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The modern view of planet formation



Planet Formation 
is an active and evolving field of research







Voyager 10 approach sequence



The Solar Nebula

Nebular hypothesis ï planets form in disks of gas and dust 

(Kant 1755, Laplace 1794) 

Evidence from the Solar System
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1 Earth mass

10 Earth masses

100 Earth masses



Chemical Composition of the Sun

Most abundant elements, in order: 

H (71%) He (27%) 

O (1.04%) C (0.46%) 

Ne (0.13%) Fe (0.11%) N (0.1%) 

Si (0.06%), Mg (0.05%), S (0.04%)

Bergemann et al. 2025



Refractories in meteorites: Solar Composition

Lodders 2020



Periodic Table
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The Astronomerôs Periodic Table



The Planetary Astronomerôs Periodic Table

Nearly everything
in the Universe

Nearly everything 
else

Ices

Dust



Solar composition:

H ~ 0.71
He ~ 0.27

Metals ~ 0.02

O

N

C

Fe,Mg,Si

Beatty et al. (1999): The New Solar System



Classes of planets

Earth

Jupiter SaturnUranus/Neptune

Rocky Planets
Gas GiantsIce Giants

Rock GasIce

Beatty et al. (1999): The New Solar System



Snowline



The idea, roughly

Inward of snowline

Rocks only

(small)

Outward of snowline

Ice comes to aid! 

Growing big 

icy/rocky cores.

These two got so big 

they started accreting 

gas from the nebula!

These two never did. 

They are simply the 

icy/rocky cores.



Core 

Accretion
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Dust Planetesimals

Rocky planets

Ice giants
Gas giants

Planetesimal accretion

gravity
coagulation

aerodynamics

Dust overdensities

collapse

ñCore Accretionò
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ñBottom-Upò: Dust Growth and Core Accretion



Grain collision outcomes

Bouncing
Sticking

Destruction

Guttler et al. (2010); Zsom et al. (2010)



Dust Growth and Drift



ñStreamingò Instability

The dust drift is not orderly, but turbulent

Johansen & Youdin (2007); Video credit: Anders Johansen



Gravitational collapse into km -sized objects (ñplanetesimalsò)

Video credit: Anders Johansen



Core 

Accretion
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Dust Planetesimals

Rocky planets

Ice giants
Gas giants

Planetesimal accretion

Oligarchs

Isolation mass

gravity
coagulation

aerodynamics

Dust overdensities

collapse

Core Accretion (é30 yrs ago)



Core 

Accretion
Streaming

Instability

coagulation

Dust grains Pebbles

0.1 ï 1 ɛm mm ï cm

1-100km

Planetesimals

Protoplanets

Rocky Planets
Planetary Cores

Pebble

Accretion

Gas Accretion

Core Accretion



How can we verify the 

streaming instability hypothesis?





Pluto sponsor?





Evolution of the orbits of the giant planets

Tsiganis et al. (2005); Gomes et al. (2005); Morbidelli et al. (2005); Video credit: Alessandro Morbidelli



Structure of the Kuiper Belt

Classicals

Scattered

Resonants

Lacerda (2009)



Structure of the Kuiper Belt

Classicals: 

Objects between 40 and 50 au

Lacerda (2009)



ñColdò Classical Kuiper Belt Object

A dynamically cold population: low inclination and 

low eccentricity orbits, like the planets.

Presumably pristine planetesimals

+ Resonant and Scattered
Cold Classical i<2o   

ά!ƳōƛƎǳƻǳǎέ нo<i<6o

Hot Classicals i>6o

Dawson & Murray-Clay (2012)
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Arrokoth : Discovery

Discovery: Marc Buie. Video credit: Bruce Murray



Occultation data suggests binary

Credit: NASA/Johns Hopkins University Applied Physics Laboratory/Southwest Research Institute



Approach sequence: Contact Binary

Credit: NASA/Johns Hopkins University Applied Physics Laboratory/Southwest Research Institute
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Credit: NASA/Johns Hopkins University Applied Physics Laboratory/Southwest Research Institute



Departure sequence: Shape

Credit: NASA/Johns Hopkins University Applied Physics Laboratory/Southwest Research Institute
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Credit: NASA/Johns Hopkins University Applied Physics Laboratory/Southwest Research Institute





Preference for Prograde

Nesvorny et al. (2019)



Prograde vs Retrograde

Protractor Plot

Cold Classicals

Resonant

Scattered Disk

Transition 

tight-wide binaries

Grundy et al. (2019)



Finding binaries

Video credit: Rixin Li



Preference for Prograde (~80%)

Streaming Instability 
Model (solid)

Kuiper Belt 
objects (dashed)

Nesvorny et al. (2019)


