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The era of exoplanet sciences
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4% |
TERRESTRIAL

Small, rocky planets. Around the size
of our home planet, or a little smaller.

30%
GAS GIANT

The size of Saturn or Jupiter (the largest
planet in our solar system), or many times
bigger. They can be hotter than some stars!

39%
NEPTUNE-LIKE

Similar in size to Neptune and
Uranus. They can be ice giants,
or much warmer. “Warm”
Neptunes are more rare.

9000+

PLANETS FOUND

31%
SUPER-EARTH

Planets in this size range between Earth and
Neptune don't exist in our solar system.
Super-Earths, a reference to larger size, might
be rocky worlds like Earth, while mini-Neptunes
are likely shrouded in puffy atmospheres.

Credit: NASA/ESO/Wikipedia



Directly imaged “cold” Jupiters

Credit: NASA
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Planets form in protoplanetary disks around young stars
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(Andrews et al, 2018; Long et al 2018)




Observations of planets in a disk

AB Aur (Currie et al, 2022)
PDS 70 (Muller et al, 2018)

Subaru Telescope Image of AB Aurigae
(radius-scaled)
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One planet, multiple scales

radial drift planet migration
gas
accretion
‘7 _giant
= Impacts
pebble
accretion

runaway and oligarchic growth l

planetesimal formation

Moon
Mars
Earth
Jupiter

dust growth to pebbles '

mm m Km

<4—Ceres

(Drazkowska et al., 2022, PPVII)



Step 1: Vertical dust settling

well-mixed dust in young disk dust sediments to the midplane

planet(esimal) formation



Dust settling vs. turbulence
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Planetesimal formation in the mid-plane




State-of-the-art Sl simulations (Nesvorny et al., 2020)



https://www.youtube.com/watch?v=WA4Y8VCqBqE

Generalizations of the ideal Sl

e add turbulence —»_
e add vertical structure—»_

 add magnetic fields —>-
e add thermodynamics—>—




Sl in classical “turbulent” protoplanetary disks
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Modern “windy” protoplanetary disks

Due to large-scale
magnetic fields/winds

(e.g. Riols et al. 2020, Cui & Bai 2021)



S|l in magnetically-driven protoplanetary disks
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Sl in non-isothermal disks
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Planets form somehow, so what’s next?

Bi, Lin, Dong (2021)



Three-dimensional models
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Modeling planet gaps with artificial/convolutional NN

Image Data

Numerical Data

— Aspect Ratio

Viscosity

— Dust-to-gas ratio

Stokes Number

Density Profile
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Estimating planet masses around HL Tau

Disk-Planet Neural Network
(Auddy & Lin, 2020)

Mp — O.24MJ, O.21MJ, O.ZMJ

ALMA Partnership (2015)



Caution: Not all dust rings are made by planets
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Summary

« We are In a golden age for planetary sciences

 The streaming instability is the leading theory for
planetesimal formation

 Modern disk models may challenge the Sl or provide new
pathways to planetesimal formation

e Planet-disk interaction can be used to reveal or rule out
hidden planets In observations of protoplanetary disks

Thank you
@linminkai



