M= 13 Mg
L M= 17 Mg
M= 2.3 M,
M= 3.0 Mg
. M=39 Mg
_____ M= 5.1 Mg
M= 6.7 Mg

M= 8.7 Mg
M=11.4 Mg
 M=15.0 Mg
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Inner edge of disks Planets are trapped
at the inner edge



Planet Traps

Masset et al 2006 Matsumura, Pudritz, & Thommes 2007, 2009
|da & Lin 2008, Morbidelli et al 2008
Hasegawa & Pudritz 2010b, Lyra et al 2010

Hasegawa & Pudritz 201 I b, Bitsch & Kley 201 |
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Planet Traps

Masset et al 2006 Matsumura, Pudritz, & Thommes 2007, 2009

Acceptable conclusion may be...

some kinds of traps are very likely
to be present in protoplanetary
disks




Planet Traps

3 types of traps in single disks

: the outer edge of dead zones, ice lines, heat transitions

.- Hasegawa & Pudritz 201 |b

e Heat Transition
smm— |ce Line
e——— Dead Zone
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Planet Traps

3 types of traps in single disks

: the outer edge of dead zones, ice lines, heat transitions

.- Hasegawa & Pudritz 201 |b ;
e Locations of traps are

specified by disk evolution

e Heat Transition
smm— |ce Line
e——— Dead Zone

A~~~
)
<
~
(72]
(ol
«
o
)
)
()
C
o
(a R
G
O
w0
c
0
Nt
wm
O
(a 1R




A~~~
)
<
~
(72]
(ol
«
o
)
)
()
C
o
(a R
G
O
w0
c
0
Nt
wm
O
(a 1R

.- Hasegawa & Pudritz 201 |b

Planet Traps

3 types of traps in single disks

: the outer edge of dead zones, ice lines, heat transitions

Locations of traps are
specified by disk evolution

Mass dependence of traps

_ : planet traps are effective until protoplanets obtain
e Heat Transition

semme |[ce |ine the gap-opening mass & undergo type || migration
e Dead Zone
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.- Hasegawa & Pudritz 201 |b

Planet Traps

3 types of traps in single disks

: the outer edge of dead zones, ice lines, heat transitions

Locations of traps are
specified by disk evolution

Mass dependence of traps

_ : planet traps are effective until protoplanets obtain
e Heat Transition

semme |[ce |ine the gap-opening mass & undergo type || migration
e Dead Zone

Planets form locally at traps
before type |l migration



Planet Traps

HL Tau by ALMA s

.- Hasegawa & Pudritz 201 |Ib
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Similarities??



Result |:

Orbital Distributions of Planets

Formed at Planet Traps
- Hasegawa & Pudritz, 2012,Ap}, 760,117




Planet Traps Core Accretion
(Orbital Evolution) (Mass Growth)

.- Hasegawa & Pudritz 201 1b
. _ Jupiter
. O = 10 g/cm®

Pollack et al 1996
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Core Accretion: Mass Growth of Planets

e.g., Mizuno 1980, Stevenson 1982, Bodenheimer & Pollack 1986,
Pollack et al 1996, Ikoma et al 2000, Hubickyj et al 2005,
Lissauer et al 2009, Movshovitz et al 2010

Gas giants

Jupiter
Oinit = 10 g/cm?®

70 80 90

60

Pollack et al 1996 1
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Core Accretion: Mass Growth of Planets

e.g., Mizuno 1980, Stevenson 1982, Bodenheimer & Pollack 1986,
Pollack et al 1996, Ikoma et al 2000, Hubickyj et al 2005,
Lissauer et al 2009, Movshovitz et al 2010

Gas giants

Jupiter
Oinit = 10 g/cm?®

70 80 90
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Core Accretion: Mass Growth of Planets

e.g., Mizuno 1980, Stevenson 1982, Bodenheimer & Pollack 1986,
Pollack et al 1996, Ikoma et al 2000, Hubickyj et al 2005,
Lissauer et al 2009, Movshovitz et al 2010
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Core Accretion: Mass Growth of Planets

e.g., Mizuno 1980, Stevenson 1982, Bodenheimer & Pollack 1986,
Pollack et al 1996, Ikoma et al 2000, Hubickyj et al 2005,
Lissauer et al 2009, Movshovitz et al 2010

Gas giants

Jupiter
Oinit = 10 g/cm?®
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Pollack et al 1996 1
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Evolutionary Tracks

A disk around a classical
T Tauri star is considered

M gist ~ 0.03M
T e Y 1O6ye&rs

Fhase [\

Dead zone

0.01 0.1
Hasegawa & Pudritz 2012




Evolutionary Tracks

A disk around a classical
T Tauri star is considered ~ Gas disks totally dissipate

M gi s ~ 0.03M g : (> 10%years)
Tdisk ™~ 8.8 X 106@/6&7“5 Gas giants

(< 10°years)

Fhase [\

Cores + low-mass atmospheres

(~ 2 x 10%years)

Cores of gas giants

Dead zone

(< 10°years)
0.01 0.1
Hasegawa & Pudritz 2012

Dust/Planetesimals



Hasegawa & Pudritz 2012

Evolutionary Tracks

A disk around a classical
T Tauri star is considered

i el S lOGyears

Phase |l

) Fhase |l

/ Fhase |

Gap-opening mass._ Cores of gas giants
e Clp i zone Planet tl"aPS

(~ 2 x 10%years)

(< 10%years)

[ (AU) Dust/Planetesimals



Planet Formation Frequencies (PFFs)

. . Hasegawa & Pudritz 2013
A disk around a classical

T Tauri star is considered Compute lots of tracks
M gist ~ 0.03M

Taisk ~ 8.8 X 108years Partition the diagram

Hot Jupiters™Exo-Jupiters

Calculate planet formation
frequencies (PFFs)

. — L L nacca ndep)

Nacc MNdep Znt

Dead zone A XWmass (nacc)wlifetime (ndep)

lce line

Heat transition ¢

0.01 0.1
Hasegawa & Pudritz 2012

Weight functions related to disk observations
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Semi-Major Axis (AU)
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Total

PFF

~ 10.6 %

~ 24 4%

~ 14.2 %

49.2%

Dead zone| ~55%

~ 12 %

~ 7.1 %

24.67%

lce line ~49 %

~ |1 %

~ 0.5%

16.4%

Heat

transition

~ 0.2 %

~ 1.4 %

~ 6.6%

SN




erassetlll rcproduce the trend of massive planets
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Hasegawa & Pudritz 2013

Semi-Major Axis (AU)

Total

PFF ~106% | ~24.4% | ~142% | 49.2%
Dead zone| ~55% ~ 12 % ~ 7.1 % 24.6%
Ice line ~49 % ~ 11 % ~ 0.5% 1 6.4%
traT:i?:?on ~02% ~14% ~66% | 82%
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form equally at dead zone
& ice line traps
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Semi-Major Axis (AU)

Total

PFF ~106% | ~24.4% | ~142% | 49.2%
Dead zone ~55% ~ 12 % ~ 7.1 % 24.6%
Ice line ~49 % ~ 11 % ~ 0.5% 1 6.4%
traT:i?:?on ~02% ~14% ~66% | 82%
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Semi-Major Axis (AU)

Total

PFF - 106% | ~244% ~142% | 49.2%
Dead zone| ~55% ~ 12 % ~ 7.1 % 24.6%
Ice line ~49 % ~ 11 % ~ 0.5% 1 6.4%
traT:i?:?on ~02% ~14% ~66% | 82%
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Total

PFF ~106% | ~24.4% | ~142% | 49.2%
Dead zone| ~55% ~ 12 % ~ 7.1 % 24.6%
Ice line ~49 % ~ 11 % ~ 0.5% 1 6.4%
tra';':ii‘iion ~02% ~14% ~66% | 82%




PFF

@ ~
Disk accretion rate (M, yr™')

Long-lived, A wide range of Long-lived disks
massive disks  disk parameters generate
are needed end up with
for

The general trends are the same for a wide range of parameters
Hasegawa & Pudritz 2013



Result 2:

the Mass-Radius Diagram for

Observed Close-in Super-Earths




The Mass-Radius Diagram for observed
close-in super-Earths
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e.g.,Weiss & Marcy 2014, Marcy et al 2014, Rogers 2014,Wolfgang & Lopez 2014



The Mass-Radius Diagram for observed
close-in super-Earths

How are Planet Traps Useful _
to Understand This Diagram? |=¢°P<

3.4 (Ry/Rexw) 9 em™

Semi-Major Axis (AU)

Rp ~ 1.5—1.6 Rggpp -
Planets w/ :
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e.g.,Weiss & Marcy 2014, Marcy et al 2014, Rogers 2014,Wolfgang & Lopez 2014



Hasegawa 2016

LM | Hot Jupiters | Exo-Jupiters JSuper-Earths]  Total

PFF ~ 7.6 % ~ 253 % 43.1%

A considerable fraction of observed super-Earths may be
formed as failed cores of gas giants (mini-gas giants)




Hasegawa 2016

LM | Hot Jupiters | Exo-Jupiters fSuper-Earthsj  Total

PFF | ~76% | ~253% 43.1%

A considerable fraction of observed super-Earths may be
formed as failed cores of gas giants (jnini-gas giants)



Hasegawa 2016

LM | Hot Jupiters | Exo-Jupiters fSuper-Earthsj  Total

PFF | ~76% | ~253% 43.1%

A considerable fraction of observed super-Earths may be
formed as failed cores of gas giants (jnini-gas giants)

The minimum mass of
planets formed by core
accretion at planet traps: [HEag:

MEA ~ 4 — 5 Mg

min



Why MCA 24—5M@ ??

min

Hasegawa 2016




Why MCA ﬁ4—5M@ ??

e Hasegawa 2016

|) photoevaporative mass loss of planets




Hasegawa 2016

|) photoevaporative mass loss of planets

=> No, for our model, since it is NOT included yet




Why MCA ﬁ4—5M@ ??

e Hasegawa 2016

|) photoevaporative mass loss of planets

2) the critical core mass to start gas accretion




Hasegawa 2016

|) photoevaporative mass loss of planets

2) the critical core mass to start gas accretion
Super-Earths ~ Gas giants

T Phase lll (< 1O5yeafrs)
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Hasegawa 2016

|) photoevaporative mass loss of planets

2) the critical core mass to start gas accretion
Super-Earths  Gas giants

T Phase III (< 10°years)

Gpres + low-mass atmospheres

i 5, &
R e e



Why

MCA

min

Hasegawa 2016

|) photoevaporative mass loss of planets

2) the critical core mass to start gas accretion

Mc,cm’tO

3 Mg

5 Mg

10 Mg




Why

MCA

min

Hasegawa 2016

|) photoevaporative mass loss of planets

2) the critical core mass to start gas accretion

Mc,cm’tO

3 Mg

5 M

10 Mg




Hasegawa 2016

|) photoevaporative mass loss of planets

2) the critical core mass to start gas accretion

3) planetary migration in gas disks




Hasegawa 2016

|) photoevaporative mass loss of planets
2) the critical core mass to start gas accretion

3) planetary migration in gas disks

Phase IV Two kinds of migration
v N

Planet traps
: transport forming cores
from large radii to >| AU

Type Il migration
: transport cores with atmospheres

0.01 0.1 1 - - from> |1 AUto < | AU
Hasegawa & Pudritz 2012
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Hasegawa 2016

|) photoevaporative mass loss of planets
2) the critical core mass to start gas accretion

3) planetary migration in gas disks

Two kinds of migration
in our model

Planet traps
: transport forming cores
from large radii to >| AU

——— Tieat Transition | ™ Type Il migration

s (ce |ine

s Dcqd Zone : transport cores with atmospheres
from>1AUto < | AU

accretion rate (M,,/ year)



Hasegawa 2016

|) photoevaporative mass loss of planets
2) the critical core mass to start gas accretion

3) planetary migration in gas disks

= MGap >

= the mean value of

the gap-opening mass of
planets which end up

in the low-mass regime

f Normalized PFF
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Implication for the Mass-Radius Diagram

Hasegawa 2016
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Implication for the Mass-Radius Diagram

Hasegawa 2016
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Implication for the Mass-Radius Diagram

Hasegawa 2016

Core Accretion

¢
<

® o Core + Envelope

P =24+ 34 (Ry/Reqm) g €m™
<

R b 1.5_1.6 REarth

P

Embr ssembly

Rocky

o 10

+: MAce .y \
Planet Mass (Mg )

Embryo assembly scenario (in situ formation)

. e.g., Ogihara & Ida 2009,
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Implication for the Mass-Radius Diagram
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Exoplanet “Phase” Diagram
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Summary

The currently observed exoplanetary populations are quite
different from that of the solar system

Planetary migration or the resultant planet traps can play an
important role in regulating the orbital distribution of planets

computed the position of 3 types of traps (dead zone, ice line,
heat transition) that evolves with time

calculated evolutionary tracks of planets formed at these traps &
investigated the resultant orbital distribution of planets - the
trend of observed massive exoplanets is well reproduced

switching of migration modes determines the minimum mass of
super-Earths formed by our model, which is M_p > 4-5 M _Earth,
& the mass-radius diagram can serve as an Exoplanet “phase”
diagram



