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Now we are really good at finding mature planets

Two decades after 51 Pegasi b, we have 3800 exoplanets
1. Radial velocity: 2. Transit:
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3. Microlensing:
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Planet statistics 1s robustly constrained: <1 AU

Kepler

Planet size (Earnth-radii)
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Most planets are <4 Rg

0.6 planets at 1-4 Rg per GK dwart
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Most planets are <2.5 Rg

2.5+0.2 planets at 1-4 Rg per M dwart



Within ~ 10 AU

RV (FGKM) and Microlensing (M dwarf): Giant planets:
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Beyond 10 AU

Direct imaging
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Why do we care?

® [s our solar system special ?

e How do planets form ?

How do protoplanetary disks evolve to such diverse exoplanets?

Evaporation flow
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Protoplanetary disks => diverse exoplanets

e Compare protoplanetary disks with exoplanets

® [ ook for young planets



Protoplanetary disks VS exoplanets

Lupus ALMA cycle 2 Survey
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There appears to be a

mass budget problem:
Najita & Kenyon 2014



Mass budget problem
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Two ways out:

1. Dust mass 1s underestimated
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Protoplanetary disks => diverse exoplanets

® [ ook for young planets

Direct Methods:

Indirect Methods:
Dust features: Gaps, Spirals, Blobs
Gas kinematics



Direct Detection

Planet mass (M)
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Indirect Detection using disk features

The planet mass 1s increasing.

Gaps
Spirals
Blobs
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Planet-disk interaction
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Planet-disk interaction
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Indirect Detection diverse disk features: Dust

Dust particles

(Gas

¢ Zhaohuan Zhu



Diverse disk features

~ Optical/Near-IR
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Dust: Rings

. Simulations+MCRT:
Observations 3x0.2 Mj planets

HL Tau mm continuum
Dong, Zhu et al. 2015a, Dipierro et al. 2016




DEC offset [mas])

Dust: Spirals

Fitting the pitch angle suggests a too hot disk
At 50 AU, T~300 K
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Spirals: Grand design

Observation Simulation
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How to test the theory?

1. Use binaries as a test

HD 100453
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Wagner et al. 2015
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How to test the theory?

2. Spiral Patterns over Time
MWC 7358

MWC785, F110W, 2005 MWC785, K polarimetry, 2011
Grady et al. 2012
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Dust: lopsided structure

Intensity (Jz/bcum)
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Gas Pressure —

Gas dynamics: Rings

Minimum Pressure Gradient
Maximum Pressure Gradient

o Radius —

Teague et al. 2018
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Gas kinematics: horseshoe around the planet
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Summary

® Planet statistics 1s being nailed down

® Compare protoplanetary disks with exoplanets

Mass budget problem
More comparisons to be made

® [.ook for young planets
Direct Methods:
Indirect Methods:
Dust features: Gaps, Spirals, Blobs
Gas kinematics

Are we sure that disk features are due to planets?
How to break the degeneracy?
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Using CO to estimate the gas mass
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Most disks have mass less
than M;

There appears to be a mass

budget problem:
Najita & Kenyon 2014

The mean solid mass in
Kepler planets ~ 10 earth
mass within 1 AU

Dong & Zhu 2013, Chiang & Laughlin 2013

10% FGK star have Jupiter
or super-Jupiter



Earth analog fraction, n

Extrapolated!!!! 1-2 Rg, 300-700 days
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