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Disk-planet tidal interactions

type-l migration type-ll migration
Goldreich & Tremaine (1979), 1 L|n & Papaloizou (1985),....
Ward (1986 1997), Tanaka etal. (2002) M > (10 100) M @
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viscous diffusion
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Diversity of gas giant planets
Ida&Lin(2006)

eccentric t

mig > tform

10 ¢ hot jupiter L E

tmig< tform< tdep .

| EEEE-solar-system type |

1t torm™ tmig> tdep -
0.1 1 10 100

[AU]



type-| migration
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Monte Carlo simulation

theoretical prediction for M-a distribution of exoplanets
with the overall planet formation model
(type-l & Il migrations are included)

start from planetesimals
2, @, =(integration on 10%) M

p? afinal

1) Ida & Lin (2004a, ApJ, 604, 388)
2) Ida & Lin (2004Db, ApJ, 616, 567)
3) Ida & Lin (2005, ApJ, 626, 1045)
4) Ida & Lin (2006, ApJ, submitted)



Monte Carlo simulation to predict
M,-a distribution of exoplanets

e disk gas surface density X : Min. Mass Solar Nebula
« |nitial distribution: log normal ./
%,(0)=0.1-10%, yusn X (Mx/Mg)? /lg normal
e a priori exponential decay Jo1 xfo
24(t) = 24(0) exp(-t /tgep) —

* planetesimal surface density

%, (0)~ 10lFeHl x 0.01.5,(0) ; [Fe/H]=0.2 — 1 " ,
® semimajor axis : log uniform ' ¥

« disk lifetime t4e, : log uniform 10°-107yrs . \
« migration: artificially stopped at 0.04AU | |
radio observation of disks

around T-Tauri stars
Beckwith & Sargent (1996)



planets around various mass stars
with type-l migration

& microlensing surveys
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| 20 &T N for Mg, ™
E’ 102 e E Laughlm et al. 2004
= : Ida & Lin 2005
s 10 A E
1 -' = consistent with current RV
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constraints on type-l mig & envelope contraction

G dwarfs

obs: many gas giants
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contraction

type-l migration
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constraints on type-l mig & envelope contraction

theoretical results for [Fe/H]=0.2

e M*~1-OMO 11
. M.=1.0Mg
= observed gas giants:
abundant 10 rare
= C, & k must be gas giants
K
9 undant
giants
8 0.01 0.1 1
Ci

k~11: Pollack et al. with “phase II”
Yrs k~10: Pollack et al. for “phase IlI”
k~8: Ikoma et al. (different opacity table)




constraints on type-l mig & envelope contraction

theoretical results for [Fe/H]=0.2

* M.~0.25Mg 11
= observed gas giants:
rare 10

= C, & k must be

k~11: Pollack et al. with “phase II”
yrs k~10: Pollack et al. for “phase IlI"
k~8: Ikoma et al. (different opacity table)




constraints on type-l mig & envelope contraction

theoretical results for [Fe/H]=0.2

® observed gas giants
= M.~1.0Mg : abundant
* M.~0.25Mg, : rare

> C; & k must be

k~11: Pollack et al. with “phase II”
Yrs k~10: Pollack et al. for “phase IlI”
k~8: Ikoma et al. (different opacity table)




constraints on type-l mig & envelope contraction

11 .
theoretical results for [Fe/H]=0.2
M.=1.0M
.“z '....,....A
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constraints on type-l mig & envelope contraction

11

theoretical results for [Fe/H]=0.2
M.=1.0M,

C,=0.01,k=10 C,=0.1,k=8
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Corot/Kepler will distinguish



constraints on type-l mig & envelope contraction

11 .
theoretical results for [Fe/H]=0.2
................... | M,=0.25M
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Around low-mass stars, distribution is affected only
by type-I migration, but not by giant planets’ perturbations



Inference of population of habitable planets (G stars)

theoretical results for [Fe/H]=0.2
M.=1.0M,

-----------------------------------------------------------------------
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Inference of population of habitable planets (G stars)

M, [earth mass]

M, [earth mass]

10*

;Rar;iiéll "Jeluci{}-' with -iillfs g

M, [earth mass]

10*

—
=
(=]

- Kepler

=T IIIII|T| L

ST ME1.0Mg €,=0.1,k=8

%estimation from rocky
Iplanets (<10Mg, ):
imore reliable

habitable planets
(planets sustaining ocean):

0.3-10M,,
0.75-1.8AU x (Mx/Mg)1-2-2



Inference of population of habitable planets (G stars)

1{}1 F T TTT T IIII[ LR III| LILELELELL T 1II!]

gRadial Velocity with 1m/s 3

M, [earth mass]
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M, [earth mass]
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1 0t 10* 10 10 10°
P [days]

M, [earth mass]

RV from ground,

- Kepler

vV, = 1m/s

=1 SIM mission;

S years, yarcsec
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| M.=1.0Mg, C,=0.1,k=8

sestimation from rocky
Iplanets (<10My ):
imore reliable

Kepler mission;
4 years, V =12



Inference of population of habitable planets (G stars)

10* SRR S B R LU I R L 10 E— T T T T T I T T T T T T
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retention rate 7 of close-in planets is

estimated from giant planets detectable

by RV survey Wlth >10m/s & < 5 years:

in/distant (RV data) ~ 0.07
|/ distant (theory)

M, [earth mass]

1 0t 10* 10 10 10°
P [days]



Inference of population of habitable planets (G stars)
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= E 10
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:ﬂ. Eﬁ‘ E . .
) %, 377 X #close-in + #distant
107 :
10°

;E # of detectable planets with <10Mg
- RV with v,=Im/s  0.79

Kepler 0.84

SIM 0.23
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habitable “ocean planets™?

« Around M stars, habitable zone ~ 0.1AU
= rocky planets formed in situ: too small to sustain atmosphere

@ close-in neptunes around  stars
= H,O planets in warm environment

A icy planet
vAg . .
<‘> habitablewzone |

AT

Ice Iboundary
A UV !

Vv —_ I
' . |
idal lOCkO.l 03 1 [AU]

e habitable “ocean planets™? Kuchner(2003),Leger et al. (2004)
liquid water & energy supply, H,O atmosphere, tidally locked...

 marginally observable at present
 more abundant than Earth-like planets around G stars?
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habitability

habitable galaxy habitable era
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