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Mass-Semimajor Axis Diagram
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Distinct Populations

Chiang & Laughlin 2013, Hasegawa & Pudritz 2013,2014
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Mass-Radius Diagram

e.g.,.Weiss & Marcy 2014, Marcy et al 2014,
Rogers 2014,Wolfgang & Lopez 2014

Planets w/
> 1.5 - 1.6 Re

: not purely rocky

Planets w/
< I05 — Io6 Re

/ CNC 1\,




Derived invaluable constraints on
the formation and evolution of planetary systems




Derived invaluable constraints on
the formation and evolution of planetary systems

Provide a physical explanation, using theoretical models



In reality, it is still difficult...

e.g., Mordasini et al 2012, Ida et al 2013, Hansen & Murray 2013, Chiang & Laughlin 2013

|) many processes are involved:

formation, migration, disk evolution, dynamics,
photoevaporative mass loss, & etc...

|) unclear formation mechanisms:

a scaled-up version of rocky planet formation
VS -
a scaled-down version of gas giant formation




Planet traps + core accretion can simplify
a picture of planet formation in gas disks

Step |: planet traps - direct connection with
disk evolution
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Failed Core Scenario:

Planet traps + Core accretion

I _
- Core Accretion

e 90

o Core + Envelope




Step |:Planet Traps




Step |:Planet Traps

Surface density map at end of run R17;

S Rapid type | migration

e.g. Goldreich & Tremaine 1980,Ward 1986, 1997,
Masset 2001,2002, Tanaka et al 2002, Baruteau & Masset 2008,
Paardekooper et al 2010, 201 |, Hasegawa & Pudritz 201 la

Angular momentum transfer

:Lindblad & corotation resonances
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Step |:Planet Traps

Surface density map at end of run R17;

=SS  Rapid type | migration

e.g. Goldreich & Tremaine 1980,Ward 1986, 1997,
Masset 2001,2002, Tanaka et al 2002, Baruteau & Masset 2008,
Paardekooper et al 2010, 201 |, Hasegawa & Pudritz 201 la

Angular momentum transfer

:Lindblad & corotation resonances

The direct of migration
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Step |: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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Step |: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




Step |:Planet Traps

Hasegawa & Pudritz 201 Ib
3 types of traps in single disks

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




Step |:Planet Traps

Hasegawa & Pudritz 201 Ib
3 types of traps in single disks

: the outer edge of dead zones, ice lines,

also see Kretke & Lin 2012

Stellar
irradiation
dominates

:

- Viscous
heating
dominates
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Step |:Planet Traps

Hasegawa & Pudritz 201 Ib
3 types of traps in single disks

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




Step |:Planet Traps

3 types of traps in single disks

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

... Hasegawa & Pudritz 201 1b i
e Locations of traps are

specified by disk evolution

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

comme= [ce Line the gap-opening mass & undergo type || migration
e Dead Zone
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Step |: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



Step 2: Evolutionary Tracks

Planet traps Core accretion

.. Hasegawa & Pudritz 201 |b

Jupiter
Cinie = 10 g/cm?®

Pollack et al 1996
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Step 2: Evolutionary Tracks

A disk around a classical Fasegawa & Pudritz 2012

T Tauri star is considered
M gisk ~ 0.03M s
G e S S 1O6ye&rs

Fhase 'V

Dead zone

0.01 0.1
Hasegawa & Pudritz 2012




Step 2: Evolutionary Tracks

A disk around a classical Fasegawa & Pudritz 2012

T Tauri star is considered ~ ©as disks totally dissipate
Mgisr ~ 0.03Mg (> 10°years)
Tdisk ™~ 8.8 X 106@/6&7“5 Gas giants

(< 10°years)

Fhase 'V

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



Step 2: Evolutionary Tracks

A disk around a classical Fasegawa & Pudritz 2012

T Tauri star is considered ~ ©as disks totally dissipate
Mgisr ~ 0.03Mg (> 10°years)
Tdisk ™~ 8.8 X 106@/6&7“5 Gas giants

(< 10°years)

Fhase [\

Cores + low-mass atmospheres

(~ 2 x 10%years)

Fhase |
o
M
~\ @

Gap-opening mass. Cores of gas giants

Dead zone

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

Dust/Planetesimals



Step 2: Evolutionary Tracks

Hasegawa & Pudritz 2012

A disk around a classical
T Tauri star is considered

Tdisk ~ 8.8 X lOGyears

Phase Il

Fhase I\

Fhase Il
() Phase |l

(~ 2 x 10%years)

Gap-opening mass-. Cores of gas giants
— Cearn Zone Plan et traPS

0.1 1 :
Hasegawa & Pudritz 2012 s Dust/Planetesimals




Step 3: Statistics

Hasegawa & Pudritz 2013

Fhase I/

Statistical

> quantities




Step 3: Statistics

A disk around a classical Fasegava & Pudricz 2013

T Tauri star is considered
M gisk ~ 0.03M s
G e S S 1O6ye&rs

Compute lots of tracks

Dead zone
lce line
Heat transition

0.01 0.1 1
Hasegawa & Pudritz 2012

r (ALl



Step 3: Statistics

A disk around a classical Fasegava & Pudricz 2013

T Tauri star is considered
Mgisi ~ 0.03M
Taisk ~ 8.8 x 10°years  Partition the diagram

Compute lots of tracks

Dead zone
lce line
Heat transition

0.01 0.1
Hasegawa & Pudritz 2012




Step 3: Statistics

A disk around a classical Fasegava & Pudricz 2013

T Tauri star is considered
Mgisi ~ 0.03M
Taisk ~ 8.8 x 10°years  Partition the diagram

Compute lots of tracks

Calculate planet formation
frequencies (PFFs)

e — L L nacca 77dep)

MNacc TMldep Znt

DE!:EJ.Fi Zone | : >< wmass (nacc)wlifetime (ndep)

lce line

Heat transition ¢

0.01 0.1 : : : .
Hasegawa & Pudritz 2012 Weight functions related to disk observations




1M,

Hot Jupiters

Exo-Jupiters

Super-Earths

Total

PFF




1M~ |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 (mini-gas giants)




1M |Hot Jupiters | Exo-Jupiters fSuper-Earths]  Total

PFF ~ 7.6 % ~ 253 % 43.1%

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

Hasegawa 2014 in prep



1M |Hot Jupiters | Exo-Jupiters fSuper-Earths]  Total

PFF ~ 7.6 % ~ 253 % 43.1%

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

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

main

CA s
M A= 5M@ 1 - Hasegawa 2014 in prep
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Why MS4 ~ 4 — 50 77

min

Hasegawa 2014 in prep
|) photoevaporative mass loss of planets




CA
Why M4 ~ 4 — 50 7
Hasegawa 2014 in prep
|) photoevaporative mass loss of planets

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




Why MS4 ~ 4 — 50 77

|) photoevaporative mass loss of planets

2) the critical core mass to start gas accretion




CA
Why M4 ~ 4 — 50 7
Hasegawa 2014 in prep
|) photoevaporative mass loss of planets

2) the critical core mass to start gas accretion

Super-Earths Gas giants

T Phase lll (< 1O5yeafrs)




CA
Why M4 ~ 4 — 50 7
Hasegawa 2014 in prep
|) photoevaporative mass loss of planets

2) the critical core mass to start gas accretion

Super-Earths _ Gas giants

T Phase Ill (< 10°years)
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Why M4 ~ 4 — 50 7

|) photoevaporative mass loss of planets

2) the critical core mass to start gas accretion

VY SO L X,V 5MED 1OM@

o B PRI (S O a7 IR O By 1 T ) o o “we e PPRYA Y P P A e I kT ¥ (o BN - & e g Y S . .4 L -J‘_ b, ) . - 2474 AES - h e %} %
= b 4 - - - — - — = — — — — — Y
L] o e T T R S R R T TR T ) [ A T T v e T TR P T wee i Y
v $0J v - La . N it . -l - A TEINY 4 - 0:, ) -. X, b - A b o ¥ 4 b C > !




Why MS4 ~ 4 — 50 77

|) photoevaporative mass loss of planets

2) the critical core mass to start gas accretion
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Why M4 ~ 4 — 50 7
Hasegawa 2014 in prep
|) photoevaporative mass loss of planets

2) the critical core mass to start gas accretion

3) planetary migration in gas disks




CA
Why M4 ~ 4 — 50 7
Hasegawa 2014 in prep
|) 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
A in our mode|

Planet traps

’ Phase | : transport forming cores
O b from large radii to >| AU

Gap-opening mass-.
Type Il migration
: transport cores with atmospheres

0.01 0.1 L ' ' from> | AUto < | AU
Hasegawa & Pudritz 2012

Dead zone
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Why MS4 ~ 4 — 501, 27

Hasegawa 2014 in prep
|) 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

e |ce Line

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

accretion rate (M,,/ year)
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Why M4 ~ 4 — 50 7
Hasegawa 2014 in prep
|) photoevaporative mass loss of planets

2) the critical core mass to start gas accretion

3) planetary migration in gas disks

1 MGap >

= the mean value of

the gap-opening mass of
planets which end up

in the low-mass regime
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Implication for the Mass-Radius Diagram

Hasegawa 2014 in prep
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Implication for the Mass-Radius Diagram
Hasegawa 2014 in prep
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Implication for the Mass-Radius Diagram
Hasegawa 2014 in prep

Core Accretion
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Embryo assembly scenario (in situ formation)

- e.g., Ogihara & Ida 2009,
can form planets with < 10 M_Earth {3 20 L2 013



Implication for the Mass-Radius Diagram
Hasegawa 2014 in prep
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Exoplanet “Phase” Diagram

Hasegawa 2014 in prep
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Summary

® Super-Earths are very interesting populations

® The composition of super-Earths may change
significantly around R _ p = |.5 R _Earth (M_p =4-5
M_Earth)

® Discussed a new statistical approach - PFF
by combining planet traps with core accretion

Our model suggests that the m|n|mum mass of planets
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