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® 1% of stars have a hot Jupiter, more frequently around
metal-rich stars

® 14% of stars host a giant planets at any period, more
frequently around metal-rich stars

® 50-80% of stars orbit at least one planet of any kind

® 30% of stars have a planet within < 30 M¢,,+, and within
100 days period ...

® More than 70 % of planetary systems with one planet of
mpsini < 30 Mg, include more than one planet



Challenge to Theory of Planet Formation

e Why are super Earths so ubiquitous?

e \What criteria determine the fraction of stars
which bear gas giants?



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)




Step I: Ivieter-narrier
Hydrodynamic drag on dusts

ﬂ At the snow line, local conditions are
such that the drag force reverses
direction. Gralmns tend to scumulate

Grains qrow. i-ml & are swept along by the gas, bt
n callide, clump and E gmrimar:hu:gmm!am
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Trapping locations: transition fronts
and wall of magnetospheric cavity

outflow

Bi;:m:llarql ]

Infalling dust

KEY
‘. interstellar dust
Bl nebula dust
..o CAls and refractory materials
« %+ chondrules
planetesimals

{FSRD graphic by Mancy Hulbirt, based on a conceptual drawing by Edward Scott, Univ. of Hawaii.)
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Step Ill, oligarchic barrier: Isolation mass
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Rapid emergence of super Earths

Compare Acc_rate: t = 000.00Kyr
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Major Challenges:

e Retention of cores: type | migration (Goldreich &
Tremaine, Ward)
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Planet-disk tidal interaction

Total tidal torque: b —
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Multiple embryo’s type | migration:

necessary condition for core formation

SEMI-AXIS EVOLUTION

(D Only indirect interaction
between embryos during
disk perturbation
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Core barrier: embryos’ resonant trapping

Including 441 Confirmed Multiple Exoplanetary Systemns

1 single planet mass
anets systems
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Challenge to Theory of Planet Formation

 What processes led to planets’ mass and size
distribution?

* How did planets acquire their period
distribution?
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Major Challenges:

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



Challenge to Theory of Planet Formation

e \What criteria determine the fraction of stars
which bear gas giants?

 What processes led to planets’ mass and size
distribution?



Giant impacts of super Earths
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Gas accretion barrier:
e |s there a threshold mass for gas accretlon?
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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

20% 18/122

The Fischer and Valenti (2005) Result

‘ o
“Tovin o,

10%

.
'_-‘l;.‘o_. [
v ¢° ;, °

Metallicity

201359 [/

2
e
...'.-._: ;;"

0/24 _
LI -0.4 .
0% \ ., 06 " "
0.5 x solar solar 2 x solar 0o 5 J' 10 | 15
Metallicity of the Parent Star Radius of planet (R)

1) There is a strong correlation between n,, vs stellar metallicity.
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Final mean seporation &, I:.ri'l:l
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Importance of snow line
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Gas accretion barrier:
e |s there a threshold mass for gas accretlon?
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Relotive Position [orcsec]

Fast spin of a young extrasolar planet
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Gas giants’ asymptotic mass
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Giant impacts and mergers
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Enhanced formation of multiple planets

ENLARGING THE FAMILY
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Grand design barrier: dynamical instability

 How did gas giants acquire their eccentricity?

1. Initial Disk

Ill. Gas Ring Dissipation

V. Inward Migration

Il. Gap Formation

Bryden

IV. Resonant Configuration
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Superpose the final results of many different systems
—> predict distribution of planets (Ida)

Mordasini et al. (20093,
AA 501, 1139)
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Major Challenges:

e Retention of gas giants: type |l migration (Lin &
Papaloizou)



Systems with n>2 planets

( multi-planet systems: many are almost optimally **packed”
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Core barrier: embryos’ resonant trapping

* Long term evolution: largest cores formed early
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Hot jupiter retention barrier: stellar consumption

Stalling of planets inside & at the magnetospheric truncation radius
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Stalling near the magnetosphere

Hot Jupiters versus close-in super Earths
Zhuoxiao Wang
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10 100
of T T radius / Rstar
ST e T K Migration of a Super Earth in protostellar disk around a
R = magnetized T Tauri star. The Super Earth: (a) grows &
e migrate inward to inner-edge; (b) migrates slightly outwards
' with the expanding disk inner edge; (c) halts migrating after
gas is mostly depleted. (Ju et al 2013 in preparation)
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Challenge to Theory of Planet Formation

* How did planets acquire their period
distribution?
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Planets’ size-period distribution from the Kepler surveys
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In Situ Formation of Super Earth okuvo)
>;1 = 100 Disk — An Example Run
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Super Earths: some key issues
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Mantle Stripping of Water-dominated Planets

(Hori)
SPH simulation
(Two 5M 4 super-Earths)
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Planetary Density [Grams/Centimeters®]
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New Candidate Catalog (Batalha et al. 2012)
What can we learn from Multiple systems !!!

20}

10

: - L ]
)
b .. L}
" .
- . - .
- M . . . ‘ep
T e V7.
LR LR S < -
: . ® . . . .
. . . L ] . .9
—— . . -: . et .
o0 et e e . M »
IR AET I T LU ™
- s & . Y N % .
Pl » . Taly .
: o7 g e, e e e *
.'l 5 - - ‘ -, -
R ¥ i - S0 L P A TRt N
L] » « iy e W o Tt
R vcivg @ & n:“c',%’ T a R W e !
w ST, g v FOGFNE I gL LS L P oo
. o L ;."': :“"...k, ‘:k h';rfs..:- ."’ * . . ': .
Do S0 ARG YRR S g LT
l'. » @ o ;] '3 ¥ ;.o" - 1‘,”-‘ Y L
- ® e Mg ‘e L 1 *
P o :'“'}- © * Pdy ‘o. T . % 9
. .0 dg e e .
PR RPN S °
b -
L ]

« One: 1
Two: 4

e Three:
Four: 1
Five: 4

® Six:6

10 20 100
Period [days]
How compact can

multiple systems be?

Kevin Schlaufman
Xiaojia Zheng

43/59

Probability Density

Probability Density

o
o

0.02 0.04 0.06 0.08

0.00

0.02 0.04 0.06 0.08 0.10

0.00

Two-Planet Systems
=== Three-Planst Systems

Four-Planet Systems
=== Fivg-Planst Systems

. ....4l. .. . ..l ... I

0 5 10 15 20

Hill Spacing

| T T T T T T T T T T T l
Two-Planet Systems
=== Three-Planst Systems

. ... .4 . ... 1., .. I

o] 10 15 20
Hill Spacing



Multiple, resonant planets
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Super kEarths: some key issues

* Did planets capture each other and parted their ways?
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Exiting Resonance through Tides
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Super Earths: some key issues
Can type | migration be resurrected at the late stages?

Diurnal Yarkovsky . .
Direction of Bln Da|
'I'" et radiation
™

’ ” '|':|rL u ky

Frugrade A8,
rotation

Yarkowsky
i i

A-KL

f“' '
B
Retrograde S8

ratation [0 M-
1)) Direction of
AP sl raddlat

wn WVeiZhu == 50/55




Planets in the stellar magnetic field




What about magnetic fields? Unipolar induction

Unipolar Inductor: torque & dissipation.
Jupiter/lo system: Goldreich & Lynden-Bell
Orbital evolution & mass loss. Laine & Lin

De Colle 52/55
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Evaporating planets
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Application to CoRoT-7 (Haywood)

e G, v=I1.7

® CoRoT transit observations in 2009
= super-Earth CoRoT-7b (Léger et al. 2009)

* HARPS radial-velocity campaign (2009)
= another super-Earth CoRol-7¢ (Queloz et al. 2009)

= sub-Neptune mass planet CoRol-7d at 9 days (Hatzes et al.2010)

® Many analyses, no agreement

Bruntt et al. 2010, Lanza et al. 2010, Pont et al. 2010, Boisse et al. 2010, Ferraz-Mello
et al. 201 |, Hatzes et al. 201 |

* Jan. 2012: New observations: simultaneous CoRoT photometry &

HARPS RV
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Oversized

planets and stellar hot spots
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How to identify differentiation
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(Mazevet)

Si0; conductivity

Is silica becoming metallic in super-earths? |
LALY T T T T T T T ] L. i
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S — . ee s |7 @ Corresponds to loss of 5i-0
Ew"- g Hawei | - coordination: Laudernet et al. 2005
_ { # Confirmed experimentally: Hicks et al.
2w - 2007 (bounded liquid)
ﬁ ) I o 1 @ Conductivity decreases with density
e i S . along an isotherm
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yr " ] and Si-O ordering
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Tidal Disruption of a Jupiter-like Planet
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Disk migration challenge: obliquity
What about spin-orbit misalignment?

roaching g Receding

mifs)
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Gas giants: some key issues
Is there evidence for M.-dependent tidal dissipation?
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Tidal alignment of obliquity

Obliquity Evolution
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Alternative model: internal gravity wave
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Gas giants: some key issues

e |sthere evidence for internal differential rotation ?
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Figure $23: Graphical illustration of the dynamical tilting hypothesis for the Kepler-56
system. Note that the sizes are not to scale.
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Updated version of population

synthesis models
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Low-mass host stars
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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

54/55



107 A L\'F'l't"
digm shifts

DA
rd

Planet formation is a robust process

Planets migrate throughout their lives

Dynamical and structural properties of planets
are subjected to rich variety of physics

Habitable environment may have evolved
throughout the life span of their host stars

Life may indeed be common.

Thank you



