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Planet Formation - Outline of the Week

Monday 
• Setting the stage: Cloud collapse, disk formation, disk structure.
Learning objective: understanding the initial conditions for planet formation.

Wednesday 
• The building blocks: Planetesimal formation via Streaming Instability and Vortex Trapping.
Learning objective: understanding how dust first turns into objects that can grow by gravity.

Thursday
• Scooping up: Pebble accretion vs planetesimal accretion
Learning objective: understanding how planets grow in mass.

Friday
• Direct gravitational instability.
Learning objective: a competing theory to core accretion for giant planet formation.



Reading Material

• PP7 Chapter 13 - Hydro-, Magnetohydro-, and Dust-Gas Dynamics of Protoplanetary 
Disks, Lesur et al. 2022.

• The Initial Conditions for Planet Formation: Turbulence Driven by Hydrodynamical 
Instabilities in Disks around Young Stars, Lyra & Umurhan 2019, PASP, 131, 1001. 

• Astrophysics of Planet Formation, 2nd edition 2020, Armitage, Cambridge University Press.  



The Pencil Code

Tools



Planet Formation 
is an active and evolving field of research



Planet Formation

Solar System Constraints

Theory

Exoplanet Observations

Given initial conditions, 
putting pen to paper 

(plus computer simulations) 
goes a long way

Very detailed,
but only one system

Comprehensive statistics,
but limited scope of information



Solar System Planets

Any formation model of Solar System must 
explain:

• All the orbits of the planets are prograde

• All the planets have orbital planes that are 
roughly in the same plane (inclined by less 
than 6 degrees with respect to each other).

• Inner/outer planets dichotomy
• Inner planets are terrestrial: dense, 

rocky and small, 
• Outer planets are jovian: gaseous/icy 

and large.

Evidence from the Solar System
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The Solar Nebula

Nebular hypothesis – planets form in disks of gas and dust 
(Kant 1755, Laplace 1794) 

Evidence from the Solar System



The chemical composition of the Sun

Chemical Composition

Most abundant elements, in order: 
H (71%) He (27%) 
0 (1.04%) C (0.46%) 

Ne (0.13%) Fe (0.11%) N (0.1%) 
Si (0.06%), Mg (0.05%), S (0.04%)

Evidence from the Solar System



Chemistry

H (71%) 
He (27%)

 
0 (1.04%) 
C (0.46%) 
Ne (0.13%) 
Fe (0.11%) 
N (0.1%) 
Si (0.06%)

Volatiles

Refractory

Evidence from the Solar System



Chemistry
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H (71%) 
He (27%) 
0 (1.04%) 
C (0.46%) 
Ne (0.13%) 
Fe (0.11%) 
N (0.1%) 
Si (0.06%)

H2 He 
H20 - Water  

CH4 - Methane
Ne 

NH3 - Ammonia
Fe, Si – Rocks (metals and silicates)

What will the chemistry of the mixture be?

Rock

Ices

Gas

Evidence from the Solar System



Classes of planets

Earth
Jupiter SaturnUranus/Neptune

Rocky Planets Gas GiantsIce Giants

Rock GasIce

Evidence from the Solar System



Refractories in meteorites: Solar Composition



Snowline
Evidence from the Solar System



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.



The Minimum Mass Solar Nebula (MMSN)

How much mass was needed to form the planets?

1. Take the mass in each planet

2. Increase H/He to solar composition

3. Spread the mass into an annulus around each orbit

Jupiter’s orbit

Spread Jupiter’s augmented mass (~5x real mass)
across this annulus to yield a column density. 

Inference from theory



r -3/2

The Minimum Mass Solar Nebula (MMSN)
Evidence from the Solar System
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Distribution of Disk Masses



Square one: Star Formation





Square one: Star Formation



Barnard 68





Radial Velocities – Solid body rotation

(LSR=Local Standard of Rest) 



Inertia moment – deviations from homogeneity (I = 0.4 MR2)



Distribution of b (rotational support)

b ~ 0.02 (<<1)



The Angular Momentum Problem

Angular Momentum of the Solar System: 

Dominated by Jupiter’s orbital angular momentum

100x larger than the Sun’s spin
angular momentum

10,000x smaller than the angular
momentum of a typical molecular cloud core.

Evidence from the Solar System

1050

g cm-2 s-1

1048



34



HST view of disks in Orion



HST vs SMA vs ALMA

HST ALMASMA



The Atacama Large (sub-)Millimeter Array (ALMA)



0.15’’, or 20 AU at 140 
pc

0.7” resolution

At 140 pc

0.3”
0.02” ~ 3au

ALMA

The ALMA Revolution

38
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Before ALMA ALMA
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Distribution of Disk Sizes



Distribution of Disk Sizes



Key ideas so far

• Planets form in disks of gas and dust 
• Gas means 99% He and H
• ”Dust” means ices and rock. 

• A collapsing molecular cloud has too much angular momentum
• A ~100au disk will form

• Disks have in average a mass ratio 0.01, although with considerable scatter. 



Classes of 
Young Stellar Objects 
and 
Circumstellar Disks



T Tauri stars

(Hot dust)

UV excess
(accretion hot spots)



Disk lifetime

Disks dissipate within ~10Myr
A static description cannot be the full picture: disks must evolve in time. 

(Ribas et al. 2014)



aIR and Infrared Excess



Classification of T-Tauri stars



T-Tauri classes as an evolutionary sequence



T-Tauri classes as an evolutionary sequence





Evolution summary (Spitzer Core to Disk Legacy)

Class II is the (main) epoch of planet formation



Disks are optically thick in infrared
and optically thin in millimeter

To witness planet formation we must observe in millimeter



Envelope
Surface

Star

Free-Free

Interior

SED fitting for R Mon 



New Developments since the 1980s and 1990s

• Observations of Protoplanetary Disks 
(initial conditions)

• Discovery of the Kuiper Belt 
(frozen leftovers of formations)

• Discovery of extrasolar planets 
(confirm earlier ideas but also points to diversity of outcomes)

• Formulation of the models of 
• Core Accretion
• Streaming Instability
• Pebble Accretion
• Vortex Trapping


