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Observed Properties of Extrasolar Planets
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Big picture questions

How did super Earth form so prolifically

Why is the emergence of gas giant marginal?

H
C

F.

ow did planets establish their structural
iversity?
ow did planetary systems acquired the

observed kinematic distribution?

How did multiple systems attain meta-
stability?
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Conventional core accretion scenario
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Some major Challenges:

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

Planetesimal-growth barrier: Isolation mass barrier
(Safronov, Wetherill), Oligarchics (Kokubo, Ida)

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

Proliferation of multiple, widely spread embryos
Diversity of planetary architecture
Onset of efficient gas accretion (Pollack, Bodenheimer)

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

Multiple gas giants: rapid depletion of disk gas

Competing physics on multiple length & time scales
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Meter-barrier: Hydrodynamic drag on dusts

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

andr C into larger
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@ collide, clump and grow olgg” wept ; m simals.
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Density
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Some major Challenges:

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

Planetesimal-growth barrier: Isolation mass barrier
(Safronov, Wetherill), Oligarchics (Kokubo, Ida)

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

Proliferation of multiple, widely spread embryos
Diversity of planetary architecture
Onset of efficient gas accretion (Pollack, Bodenheimer)

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

Multiple gas giants: rapid depletion of disk gas

Competing physics on multiple length & time scales
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Density Protoplanetary Disk
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Some major Challenges:

* Planetesimal-growth barrier: Isolation mass barrier
(Safronov, Wetherill), Oligarchics (Kokubo, Ida)
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Step Ill, oligarchic barrier: Isolation mass
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Equi-potential surface and Roche lope
Energy & angular momentum are not conserved.

Conserved quantity: Jacobi "energy”’ Integral
C, = n3(x? + y2) + 2(w,/r{+W,/r,)-(x?+y2+z%)
Roche radius: distance between the planet and L,
rx = (u,/3u,)"? a,, (to first order in w,/u,)
Hill’s equation is an




Some major Challenges:

 Retention of embryos: type | migration (Goldreich,
Tremaine, Ward)
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. The planet exchanges angular
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Planet-disk tidal interaction

Total tidal torque: zw
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Some major Challenges:

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

Planetesimal-growth barrier: Isolation mass
(Safronov, Wetherill), Oligarchics (Kokubo, Ic

parrier
a)

Retention of embryos: type | migration (Golc
Tremaine, Ward)

reich,

Proliferation of multiple, widely spread embryos

Diversity of planetary architecture
Onset of efficient gas accretion (Pollack, Bod

enheimer)

Retention of gas giants: type Il migration (Lin &

Papaloizou)

Multiple gas giants: rapid depletion of disk gas
Competing physics on multiple length & time scales
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Resonant sweeping of planetesimals
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Some major Challenges:

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

Planetesimal-growth barrier: Isolation mass
(Safronov, Wetherill), Oligarchics (Kokubo, Ic

parrier
a)

Retention of embryos: type | migration (Golc
Tremaine, Ward)

reich,

Proliferation of multiple, widely spread embryos

Diversity of planetary architecture
Onset of efficient gas accretion (Pollack, Bod

enheimer)

Retention of gas giants: type Il migration (Lin &

Papaloizou)

Multiple gas giants: rapid depletion of disk gas
Competing physics on multiple length & time scales
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Semimajor axis (AU)

Semimajor axis (AU)

Semimajor axis (AU)

Dependence on the disks’ accretion rate
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Overlapping resonances & dynamical instability
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Semimajor axis (AU)

Planetary mass (M)
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Some major Challenges:

* Onset of efficient gas accretion (Pollack, Bodenheimer)
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Gas accretion barrier:
Is there a threshold mass for gas accretion?

100 ———— , | ,
40: T _l' T |'. | LA B — T 7 :% égg
$ S 15 53
, R=0.05AU : 1 low gy, 1 : g2
. = "1 Pollack et al;
- log(Sigma) M =10 Mearth . : .I. 0 aC et a ? 80 M T =
5 L ] . [ )
oF i ; - [ B
E ! § Juplter S
! > 60 E{
; y [3) @ ‘o 2
c FeHHs s 5
s | 5 {88 £ |
y 3 = L ‘Z’Hb—f‘z’_I—' & ]
gaol L[58 o -
<« | ):_%%:40 i
2 T 858
- N
] g2
20 - . .
ez 5 g
C 45 ° 5
0 2
1 n 1 n 1 L | L L 1 | 1 L
12 14 16 18 0 5 10

Age (Myr)

Klahr

Tempertature distribution - left: 30Mg; and x = 0.01kg; right: 30M; and k = Ikoma

Radlahon transfer & gas accretion



Dependence on stellar mass
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Dependence on the dISkS accretlon rate
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Metallicity

Metallicicty
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Mass (Mg)

Semimajor axis (AU)

Dependence on metallicity
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Toroidal Magnetic Field (Gauss)
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Final mean separation ky (Rp)

Trapping upper mass (M)
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Planetary mass & size vs stellar metallicity
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Some major Challenges:

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

Planetesimal-growth barrier: Isolation mass barrier (Safronov,
Wetherill), Oligarchics (Kokubo, Ida)

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

Proliferation of multiple, widely spread embryos

Diversity of planetary architecture

Onset of efficient gas accretion (Pollack, Bodenheimer)
Multiple gas giants and eccentricity excitation

Retention of gas giants: type Il migration (Lin & Papaloizou)
Multiple planets: rapid & slow depletion of disk gas

Competing physics on multiple length & time scales /
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Probability

Enhanced formation of multiple planets

Gas surface density of disk with one Jupiter and three SuperEarth embeded
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Enhanced f
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Grand design barrier: dynamical instability
* How did gas giants acquire their eccentr|C|ty?

1. Initial Disk Il. Gap Formation

V. Inward Migration VI. Disk Evaporation

Bryden

Eccentricity distribution of 131 observed exoplanets
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Jilin Zhou

Orbital Eccentricity
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RM effect and challenge to migration

44/66
Liu, Guillichon



Some major Challenges:

e Retention of gas giants: type || migration (Lin & Papaloizou)
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Gas giants’ type Il migration

Systems with n>2 planets

Also a constraint for
planet formation models!

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

HD 40307 LN
GJ 581 9,8, 10 number of
. — “Hill radii” between
HD 69830 20 B adjacent planets
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Scaled Surface Density
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Stalling type Il migration

Dead Zone

Closed Field Line

Open Field Linesl -



Some major Challenges:

 Multiple planets: rapid & slow depletion of disk gas
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Type | migration with evolving disk

» Transiting location move inward t=10

»Mass region corresponds to 25 2 15 Lt 05 0 05 115
g P EE .

outward decrease slightly .

8
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4 8 12
Radii(AU)
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Super Earths: some key issues
How to differentiate type | and Il migration?

Sub/warm Earths

% Earth
Neptunes
SuperEarths

5 Earth

Gas giants
2 Earth

Jupiter

Hot Jupiters park
Closer than
Super Earths

Kretke 52/66




Period distribution of hot Jupiters:
Dependen t II r metallicity
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™1
100

radius / Rstar

Migration of a Super Earth in protostellar disk around a
magnetized T Tauri star. The Super Earth: (a) grows &
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 2014 in preparation)

To model P distribution  K|AA undergraduate student
of Kepler’s new-found  ju Wenhua (Princeton) and
planetary candidates.  xu Rui (CfA, Harvard)  54/66
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New Candidate Catalog (Batalha et al. 2012)

What can we learn from Multiple s
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How compact can
multiple systems be?

Stability and coplanarity

Kevin Schlaufman

Xiaojia Zheng 56/66

Probability Density
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Some major Challenges:

* Competing physics on multiple length & time scales /
57/66



Close-in super Earths
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Deviation from stellar flux [ppm]
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Geology and conductivity

4 /

EI High conductivity region “ 4 /B(B/ / /

Liquid iron outer core //
l"ﬁ}::lr Solid iron inner core / Mantle H ig}‘ reSiStiVity region ﬁ 4\ '

/ 7 3

I Electric conductivity I /
depends only on /

height, i.e. on x in AA x
and on zin BB / / BB/ 1/ /

Electric conductivity
depends only on radius

1 dz
Ry = L[
Rz J. o(z)

R, = (2/R,) 1/[o(inner) + o(outer)] and R, = (1/2R,)[1/o(inner) + 1/o(outer)].
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Log10(Lorentz torque/Torque upper limit)

Torque and power

Torque on the planet
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Foot prints and stellar spots

HD 179949 - 2009 Sepiembor HD 189733 - 2008 July T Boo - 2011 January
-
g ATl
- 3 D N
Stetar 5 l‘ £ s 5 \‘\_ \;. 3
surface ¥ 3 ~ o F

Source
surface

Coronal
field

Ram £
Pressure

igure 1. Examples of the magnetic field geometries of HD 179949 (2009 September), HD 189733 (2008 July), and 7 Boo (2011 January). For each star, maps

See et al 2015
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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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e Ubiquity of planets:
case study vs Science

Precision COSI\/IOGONY

e Diversity of systems:
realm of possibilities
* Population census

missing info & big picture

Mass [MEarth]

e Solar system connection

Anthropic principle |
64/66 0.
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C

Summary

Planet formation is a robust process and their
ynamical 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

r

ole in the asymptotic properties of the planets.

Theory of planetary astrophysics is relevant to many
other astrophysical contexts.
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