


Recall: Planet formation
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Growth steps after pebbles

radial drift planet migration

gas
accretion

giant
impacts

pebble
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runaway and oligarchic growth I

planetesimal formation
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Drazkowska et al. 2022 (PPVII)



Processes for growth
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Problem planetesimal formation:
drift & bouncing barrier

Solution: streaming instability
=> result of back-reaction of dust concentration on the gas, limiting the

drift => pile up of material => more dust concentration => build-up of mass
=> |ocal gravitational collapse

O —->' <—-* 0.1-1 um

No back—-reaction With back—reaction -
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Youdin & Goodman 2005
Johansen & Youdin 2007



Early planetesimal formation
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Build-up dust-to-gas ratio in infalling material:
conditions for streaming instability and
planetesimal formation in embedded stage

Cridland et al. 2022



Planetesimal accretion:
growth planetary embryos

Initially gravitational focusing leads to
runaway growth: massive
planetesimals grow faster

The runaway growth phase ends
once the growing embryo becomes
massive enough to dynamically stir
the smaller planetesimals. The
growth then transitions to the
oligarchic phase which slows down
growth and only most massive
cores stay behind

Problem: planetesimal accretion is
slow at large radii (several Myr)
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e.g. Ormel et al. 2010
Armitage 2009



Pebble accretion

* Pebble
® Planetesimal
@ Protoplanet

- -
- L

-
-

Pebbles are slowed by friction with surrounding gas as it enters planet's Hill sphere.
Velocity decreases below escape velocity, spirals in. Larger planetesimal isn't slowed
down enough, and flies by. Despite small mass, pebble accretion is efficient, leading to
rapid increase in planet mass.

Lambrechts & Johansen 2014



Comparison timescales

PLANETESIMAL ACCRETION
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Pebble isolation mass

Minimum mass required to open up a gap in the dust (i.e.
trap pebbles in the outer edge): pebble isolation mass

H/y
My 200 (1,

Once pebble accretion has
stopped, atmosphere no
longer heated: gas
accretion can start as
contraction is possible

M,
.A’:[.: )
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| | 1

Core Pebble isolation Giant planet

(Minimum dust gap mass
opening mass)

g ':> y =
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Lambrechts et al. 2014
Wang et al. 2021



Core accretion

Gas accretion initially slow, until gas envelope ~ core mass => runaway gas accretion
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Gas giant and terrestrial
planet formation

Gas giants

gas accretion (slow,
then runaway)

~10 Earth-
ebble
mass cores paas. = p
] l»ll".arth
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104 yrs 10° yrs 106 yrs

isolation

107 yrs

late veneer

(planetesimal impacts)

Moon-forming
impact

Giant planet formation must
happen rapidly (before gas
disk is dissipated),
rocky planets can form later

108 yrs
Raymond & Morbidelli 2022



Migration

STANDARD MIGRATION

Initial planetary orbit

Distance to the star —

Discovery of hot Jupiters triggered possibility of inward migration:

Jupiters must have formed further out. Migration happens through
torques between the planet and the disk and can be inward and Credits:
outward, depending on local conditions Pablo Benitez-Llambay



Different types of migration depending on the conditions

Migration
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planet mass (Mz)

Many new developments In
migration

bifurcation of migration histories

a~10-= a~10-
high viscosity low viscosity
J(]“s. 8 .
10! ?
high-mass disk ' \\
1[)—‘.’ " . | | | I \

5 10 15
disk radius (au)
Migration may be halted or even
change direction in low-viscosity disks,

e.g. through the formation of vortices
and eccentricity for massive planets:

no conclusive picture yet!

10

T

_ Migration super-Jupiter in low-viscosity
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Speedie et al. 2021
Lega et al. 2021
Paardekooper et al. 2022 (PPVII)



Planetary Mass [M¢]

Planet formation In practice

In order to test planet formation scenarios, a common approach is planet
population synthesis: based on a given disk distribution and a number of
prescriptions for growth and migration, where do the planets end up?

Observed exoplanets Modeled population
4 SE, HJ, WG, CG occurence fraction Dust disc mass Pebble accretion synthesis (av=10‘4)
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So far still difficult to get a 100% success rate Drazkowska et al. 2022 (PPVII)



Summary

Planet formation happens in several steps with different
timescales

No consensus yet for the exact processes

Migration can lead to planets transported inwards and
outwards: turbulence may play a key role here

Planet population synthesis most promising approach for
a full picture of planet formation, but many open
questions remain



Exoplanets

Bias to Gijs Mulders’ work: many other studies available as well



First exoplanet around star in 1995:
51 Peg b
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Exoplanets

exoplanetarchive.ipac.ca .edu
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Discovery Year

Discovering exoplanets no longer special:
with the large number we can now look at demographics!



Planet mass (M;yp)
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http://exoplanet.eu

Planet mass (M;yp)
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http://exoplanet.eu
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http://exoplanet.eu

Debiasing exoplanet catalogs

Detection Method

Sample selection

Occurrence rates

Solid Mass

Fraction of Stars

§2.1

Radial Velocity

CORALIE-HARPS
Volume-limited sample

I (Mayar+ 2011)

Survey Detection
Efficiency

(Femzandes+ 2019

Heavy Element
Abundance

(Thorngren+ 2018)

Planets per system

§2.2 §2.3
Transits ALMA
K | | Solar Mass Stars
L] Lupus + Chal
| | hompson+ 2014)
Survey Detection
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| (Mulders+ 2018)
Mass-Radius Conversion
I (Chen & Kippng+ 2016) Measured Fluxes
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25 Mulders et al. 2021



Example: EPOS
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Mulders et al. 2018



Recall dust mass budget

Planet Mass [M;] Planet Mass [M;)

Planet Mass (M)
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Occurrence rates

Giant planet vs metallicity
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Giant planets more common around higher metallicity
stars (but overall occurrence remains small, <30%!):
linked to formation preferences in cloud? Fischer & Valenti 2005



Occurrence rates

Giant planet vs stellar mass
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Giant planets more common around higher mass stars

(but overall occurrence remains small, <30%!): linked to

higher mass stars having higher mass disks?

Johnson et al. 2010



More recent studies of giant planets show similar trend

planet rate f(M,[Fe/H])
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Giant planet orbital radii

Radial velocity surveys:
(0.1-18 Myyp at 0.1-20 au)

Direct imaging:

(5-13 Myyp at 10-100 au) 14 - Occurrence
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Semi-major axis (au)
Giant planets are most commonly found at 3-8 au: preferential Nielsen et al. 2019 (GPIES)

formation location (snowline) or migratic?ﬁ halted here? Fulton et al. 2021 (CLS)



Close-in super-Earths

Planet Occurrence within 50 days
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32 Mulders et al. 2015, 2018



Average Solid Mass (Mgp)

Combined trends

Solids in Planetary Systems
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Interesting: opposite trends
of planet populations,
combined mass budget?

Mulders et al. 2021



Recall: disk demographics

Ring/Extended disk fraction Transition disk fraction
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f(M,)=C-M

Gapped disk occurrence is correlated with stellar mass

Van der Marel & Mulders 2021
Stapper et al. 2022



Disk demographics

Stellar mass dependence of disks

0.1-0.5 Mg 0.5-1.0 Mg 1.0-1.5 Mg >1.5 Mg

B Transition disk
Bl Ring disk

B Extended (>40 au)
mmm Compact (<40 au)

Stellar mass

Gapped disks are more common
around more massive stars

Van der Marel & Mulders 2021



Disk demographics: giant planets
Disks

0.1-0.5 Mg 0.5-1.0 Mg 1.0-1.5 Mg >1.5 Mg

B Transition disk
Bl Ring disk

B Extended (>40 au)
mmm Compact (<40 au)

Giant exoplanets
<0.5 M@ 0.5-1 M 1-1.5 M@ >1.5 M®

- >1 Mjup
- 0.2'1 MJup
- <0.2 Mjup

Match: disk gaps can be linked to giant planets (when there is migration)!

Mayor et al. 2011
Fernandes et al. 2019
van der Marel & Mulders 2021



How to link with exoplanet demographics?
Typical gap radii
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How to link with exoplanet demographics?

Gas giant locations
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Exoplanet demographics: super-Earths

Kepler Planet Occurrence within 50 days

2.0 -
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M Mulders+15
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Super-Earth occurrence decreases with stellar mass

Mulders et al. 2015, 2018, 2019



Disk demographics: super-Earths

B Transition disk
Bl Ring disk

B Extended (>40 au)
mmm Compact (<40 au)

Close-in super-Earths (‘Kepler planets’)

<0.5 M@ 0.5-1 M@ 1-1.5 M@

Bl Kepler Planets
B Binary Correction
Bl Predicted Structures

Match: compact disks can be linked to super-Earths: increased pebble flux

Moe & Kratter 2019
Lambrechts et al. 2019
van der Marel & Mulders 2021



Planet Occurrence

Super-Earth formation due to pebble flux

Pebble Accretion Model Observations
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How does planet formation affect disk evolution?

I [Mstar

\x\‘:’\&é Observed 5
correlations "R
Giant planet formation
MdiSk 2 Mplanet
A g3

' ; & A

: as :

E : Formation No formation

- : ant planets tplanets | :

momhologies . PR - TR " Sp—— 5
....: |Pressure bumps: Radial drift: | |
structured disk compactdisk | . '

Formation o

e : Van der Marel & Mulders 2021



Close super-Earth - cold Giant correlation?

Early studies suggesting strong correlation: this
argues against pebble drift scenario and
In favor of overall disk mass ~ formation efficiency
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Problem: small, biased samples:
. large errorbars!

Rosenthal (CLS): correlation actually weaker,
Barbato et al. 2018

and disappears fully for higher threshold giant (>120 Mg hu & WL 2018
Rosenthal et al. 2021



The radius valley
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For the super-Earth/sub-Neptune planet population, a gap was found in Fulton et al. 2017

the occurrence between small (<1.8 Rg) and large (>1.8 Rg) planets Fulton & Petigura 2018
Owen & Wu 2013, 2017




The radius valley

Gap can be seen in 2D in this occurrence diagram depending on the incident flux
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The radius valley

The first two explanations are
processes that happen (well)
after the formation of the planet:

Explanations:

* Photoevaporation (<100 Myr) how well can we exoplanets
compare with disk properties if
* Core-power mass loss (~Gyr) post-processing is important?

* (Gas-poor formation
penetration

Optical/IR XUV heated
heated region region
Fulton et al. 2017
o ] o Fulton & Petigura 2018
All processes are realistic in typical conditions, but Owen & Wu 2013, 2017
they predict different trends in the radius valley Ginzburg et al. 2018

Lee & Chiang 2016



The radius valley

Ratio changes with stellar age: seems to argue for
core-powered mass-loss with a timescale of ~Gyr
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The radius valley

Gap width and centre change with stellar mass:
different processes dominant at different stellar masses?
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Planet radius [R ]
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The radius valley

The slope in the incident flux diagram also changes with stellar mass:
evidence for gas-poor formation for the planets around low-mass stars
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Summary

When comparing exoplanet properties with disks, use
occurrence rates which have been corrected for selection
and detection biases

Giant planets have a stellar mass dependence which may
correspond to the gapped disk occurrence

Close-in super-Earths have an inverse stellar mass
dependence which may correspond to compact disk
occurrence => formation due to increased pebble drift

The observed radius valley may be caused by post-formation
mechanisms, at least for solar mass stars



Questions?

Dr. Nienke van der Marel
astro@nienkevandermarel.com
http://www.nienkevandermarel.com
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