e 7 3
g A=

ASTAD

Hopes and challenges In
modern planet formation

Min-Kai Lin
November 2022

o NAR Wl AN B2 88 Bt 51 B

) BRI 4 R = \
DR BRIGHEAE MHL ) BIRSRABEBEISTE DN

ce and Technology Council TS National Center for High-performance Computing



We are not alone

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
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This visualisation shows more than 500 exoplanets discovered before October 2015 (about 1/ of all exoplanets yet discovered), arranged according to their temperature and density, showcasing the incredible variety of the extraterrestrial worlds. Various knawn classes of exoplanets are shown on the graphic, such a5 super-carths, hot jupiters, hot neptunes, water
worlds, gas dwarfs of superdense diamond planets. Allvisualisations 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 a3 accurate a possible, however the true nature of the portrayed exoplanets might turn out
1o 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-ike stars have at least one planet between 1and 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 s Gliese 674 b, 14.8 light years away, however there are also unconfirmed candidate planets orbiting Tau Ceti and Alpha Centauri b,

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 stellar
systems might exist and that some even might harbor other forms of Mfe. In the 16th century, when Copernicus iscovered that our planet orbits the sun. His insight, reluctantly accepted in the subsequent centuries, changed Western thinking forever. In the beginning 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, lmost 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 1960s, astronomer Peter van de Kamp claimed to have detected two planets orbiting the Barnard’s Star using this technique. However, subsequent observations falled to verify
their existence. The first widely accepted discovery of an extrasolar planet came in the year 1993, when Or. 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 a pulsar, 3 superdense, rapidly

spinning remnant of a star gone supernova. Wolszczan 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 Quelox

announced a discovery of a hot world located close to the star §1 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 fluctustions 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 fromt of their host stars. It has contributed dozens of confirmed exoplanets to thase already discovered, including some of the most well-studied planets outside our sclar system. First NASA exoplanet mission, Kepler Space Telescope, launched in 2009 and quickly became the m ion 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. Vester 193

Being by far the easiest to discover, gas giant class planets form a large portion Not all gaseous planets are giants, however, there also  Ice glants are similar to gas giants in that they don’t have any solid surface, and Many of the newly discovered exoplanets belong 1o othe ctass of terrestrial
of known exoplanets. PSR B1620-26 b, the first exoplanet to be discovered also exists 3 class of smaller gaseous planets, called “gas are mostly composed of liquids. However, they are not composed mostly of (rocky) planets, and are likely composed mostly of sificates and heavy metals.

Credit: Martin Vargic

belongs into this class.

Although both gas planets in the solar system (Saturn and Jupiter) are located
in the remote and cold regions, with cloud layers mostly composed of
ammania, most known gas planets belong to the cla

of them orbit much closer to their parent stars than the planet Mercury is

the Sun, and their median temperature can reach thousands of kelvins, causing
them to have cloud tayers composed of alkali metals, sificon or even iron. Such
ot gas giants are often also known as “pully planets”, a5 the intense heat from
the star can inflate their atmosphere and decrease their density far below that
of Saturn

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. Giant gas glants with over £10 jupiter masses
are often no longer considered to be planets, but belong to a distinct class of
brown dwarfs, also known as “failed stars”
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dwarfs™. These planets are usually smaller than
Neptune, sometimes even smaller than the Earth, and
are composed mostly of gaseous matter. Such planets

hydrogen and hellum, as it is the case with gas giants, 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

are thought to be quite rare in the universe, occurring maostly of exotic forms of water, ammonia, carbohydrates, carbon dioxide
only in very distant orbits and in very low-mass stars. and nitrogen oxides. Similar to gas glants, most ice glants are also presumed to
have a large solid core composed of ices and rock.

Closest equivalent to 3 gas dwarf in the solar system

would be Saturn’s moon Titan, with atmosphere much There are two ice glants in the solar system, Uranus and Neptune, however there
thicker and heavier than that of Earth. Hypothetical are probably a lot more orbiting other stars. Most
ninth planet of the Solar System that could be located o known ice glant exoplanets belong to the class
at the edge of the Kuiper Belt might also belong into of “hot neptunes”, orbiting very dose to
this class, their parent stars, and their temperature

often reaches thousands of keivins.
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These are the planets most similar to Earth, and many of them are very ikely
10 have oceans of liquid water, enabling the possibiity that they bear life.

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 carbohydrate oceans,

graphite mountains and diamond cores or

cannonball planets - planets made almost

entirely out of iron and other metals.

(3

Kepter 3625 Pa—
pa—l Kepler-91 ¢
' Kepri . Vhra

3 Kepler 4 Yagher 3

} i

Kepher 251 ¢

<
P Hepter 220 - ‘ P

Kopler 190

- S ORI mEOI S  esier 46
e 2% .9 &
o \

oI

Kepler 4408

wo a7 g

’ v oane
Kapter 362 ¢
vt Kevler 350

Kepter daa g Wapier 260¢

NV e IBE Guse 16D

pa—

~, @ 9
&

prn——

(‘

woL20

wozmms
"
piee 1908

o @

Kapler 142

e g e P
Kegier 1028

Hepler 2¢ oc 12357548

\ ® £

wepler 2078 Vepler 1244

e 434

»

Nepler 3226 Wagler 3236 wasrers

20 . 00€

— Kepler 125 ¢

Kepler 293 ¢ Kapler 138

X

Kepler 1510
s epler 315

A

3
Kepler445 A
=k
- &

Vepler b

€00

pler 648 apler 1691
Kepler-175 ¢

)

Kepler 199

Kapler 19¢

Kepler 176 ¢

¢ o

. - ' -y ‘

)

¢ s

Kepler 159 ¢ Kepler 1500

.
Kapler 149 ¢ .
- \

Voser 134

Kepler 143
3 Keple 118¢
“t o200

100°C/212°F 200°C/392°F
. ‘.

= N

arpy

Kepler 418

Kepler 1290

MEAN
1000°C / 1832 °F ! 2000°C / 3632 F TEMPERATURE
. L . . - e .

S /3

g/em3 /1

DENSITY

.




HR 8799

Credit: NASA
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Star & planet formation
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Protoplanetary disks (artist’s impression) ‘
w . 99% gas + 1% dust '

o i ‘ ~ * Dust = planet raw material
Credit: ESO/L. Calcada e e 5 . » Gas shapes planetary systems



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

MWC 480 HD 143006
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Rlngs and gaps: signposts of planet formation?
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Disk-planet interpretation

HL Tau (ALMA Partnership et al. 2015)

Computer
' simulation

Observations

~ 1(Chen & Lin, 2018)

Mode ]

Simulation ‘
+

synthetic obs.

DOIlg et al. 2015 DipiCI’I‘O et al. 2015 Jin et al. 2016 (Paardekooper et al., 2022, PPVII)



Detecting planets via sub-structures
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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)
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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)



Dust in protoplanetary disks

dust temperature

hotter —

vater snow line dust thermal emission

(_ vertical settling & radial drift

pressure maximum

scattered light

CO snow line

100 10 1 0.1 1 10 100

gas densit
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denser —
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(Miotello et al., 2022, PPVII)



Radial drift of dust grains

slows down,
drifts in
friction

gas | 0 ONU @ s duet orain < oo
pressure

speeds up,
drifts out

e
distance from star



Dust settling

well-mixed dust in young disk dust sediments to the midplane
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Edge on disk observations

Oph 163131 (Villenave et al. 2022)
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But PPDs are likely turbulent

Vertical shear instability Convective overstability Zombie vortex instability

0.6

0.3

-0.3

-0.6

Pfeil & Klahr (2020) Lyra (2014) Barranco et al. (2018)

Lin & Youdin (2015)
Cui & Lin (2021)
See Lesur,..., Lin, et al. (2022) PPVII review



Modeling protoplanetary disks
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Dust settling vs. turbulence

time=

0.00 ORB

| |

MdUSt — OOlMgaS

l l

|

|

MdUSt — OOSMgaS

0.9 e
VA

Lehmann & Lin (2022)

1

N

0.9

1.0 1
A

i




Planetesimal formation in the mid-plane




Streaming instability of dusty gas
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Dense dust clump f 9.86
collapses into ' 7 40
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\( 4.93
/ /

0.00

Chen & Lin (2018)



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



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

The ideal SI

e disk Is non-turbulent—>_

e disk has no vertical structure—>-

e disk is unmagnetized—»_




Streaming instability is easﬂy killed by turbulent viscosity
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S| analyses use unstratified disk models

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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Can modern disk models help?

Due to large-scale
magnetic fields

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



Streaming instability in accreting disks

Original Sl needs 0,P # If 0,P =0

Lin & Hsu (2022)
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Azimuthal drift streaming instability
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Planets form somehow, so what’s next?

Bi, Lin, Dong (2022)



Disk-planet morphology
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Detecting unseen planets via disk morphology

AS 209,

DSHARP (Zhang et al. 2018)

3

© O HFKER=EH
S 00 O NP/
BT 1

O
IN

Sy [m)y / beam]

« Observation

0.0 '

- Disk-planet model 1 -~ Disk-planet model 2 -

But each observation requires many simulations



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)



Simulation caveats

 Focus on axisymmetric structures
 Planet on fixed orbits
e 2D disk



Some observed disks are asymmetric

(van de Marel, et al. 2021)

RS48 HDl42527 MWC758

1 ~1 o |

HD1353448B SR21 DoAra4




Can planets also explain them?
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Vortex formation due to the “Rossby wave” instability

(Hammer, Lin, et al. 2021)



Moving planets in dusty disks
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Three-dimensional models
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Planet-induced, compact vortices in turbulent disks

h/r=0.06 a=3x10"° A=1.00
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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 clumping

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

Thank you
@linminkai
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