Planet Traps &
Planetary Cores

: Origins of the Planet-Metallicity Correlation
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Planet-Metallicity correlation

e.g. Santos et al 2004, Udry & Santos 2007, Mayor et al 201 I,
Schlaufman & Laughlin 201 |, Buchhave et al 2012

0 RV data
x Kepler data

Massive planets

. higher detectability for
stars with higher metallicities

Low-mass planets
Metallicity - " B :no such a trend

RV data from Mayor et al 201 |
Kepler data from Buchhave et al 2012



Population Synthesis Calculations

e.g.lda & Lin 2004a,b, 2005, 2008a,b, 2010,
Mordasini et al 2009a,b, 2012, Alibert, Mordasini, & Benz 201 |
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Core accretion scenario
: dust/planetesimals

=> cores of gas giants

=> gas giants
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Monte Carlo methods
: the initial conditions
(stellar/disk parameters)
are randomly selected

Mordasini et al 2012



Population Synthesis Calculations

e.g.lda & Lin 2004a,b, 2005, 2008a,b, 2010,
Mordasini et al 2009a,b, 2012, Alibert, Mordasini, & Benz 201 |

Comparison with
the observations
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Population Synthesis Calculations

e.g.lda & Lin 2004a,b, 2005, 2008a,b, 2010,
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Comparison with
the observations
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Population Synthesis Calculations

e.g.lda & Lin 2004a,b, 2005, 2008a,b, 2010,
Mordasini et al 2009a,b, 2012, Alibert, Mordasini, & Benz 201 |
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A method to derive invaluable information from
observations easily

Step |:the presence of distinct populations
in the observed exoplanets

_ Step 2 planet traps - dlrect connectlon W|th
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A method to derive invaluable information from
observations easily

“ EARTH

JUPITER SATURN URANUS NEPTUNE

B Molecular hydrogen B Hydrogen, helium, methane gas

- Metallic hydrogen B Mantle (water, ammonia, methane ices)

/ Core (rock, ice) |




Step |: Distinct populations

Chiang & Laughlin 2013, Hasegawa & Pudritz 2013
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Step |: Distinct populations

Chiang & Laughlin 2013, Hasegawa & Pudritz 2013

Hot juplters Exo-juplters
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Step 2: Planet traps

e.g. Masset et al 2006, Matsumura, Pudritz, & Thommes 2007,
Lyra et al 2010, Hasegawa & Pudritz 2010,201 |




Step 2: Planet traps

e.g. Masset et al 2006, Matsumura, Pudritz, & Thommes 2007,
Lyra et al 2010, Hasegawa & Pudritz 2010,201 |

RAT TRAP

LOOK, CHEESE ' -




Step 2: Planet traps

e.g. Masset et al 2006, Matsumura, Pudritz, & Thommes 2007,
Lyra et al 2010, Hasegawa & Pudritz 2010,201 |

RAT TRAP

LOOK, CHEESE — ¢

HUMAN TRAP

LOOK, AN INTERNET
CONNECTION' =




Step 2: Planet traps
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Step 2: Planet traps

RAT TRAP

LOOK, CHEESE — ¢

HUMAN TRAP

LOOK, AN INTERNET
CONNECTION' =

- Protostars &Planets VI
- 41520 July 2013 Fin
-.‘ .'olbwg,.Gu.muy" "

e.g. Masset et al 2006, Matsumura, Pudritz, & Thommes 2007,
Lyra et al 2010, Hasegawa & Pudritz 2010,201 |

Put appropriate traps
at appropriate locations !!



Step 2: Planet traps

e.g. Masset et al 2006, Matsumura, Pudritz, & Thommes 2007,
Lyra et al 2010, Hasegawa & Pudritz 2010,201 |
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Step 2: Planet traps

e.g. Masset et al 2006, Matsumura, Pudritz, & Thommes 2007,
Lyra et al 2010, Hasegawa & Pudritz 2010,201 |
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Dullemond & Monnier 2010 ~

CTTSs
. Hasegawa & Pudritz 201 |
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3 types of traps in single disks

: dead zones, ice lines, heat transitions

Planets form locally at traps

Traps move inward slowly, following disk evolution



Step 3:Tracks & Statistics

e.g. Hasegawa & Pudritz 2012, 2013




Step 3: & Statistics

A dlSk around 1 CIaSS|CaI e.g. Hasegawa & Pudritz 2012,2013
T Tauri star is considered ~ Gas giants

Mgisi ~ 0.03M
G e SRR 1O6ye&rs

(< 10°years)

Cores + low-mass atmospheres

(~ 2 x 10%years)

Cores move inward,
following moving traps

Cores of gas giants

Dead zone ? b (< 10°years)

0.01 0.1
Hasegawa & Pudritz 2012

Dust/Planetesimals



Step 3:Tracks &

A dlSk around 1 CIaSS|CaI e.g. Hasegawa & Pudritz 2012,2013
T Tauri star is considered

Mgisi ~ 0.03M
Tdick ~~ 8.8 X 1O6ye&rs

Compute lots of tracks

Dead zone
lce line
Heat transition

0.01 0.1 1
Hasegawa & Pudritz 2012
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Step 3:Tracks &

A dlSk around 1 CIaSS|CaI e.g. Hasegawa & Pudritz 2012,2013
T Tauri star is considered

M gisr; ~ 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:Tracks &

A disk around a classical
T Tauri star is considered

Mgisi ~ 0.03M
Tdick ~~ 8.8 X 106?/6&7“8

Dead zone
lce line
Heat transition

0.01 0.1
Hasegawa & Pudritz 2012

e.g. Hasegawa & Pudritz 2012,2013

Compute lots of tracks

Partition the diagram

Calculate planet formation
frequencies (PFFs)

nacca ndep)
PFFs =
R e
MNacc TMldep
XWmass (nacc)wlz’fetime (ndep)

¥

Weight functions related to disk observations



@—— Exo—Jupiters
-------- o Hot Jupiters

Hasegawa & Pudritz 2014 submitted

Planet Formation Frequency (%)

Total

: PFFs are steadily increasing
with metallicities

Low mass planets

: PFFs are insensitive to
metallicity

Low mass planets

YT PR . formed as “failed” gas giants
Metallicity

Planet Formation Frequency (%)



@—— Exo—Jupiters
-------- o Hot Jupiters

Massive planets

: PFFs are high for
high metallicities

Hasegawa & Pudritz 2014 submitted : PFFs Of are

| higher than

Planet Formation Frequency (%)

Total

: PFFs are steadily increasing
with metallicities

Low mass planets

: PFFs are insensitive to
metallicity

Low mass planets

YT PR . formed as “failed” gas giants
Metallicity

Planet Formation Frequency (%)



SE— . e Bl < Me. crit >
e = the mean mass of cores
just before gas accretion

Massive planets

Plaflet Formation Frequency (%)

=> higher PFFs for

< Mc.crit> (MEorth)
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Metallicity
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Planet Formation Frequency (%)

f \
< I\/c.cri'c> \ MEorth/

Planet Formation Frequency (%)
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< Mc,crit >

= the mean mass of cores

just before gas accretion

Massive planets

A < MC,CT'?:t > Of

is higher than
=> higher PFFs for

Low mass planets

< Mc,cm't >

= the threshold mass of cores
that start gas accretion

Intersections
=> the critical metallicities
for forming gas giants




o Hot Jupiters

@— Exo—Jupiters Gas giants

Cores +
low-mass atmospheres

Planet Formation Frequency (%)

{ \
< M(:.crit> \MEorth/

o Cores of gas giants
Hasegawa & Pudritz 2014 submitted
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Planet Formation Frequency (%)

< Mc,crit> (MEarth>
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@— Exo—Jupiters Gas giants

Cores +
low-mass atmospheres

Mp > Mc,cm’t

Y, 1/4
Mc,cm’t — Mc,cm’tO (10_6Méyr_1)

Ikoma et al 2000, Ida & Lin 2004

Cores of gas giants
Hasegawa & Pudritz 2014 submitted
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Planet Formation Frequency (%)

< Mc.crit> (MEorth)

Planet Formation Frequency (%)
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Comparison with observations

Hasegawa & Pudritz 2014 submitted
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Opacity effects

0.2—0.3
Mc,cm’t() = 1OM@ ( > —1)

lem?2g

[x, :grain opacity in the atmosphere

lkoma et al 2000, Ida & Lin 2004, Hori & lkoma 2010




Caveats

The effectiveness of planet traps

: effects of planetary mass & orbital periods as well as disk evolution

Planet-planet interactions

: effects on the final architecture of planetary systems




Summary

® the Planet-Metallicity correlation is one of the most
prominent features in exoplanet observations

® Developed a brand-new statistical approach:
(1) partition of the mass-semimajor axis diagram,
(2) planet traps (3) tracks & statistics

h itical m f pl € . likely t
~ ® The critical mass of planetary cores is very likely to
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