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Precision COSM

* Ubiquity of planets:
case study vs Science

e Diversity of systems:
realm of possibilities

* Population census
missing info & big picture

* Solar system connection

Anthropic principle
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Transit (eclipse) searches
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Observed Propertles of Extrasolar Planets
: ~ Howard (2013)
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Conventional core accretion scenario




Major Challenges:
Retention of grains: m-size barrier (Whipple)
Fragmentation: km-size barrier (Benz)

Planetesimal-growth barrier: Isolation mass barrier
(Wetherill)

Gas accretion barrier: critical-mass cores (Cameron)

Retention of cores: type | migration (Goldreich &
Tremaine, Ward)

Retention of gas giants: type Il migration (Lin &
Papaloizou)

Multiple gas giants: rapid depletion of disk gas

Competing physics on multiple length & time scales
11/69



Step I: Meter-barrier Hydrodynamic drag on dusts

o At the snow line, local conditions are
such that the drag force reverses
dtewm Grains tend to accumulate

lutobtger
Grains clump and grow. s«nl rains are swept along by the gas, but
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Trapping locations: transition fronts
and wall of magnetospheric cavity

T ET
outflow

Infalling dust

KEY
* interstellar dust
ﬂ nebula dust
* CAls and refractory materials
+ chondrules
planetesimals

(PSRD graphic by Nancy Hulbirt, based on a conceptual drawing by Edward Scott, Univ. of Hawaii.)
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Major Challenges:
Retention of grains: m-size barrier (Whipple)
Fragmentation: km-size barrier (Benz)

Planetesimal-growth barrier: Isolation mass barrier
(Wetherill)

Gas accretion barrier: critical-mass cores (Cameron)

Retention of cores: type | migration (Goldreich &
Tremaine, Ward)

Retention of gas giants: type Il migration (Lin &
Papaloizou)

Multiple gas giants: rapid depletion of disk gas

Competing physics on multiple length & time scales
14/69



particle radius (m)

Planetesimal growth in a trap
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Mass Accretion Rate (M /year)

Stalling of planets inside & at the
magnetospheric truncation radius
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Major Challenges:

* Planetesimal-growth barrier: Isolation mass barrier
(Wetherill)
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Step Ill, oligarchic barrier: Isolation mass
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Major Challenges:

* Proliferation of multiple, wide spread embryos
* Diversity of planetary architecture

19/69



. The planet exchanges angular

e.g. Goldreich & Tremaine (1980), Ward (1992)
Masset (2001), Paadekooper, Baruteau, Kley

momentum with:

- librating fluid elements:
— corotation torque

210" - gradient of disk vortensity

" Maximum value scales with -

Q/2%) across horseshoe region§

1.10™"

Corotation torque

0 100 200 300 400
Time (orbits)

Long-term evolution of the corotation
torque is related to the disk viscosity
Paardekooper. Baruteau.
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Planet-disk tidal interaction
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Total tidal torque: Ff\\
F=ri+I. =f(p,a,p,,a,Pc,8d1 Lo | ' |
Iy = (g/hYE,risd,

p and g depend on disk structure &
P.,d,,P,, and g, also depend on m,

]
=10 0.5 (1K1} 0.5 1.0 1.5 2.0
e rIA

EE T
-20 =16 =12 =08 =04 00 04 O8 12 > 2
o o pedative o [T

dr M, Er? g\ "

— = ” 0

o =fap Px:l'M-* M ( . ) ik
[T

4 2 2 m 4:;1 D0 04 08 12 16 20
(1/e}de/dt = {a/H)* (M Za?/MA) Q) Lecar et al, Garaud, Kretke




Resonant sweeping of planetesimals
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Major Challenges:

e Retention of embryos: type | migration (Goldreich &
Tremaine, Ward)
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Core barrier: embryos’ resonant trapping

Including 441 Confirmed Multiple Exoplanetary Systems
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Major Challenges:

e Gas accretion barrier: critical-mass cores (Cameron)

e Retention of cores: type | migration (Goldreich &
Tremaine, Ward)

25/69



Gas accretion barrier:
* |sthere a threshold mass for gas accretlon?
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Semimajor axis (AU)

Planetary mass (A )
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Giant impacts of super Earths

2

Liu Shangfei
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Major Challenges:

* Availability of building block material
* Frequency of planets around different type stars

29/69



Stellar Mass

Planet Fraction, f(M,F)

Dependence on stellar mass
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Semimajor axis (AU)
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Dependence on the disks’ accretion rate
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Dependence on the disks’ accretion rate
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Fraction of Stars with Detected Planets

Planetary mass & size vs stellar metallicity
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Metallicity

Abundance of super Earths

There is no shortage of
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Planetary mass (M)

Semimajor axis (AU}

Dependence on metallicity
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Final mean seporation &, (F,)
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Semimajor axis (AU}

Importance of snow line
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Major Challenges:

* Retention of gas giants: type Il migration (Lin &
Papaloizou)

 Multiple gas giants: rapid depletion of disk gas

38/69



1.0

Giant impacts and mergers
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Enhanced formation of multiple planets
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Grand design barrier: dynamical instability
 How did gas giants acquire their eccentricity?
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Gas giants’ type Il migration

Systems with n>2 planets

[ multi-planet systems: many are almost optimally *“packed”

Also a constraint for
planet formation models!

HD 40307 PR
GJ 581 2,8 10 number of
- “Hill radii” between
HD 69830 20 %, adjacent planets
HD 115617 Lok e _ my \1/3
Ty = a
7-planet system HD 10180 L % o 8 10, 2 @ H (3_‘%)
19
HD 181433 I o o
Solar System 6,8 2 " 9 e
10 3
HD 37124 Y * o
: - 12 i
2:1 resonance Gl 876 . o'e
55 Cno 13 9 22 13
Resonances : ¢ . ®
HD 160691
2:1, 3:1, 3:2, ... - LA A
HIP 14810 ° 10 o ' o
Ups And ® 16 ® 4 o
4 4
HD 74156 —— o —@
9 2
HD 125612 —— . _._
Lol L Lol Ll
0.1 1 10

Lovis et al. 2010

Semi-major axis [AU]

43/69



Core barrier: embryos’ resonant trapping

* Long term evolution: largest cores formed early
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Period distribution of hot Jupiters:
Dependen stellar metallicity
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Smoking gun for core accretion (KOI 94)
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Planets’ size-period distribution from the Kepler surveys
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Type | migration with evolving disk

» Transiting location move inward t=20
»Mass region corresponds to -2_5 215 1 05 0 05 _1 15
outward decrease slightly —
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Super Earths: some key issues
How to differentiate type | and Il migration?

Sub/warm Earths

Neptunes
SuperEarths

Gas giants

Hot Jupiters park
Closer than
Super Earths

Kretke 49/69
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radius / Rstar 50/6S
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New Candidate Catalog (Batalha et al. 2012)
What can we learn from Multiple systems !!!
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Super eartns: some Key issues

* Did planets capture each other and parted their ways?
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Exit resonances
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diverse migration mechanisms
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RM effect and challenge to migration
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Gas giants: some key issues

Is there evidence for M.-dependent tidal dissipation?

Winn

10° 10°

10"

relative tidal-dissipation timescales tog tq, [Vr]

57/69



Misalighed magnetosphere
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Alternative model: internal gravity wave
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Gravity waves in intermediate-mass stars
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Gas giants: some key issues

e |sthere evidence for internal differential rotation ?
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Deviation from stellar flux [ppm)]

Inside the stellar magnetosphere
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Inside the super Earths
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Leg10{Ohmic dissipation rate/Stellar irradiation rate)

Super Earths’ geology & atmosphere

Liquid iron outer core
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Other issues

Late-stage evolution in debris disks

Post formation dynamical evolution

Non planar planetary systems

Planets around different mass stars

The role of elemental differentiation in natal disks

Planets in binary stars

Planets around stars in clusters

Planets’ magnetic and tidal interaction with their host stars
Planets’ consumption by their host stars

Planets’ survival around evolved stars

Planets’ internal structural evolution

Planets’ atmospheric dynamics

How is habitability affected by dynamical interaction between planets
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Updated version of population
synthesis models

1 p—p— ™ - —— r 1 =
0B | . (kN3
0B | . (kN -3

i y i

oo 41 1 10 100 1008 (kR | i

& [AU]

100 1030 100040

H [Mml.h]

M [M, ]
=
Msin(i) [Jupiter Mass]
dr
: O
3

1 2 ] 2 == g B e TRt | 2 -
e aa 1 G 1 100
a [AL) lda

0.1 1
Semi-Major Axis [Astronomical Units (AU)]

66/69



AT LU
: ‘nn\"""t".? AT AR
MLVEA

N

J

M

) I~~~
e Ry

) = — // .

d

v Ll

WIPTX ——

— NN _._‘w*.'xkli'
W

¥
/]

J
1 iy /'
o

o

e RS SR VL
. o ’ / ‘ ”
R » v g s :,.' £, A ’,’

PRTULG Ll
G ¥vis

e
"

}%’ T‘:ﬁ

T
B~ et b\.\)!?i{
Cosmographia 1544

67/69



Summary

Planet formation is a robust process and their
dynamical architecture is diverse.

Planetary origin and destiny are determined largely
by the structure & evolution of the disks.

Migration due to planet-disk interaction played a big
role in the asymptotic properties of the planets.

Theory of planetary astrophysics is relevant to many
other astrophysical contexts.
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“there are infinite worlds both like and unlike this world of ours ...”
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