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Substructure in disks
!2

Andrews+ 18



Rapid onset of planet accretion
!3

Hunt, Cook, Lichtenberg+ 18 Pascucci+ 16; Ansdell+ 16; Manara+ 18
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Geophysical evolution during accretion
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ESO / L. Calçada ESO / ALMA

Live 26Al (t1/2 ~ 0.7 Ma)

Chondrite accretion

Protoplanet accretion

Iron meteorite formation

Mars accretion

Elkins-Tanton 12Modified from Nittler & Ciesla 16



Asteroid belt substructure
!5

DeMeo & Carry 14



Dichotomous nucleosynthetic anomalies
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Trinquier+ 07, 09; Warren 11; Kruijer+ 17, 19
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Kruijer+ 17, 19

Isotope dichotomy
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Spatial & temporal fragmentation

Kruijer+ 17, 19
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Spatial & temporal fragmentation

Andrews+ 18 Kruijer+ 17, 19Andrews+ 18
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Rapid growth of Jupiter’s core

Alibert+ 18 Kruijer+ 17, 19



But protracted growth for the inner planets?
!11

Brasser & Mojzsis 20Rudge+ 10; Dauphas & Pourmand 11; Nimmo+ 18

Hf-W

U-Pb

Combined

Hf-W-Th

Mars

Jupiter

Snowline



Further challenges
!12

Johansen+ 15, Simon+ 16, Abod+ 19

• Hard to form a 20 MEarth planet in ≈ 1 Myr 
‣ Streaming instability (SI) ≈ 105-106 yrs 
‣ SI-SFD tapered Rmax ≈ 300 km 

• Optimistic models of pebble accretion rapid   
(≈ 104 yr): migration-constrained 

• Jupiter is a porous ‘filter’ 
• Early-formed Jupiter scatters >> Mast.-belt 

into inner Solar System  
‣ Need Grand Tack; secondary dynamics 

• Jupiter’s atmospheric composition 
• Trojan swarm asymmetry
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Further challenges
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Haugbølle+ 19; Drążkowska+ 19

Midplane turbulence / disk viscosity

Grain size threshold blocked by Jupiter
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Öberg & Wordsworth 19



Further challenges
!18

• Hard to form a 20 MEarth planet in ≈ 1 Myr 
‣ Streaming instability (SI) ≈ 105-106 yrs 
‣ SI-SFD tapered Rmax ≈ 300 km 

• Optimistic models of pebble accretion rapid   
(≈ 104 yr): migration-constrained 

• Jupiter is a porous ‘filter’ 
• Early-formed Jupiter scatters >> Mast.-belt 

into inner Solar System  
‣ Need Grand Tack; secondary dynamics 

• Jupiter’s atmospheric composition 
• Trojan swarm asymmetry

Pirani+ 19



Earliest compositional bifurcation of planetary building blocks
!19

Lichtenberg, Drążkowska, Schönbächler, Golabek, Hands, in prep.

Trinquier+ 07,09; Warren 11; Kruijer+ 17,19
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Planetesimal formation rate



Planetesimal formation in ≈wind-driven disk
!20

Drążkowska & Dullemond 18

M
id

pl
an

e 
tu

rb
ul

en
ce

Faster planetesimal formation

Angular momentum transport

10

1

3

0.1

0.3

1 10 100
Radius, r [AU]



Water vapour re-/condensation
!21

Drążkowska & Dullemond 18
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Cuzzi & Zahnle 04; Ciesla & Cuzzi 06; Drążkowska+ 17



Rapid accretion in midplane-quiescent disks
!22

Drążkowska & Dullemond 18
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Pebble suppression

Lichtenberg, Drążkowska, Schönbächler, Hands, Golabek, in prep.

Inner Solar System Outer Solar System

• Limits reservoir mixing 
• Protracts inner embryo growth



Inner Solar System Outer Solar System

Dominant growth mode

Lichtenberg, Drążkowska, Schönbächler, Hands, Golabek, in prep.

300 km radius embryos 

50 km radius planetesimals

Ida & Lin 04

Ormel & Liu 18a,b



Inner Solar System Outer Solar System

Dominant growth mode

Lichtenberg, Drążkowska, Schönbächler, Hands, Golabek, in prep.

300 km radius embryos 

50 km radius planetesimals



Geophysical evolution during early accretion
!26

26Al dominated Accretion-energy dominated

ESO / L. Calçada ESO / ALMA

Live 26Al (t1/2 ~ 0.7 Ma)

Chondrite accretion

Protoplanet accretion

Iron meteorite formation

Mars accretion

Elkins-Tanton 12Modified from Nittler & Ciesla 16



Radiogenic heating drives thermal evolution

Lichtenberg+ 16a,18,19a,b
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Planetesimal interior evolution

220 km

Lichtenberg+ 18
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Chemical differentiation of planetesimals

Fe-Ni-S percolation Fe-Ni rain-out

Fe-Ni-S

Elkins-Tanton+ 11

Fe-Ni-S

Silicate melts

1st stage core formation 2nd stage core formation

Interior magma ocean

Cerantola+ 15



Chemical differentiation of planetesimals

Lichtenberg+ 18,19

Courtesy: Vojtech Pactocka, DLR Berlin



Chemical differentiation of planetesimals

Elkins-Tanton+ 11

Interior magma ocean

Rock viscosity  
~1020 Pa s

‘Rock’ viscosity ~10-2 – 101 Pa s

Heating



Chemical differentiation of planetesimals

Lichtenberg+ 16a

Rock viscosity  
~1020 Pa s

‘Rock’ viscosity ~10-2 – 101 Pa s

Heating

~ 100 km



Planetesimal ‘hydrology’
!33

Young+ 03, Castillo-Rogez & Young 17,  
Fu & Elkins-Tanton 14, Fu+ 15,17
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Planetesimal ‘hydrology’
!34

Temperature (°C)

Fu & Elkins-Tanton 14, Fu+15,17

26Al heating



Planetesimal ‘hydrology’
!35

Temperature (°C)

Fu & Elkins-Tanton 14, Fu+15,17

‘wet’ dry26Al-heating

= ‘dehydrated’



Getting rid of the water: radiogenic heating

Lichtenberg+ 19b A. Angelich (NRAO/AUI/NSF)/ALMA (ESO/NAOJ/NRAO); ESA/NASA/M.A.Garlick
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Lichtenberg, Drążkowska, Schönbächler, Hands, Golabek, in prep.

Compositional bifurcation of reservoirs
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Lichtenberg, Drążkowska, Schönbächler, Hands, Golabek, in prep.

Kruijer+ 19 Compositional chronology: 
Iron core formation
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Lichtenberg, Drążkowska, Schönbächler, Hands, Golabek, in prep.

Doyle+ 15

Compositional chronology: 
Water loss & hydrothermal activity



Earliest compositional bifurcation of planetary 
building blocks

!40

• Model reproduces temporal, spatial, mass and 
compositional constraints of the early Solar System 

‣ Reduced need for secondary dynamics 

‣ Rocky planets seeded before giant planets 

‣ Absence of super-Earths in Solar System 

• Heterogeneous water accretion to inner Solar System: 

‣ Water-depleted        dry        water-rich                                          
(Sarafian+ 17a,b; Peslier+ 17; Piani+ 17,18; McCubbin & Barnes 19) 

‣ Wet inner planetary systems? 

‣ Connects accretion sequence to potentially 
observable disk parameters

Lichtenberg, Drążkowska, Schönbächler, Hands, Golabek, in prep.
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