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The era of exoplanet science

Hot Jupiters

Cold Jupiters
Eccentric planets
Inclined planets
Multi-planet systems
Multi-stellar systems
...etC

Credit: Martin Vargic

SEXOPLANET

re October 2015 (about 1/ 1 se3 of exoplanets are shown on the graphic, such as super-earths, hot jupiters, hot neptunes, water
worlds, gas dwarfs or superdense diamond planets. Al visualisations are based on the estimated radius and temperature of the planet, however other factors, such as density, age or stellar metallicity were also taken into consideration. These visualisations were meant to be as accurate as possible, however the true nature of the portrayed exoplanets might turn out
10 be radically different. Nearly 2000 exoplanets have been discovered as of October 2005 in the Milky Way (most of them with the Kepler space telescope). It is estimated that there is at least one planet on average per star. Around 1 in § sun-like stars have at least one planet between 1 and 2 times the size of Earth in the habitable 1one, putting the number of
potentially habitable planets in the Milky Way to more than 20 billion. The closest confirmed exoplanet to the Solar System is Gliese 674 b, 14.8 light years away, however there are also uncenfirmed candidate planets orbiting Tau Ceti and Alpha Centauri b.

This visualisation shows more than S00 exoplanets discovered b of all exoplanets yet discovered), arranged according to their temperature and density, showcasing the incredibie variety of the extraterrestrial worlds. Various known dla

In the year 1584, when the Italian monk Glordano Bruno said that there were “countless suns and countless earths all rotating around their suns,” he was accused of heresy by the Catholic Church, But even in Bruno's time, the idea of a plurality of worlds was not completely new. As far back 35 in the ancient Greece, philosophers have speculated that other steltar
systems might exist and that some even might harbor other forms of fe. In the 16th century, when Copernicus discovered that our planet orbits the sun. His insight, reluctantly accepted in the subsequent centuries, changed Western thinking forever. in the beginaing of the 20th century, Edwin Hubble, using what was then the largest telescope in the world, found
that the small nebulae in the sky were in fact galaxiest located far outside our own galaxy, each containing hundreds of billions of stars. Hubble's observations proved that the number of stars that could house habitable planets is infathomable in number. However, almost the whole of 20th century went by without any convincing proof of planets around other stars.
Several times, discoveries of such extrasolar planets were announced, only to be later dismissed as false

Because planets were too small and distant to be observed directly, astronomers of the 20th century tried to prove their existence by analyzing their effects on the host star. During the late 19605, astronomer Peter van de Kamp claimed to have detected two planets orbiting the Barnard's Star using this technique. However, subsequent observations faded to verify
their existence. The first widely accepted discovery of an extrasolar planet came in the year 1993, when Dr. Alexander Wolszczan, a radio astronomer at Pennsylvania State University, reported what he called “unambiguous proof” of extrasolar planetary systems. Wolszczan had discovered two or three planet-sized objects orbiting 3 pulsar, 3 superdense, rapidly
spinning remnant of a star gone supernova. Wolsiczan made his discovery by observing regular variations in the pulsar’s rapidly pulsing radio signal, indicating the planets’ complex gravitational effects on the dead star. The first discovery of a planet orbiting a medium-sized star similar to the sun came in 1995. The Swiss team of Michel Mayor and Didier Quelor
announced a discovery of 3 hot world located close to the star 51 Pegasi. The planet was at least half the mass of Jupiter and no more than twice its mass. It was observed indirectly, using the radial velocity method. By the end of the 20th century, several dozen other exoplanets had been discovered, many the result of years of observation of nearby stars. Significant
improvements in spectrometers, telescope sensors and software discerning the fluctuations in starlight and the steflar wobbling motion caused by nearby orbiting planets have enabled an abrupt surge of exoplanet discoveries in the recent years. The French CoRoT mission, launched in 2006, was the first space mission dedicated solely to exoplanets, searching for
planets that passed in front of their host stars. It has contributed dozens of confirmed exoplanets to those already discovered, including some of the most well-studied planets outside our solar system. First NASA exoplanet mission, Kepler Space Telescope, launched in 2009 and quickly became the most succestul exoplanet-focused mission in history. Among its many
discoveries, Kepler has found several hundred terrestrial planets, some of them in the habitable zones of their stars, many multi-planet solar systems and also numerous hot jupiters of incredibly low density. As it continues its mission, it's likely that Kepler will find even more fascinating exoplanets, some of them possibly harboring life.

Being by far the easiest to discover, gas giant class planets form a large portion Not all gaseous planets are giants, however, there also Ik glants are similar to gas giants in that they don’t have any solid surface, and Many of the newly discovered exoplanets belong to othe class of terrestrial

of known exoplanets. PSR B1620-26 b, the first exoplanet to be discovered also
belongs into this class.

Although both gas planets in the solar system (Saturn and Jupiter) are located

exists 3 class of smaller gaseous planets, called “gas
Gwarts™. These planets are usually smaller than

Neptune, sometimes even smaller than the Earth, and
are composed mostly of gaseous matter. Such planets

are mostly composed of liquids. However, they are not composed mostly of
hydrogen and hellum, 35 it is the case with gas glants, but instead of heavier
elements, such as oxygen, nitrogen or carbon. Though their upper atmosphere is
usually composed of hydrogen and helium, their lower layers are composed

(rocky) planets, and are likely composed mostly of sificates and heavy metals.
These are the planets most similar to Earth, and many of them are very likely
to have oceans of liquid water, enabling the possibility that they bear life.

in the remote and cold regions, with cloud layers mostly composed of
ammonia, most known gas planets belong to the class of “Mot Jupiters”. Many
of them orbit much closer to their parent stars than the planet Mercury is to
the Sun, and their median temperature can reach thousands of kelvins, causing
them to have cloud layers composed of alkali metals, silicon or even iron. Such
hot gas giants are often also known as “puffy planets”,
the star can inflate their atmosphere and decrease their density far below that
of Saturn,

are thought to be quite rare in the universe, occurring
only in very distant orbits and in very low-mass stars

mostly of exotic forms of water, ammonia, carbohydrates, carbon dioxide
and nitrogen oxides. Simiar to gas glants, most ice glants are also presumed to
Rave a large solid core composed of ices and rock.

Most of the known rocky planets belong to the class of “super-earths”, many
times heavier than the Earth and other rocky planets in the Solar System.
Various other classes of rocky planets exist, based chiefly on their composition
and temperature, such as lava planets - molten planets that often orbit their
parent star in less than a week, water worlds - planets completely covered by an
ocean of liquid water, carbon planets - planets made

chiefly out of carbon, with carbolvydrate oceans,

graphite mountains and diamond cores or

cannonball planets - planets made almost

Closest equivalent to 2 gas dwarf in the solar system
would be Saturn's moon Titan, with atmosphere much
thicker and heavier than that of Earth. Hypothetical
ninth planet of the Solar System that could be located
3t the edge of the Kuiper Belt might also belong into
this class.

There are two ice glants in the solar system, Uranus and Neptune, however there

25 the intense heat from are probably a lot more orbiting other stars. Most

B known ice glant exoplanets belong to the class

of “hot neptunes”, orbiting very dose to

their parent stars, and their temperature
often reaches thousands of kelvins.

Y ) . 2
are often no longer considered to be planets, but belong 1o a distinct class of -~ b4 - . eper b7

brown dwarfs, also known as “failed stars”. 4 o

. e ®

For gas giants with atmospheric temperatures similar to those of Jupiter
there exists a maximum radius that those planets can attain, siightly larger than
that of Jupiter, which occurs when their mass reaches a few Jupiter-masses.
Adding any further mass beyond this point causes their radius to shrink and
their density to sharply Increase. Glant gas giants with over £10 jupiter masses

entirely out of iron and other metals.
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Star & planet formation
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/

A

dense core

j- 200,000 AU —»

d T Tauri star
bipolar

flow
protoplanetary *

disk

™.
.
-
central
star

100,000 to
100 AU —»{ 3,000,000 years

b gravitational collapse

10000 AU-» time=0

€ pre-main-sequence star

planetary debris
disk

¢Z

3,000,000 to
<—100 AU—>»{ 50,000,000 years

M. Liu (IFA/Hawaii)

C protostar envelope

bipolar /
flow

10,000 to

«—500 AU—> 100,000 years

f young stellar system

central
star

planetary
system

after
— 50 AU —» 50,000,000 years




Protoplanetary disks. . . 7« ol A e ‘

199% gas + 1% dust
r . e . * Dust = planet raw material
Credit: ESO/L. Calcada ek | . » Gas shapes planetary systems



Real prOtoplanetary dISkS (Andrews et al, 2018; Long et al 2018)

MWC 480 HD 143006
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A disk-planet explanation
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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)

Size of
Neptune's orbit

/

/’\\

R W |

Protoplanet_/"

AB Aur b

)
D
»
o
L 0.0
O
LLI
O
<

|

0.5 0.0 -0.5
ARA (arcsec)




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)



Dust in protoplanetary disks

dust temperature

hotter —

vater snow line dust thermal emission

(_ vertical settling & radial drift

pressure maximum

scattered light

CO snow line
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(Miotello et al., 2022, PPVII)



Dust and gas move relative to each other

VKep

slows down,
drifts in
friction

gas | 0 ONU @ s duet orain < oo
pressure
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distance from star



Vertical dust settling

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

planet(esimal) formation



Edge on disk observations

Oph 163131 (Villenave et al. 2022)
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Dust settling vs. turbulence
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Planetesimal formation in the disk midplane




Streaming instability of dusty gas
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State-of-the-art simulations (Nesvorny et al., 2020)



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

The Sl is both simple and complex

 Mutually interacting dust and gas in rotation

 Self-enhancing dust-traps by pressure max. (Jacquet et al. 2011)

« Work done by pressure-density lag in a dusty gas (Lin & Youdin 2017)

 Resonance between dust-gas drift and inertial waves (Squire & Hopkins 2018)



Extensions to the Sl and dust dynamics

- turbulence ~ —> [Ghen &Lin (2020)
e vertical structure —» -

e thermodynamics —» _




Streaming instability is easﬂy killed by turbulent viscosity
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Standard Sl analyses neglect vertical structure

Little vertical structure
because of symmetry
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Stratified dust layers

Lehmann & Lin (2022)



“Vertically shearing SI” In stratified disks
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Sl in non-isothermal disks

fast cooling

slow cooling
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So far, not so good

 turbulence
e vertical structure

 thermodynamics

|
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Can modern disk models help?

Due to large-scale
magnetic fields

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



Sl in accreting disks

Original Sl needs 0P # 0

Lin & Hsu (2022)
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Nonlinear evolution of the Sl in accreting disks

-0.05 0 0.05

r/H, tQ =

B Lin & Hsu (2022), Hsu & Lin (2022)

log10(pda/po)

.2

HE
I
Y

O



Role of an active magnetic field

Alfvén wave Sl A

10%

Lin & Hsu (2022)




Planets form somehow, so what’s next?

Bi, Lin, Dong (2021)



Disk-planet morphology
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Modeling planet gaps with artificial/convolutional NN

Image Data

Numerical Data

Convolutional
— Neural Netwrok

ReSNet

— Planet Mass

Concatenation
FC Layer
Linear Activation

Aspect Ratio

Viscosity
> Muilti-layer
Dust-to-gas ratio Perceptron (MLP)

Stokes Number AUddy & Lin (2020)
Density Profile Auddy et al. (2021)
Auddy et al. (2022)




Estimating planet masses around HL Tau

« Hydrodynamic simulations
(Dong et al. 2015, Dipierro et al. 2015, Jin et al. 2016)

Mp — 0.2 — O.35MJ, 0.17 — O.27MJ, 0.2 — O.SSMJ

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

Mp — 0.24MJ, O.21MJ, O.ZM]

ALMA Partnership (2015)



But are all observed dust rings caused by planets?

e
o

passive pressure bump planet-induced p. bump
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Three-dimensional models
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Puffed up rings in observations: Sign of planets?

observation simulation: fset = 1 (no settling) simulation: fset = 8
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S5 30 10
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Doi & Kataoka (2021)



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 clumping

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

 Not all dust rings are produced by planets

Thank you
@linminkai



