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Outline

. Basic Concepts of Oligarchic Growth

- Slowdown of runaway growth (ida & Makino 1993)

- Orbital repulsion (Kokubo & Ida 1995)

- Application to solar system (kokubo & Ida 1998,2000)

. Application to General Planetary Systems

Diversity of protoplanet systems

-Habitat segregation of planets

Diversity of planetary systems (Kokubo & Ida 2002)



Oligarchic Growth of Protoplanets

* Multiple similar-sized protoplanets grow in the orderly
mode

Slowdown of runaway growth

* Orbital separations of protoplanets are proportional to
their Hill radi

Orbital repulsion of protoplanets
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Slowdown of Runaway Growth
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Orbital Repulsion

Protoplanet-Protoplanet Scattering
* increase b and e

Dynamical Friction from Planetesimals
* reduction of e

Orbital Repulsion
e expansion of b keeping nearly circular orbits

* b is proportional to ry



Characteristics of Protoplanets

Planetesimal distribution > o X1a™¢
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Characteristics of Protoplanets

Terrestrial Region

~ 0.1Mg < terrestrial planets __
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Jovian Region é

~ 10Mg < Jovian planets

Uranian Region

~ 10Mg ~ Uranian planets
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Observation of Protoplanetary Disks

Protoplanetary Disks in Taurus and Ophiuchus
(Beckwith & Sargent 1996)
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Disk Model
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Oligarchic Growth Model

Assumptions

e Orbital separation of protoplanets b ~ 10

e Accretion in gas

* No migration of planetesimals and protoplanets
* Accretion efficiency 100%

Disk Model
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Oligarchic Growth Model

Isolation Mass of Protoplanets
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Growth Time of Protoplanets
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Equilibrium Eccentricity of Planetesimals
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N-Body Simulation

Equation of Motion

N
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Method of Calculation
4th-Order Hermite Integrator + HARP/GRAPE
(perfect accretion + f-fold radius)
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Results of Standard Disk
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Results of Standard Disk
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Diffusion Time Scale of a Planetesimal Disk
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Results of Standard Disk
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Results of Standard Disk
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Disk Mass Dependence
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Disk Mass Dependence
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Disk Profile Dependence
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Diversity of Protoplanet Systems

- N D
Planetesimal Disk Protoplanet System
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onditions for Jovian Planet Formatiol

\
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Life Time of Gas Disk

Tdisk ~ 106-8}/6&1”

Contraction Time Scale of Gas

—5/2

M-

Teont ~ 1057 ( ISO) year
0 M

lkoma et al. (2000)

Conditions for Gas Giant Formation
Torow < Tqisk N Tcont < 1gisk = Limited disk range for jovian planets



onditions for Jovian Planet Formatiol
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Isolation Mass and Timescales
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Isolation Mass and Timescales
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Isolation Mass and Timescales

a=1/2
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Habitat Segregation of Planets
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Habitat Segregation of Planets
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Habitat Segregation of Planets
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Diversity of Planetary Systems

Disk Mass Dependence (a = 3/2)

Light Disk (3; < 3)

Many relatively small terrestrial and uranian planets
Massive Disk (> = 30)

Several jovian and uranian planets

— eccentric planets
—> hot jupiters

Medium Disk (>3; ~ 10)
Solar system-like planetary system



Diversity of Planetary Systems
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Diversity of Planetary Systems

a > 2
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Future Work

Terrestrial Region

®* Number, mass, and orbital elements (habitability)?
® Effect of Jovian planets?

Jovian Region

* Number and mass”?
® Orbital stability?

Uranian Region

® Migration?
® Effect of Jovian planets?

Oligarchic Growth Model

®* Migration of Protoplanets
® Miaration of Planetesimals (Thommes et al. 2003)



Summary

Oligarchic Growth of Protoplanets
planetesimal disk = protoplanet system

+

Formation of Jovian Planets
protoplanet — Jovian planet
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Diversity of Planetary Systems

e Habitat segregation of planets
* Dependence on disk mass and profile
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