Planetesimal Formation and Pebble Accretion in the Kuiper Belt
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The size-density relationship of Kuiper Belt objects
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Data; Thomas (2000), Stansberry et al. (2006), Grundy
etal (2007), Brown et al. (2011), Stansberry et al.
(2012), Brown (2013), Fornasier et al. (2013), Vilenius,
etal. (2014), Nimmo et al. (2016), Ortiz et al. (2017),
Brown and Butler (2017), Grundy et al. (2019),
Morgado et al. (2023), Pereira et al. (2023).



Problem

« Timing! 2°Al would melt if
formed within 4 Myr
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Headwind and Grain Drift

Low pressure

Grain

High pressure The gas has some pressure support (sub-Keplerian).

Gas
The grains have none (Keplerian).



Dust coagulation and drift

Dust particle
coagulation
and radial drift
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Brauer et al. (2008)



Pebble definition

Geologist: particles 2 mm <d < 6.4 cm

Astrophysical: particles that drift

at 100 au for power-law disk
particle size [cm]
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Streaming Instability

The pebble drift is hydrodynamically unstable

Background Keplerian flow

G A e e
Cele l-s'"*'-':"-::-:‘-* ..?E.." N
7 Dustdeflected ", kAT
.. ' outwards, (’ ) o e
""" 7 enhancing the Y- ;‘?}ﬁt.,"-.':_-"; 2L
.+ .. original clump’, -, ' . % _I_ B
SR A K “(3) Drag causes

RO Flow deflected " : ... super-Keplerian
~ -.azimuthally by (2) PRT

L]
.
L]
R 3
. .

dust velocity
 Coriolis force Y, R

| Gas deflection

| Dust deflection }". | "~ : Drlftmg dust clump
e .1 - drives inwards gas flow.

Lesur et al. (2022)

Youdin & Goodman ‘05, Johansen & Youdin ‘07, Youdin & Johansen+ ‘07, Kowalik+ 13, Lyra & Kuchner ‘13,
Schreiber+ ‘18, Klahr & Schreiber '20, Simon+ ‘16, ‘17, Carrera+ ‘15, ‘17, ‘20, Gole+ '20, Li+ ‘18, ‘19, Abod+ '19, Nesvorny+ '19



Gravitational collapse into planetesimals

log(Zp/(2p))

p 0.050

N

0.025

1
L 0.000
<
0
—-0.025
-1
S -0.050 =2
—0.050 —0.025 0.000 0.025 0.050
X(H)
Animation by: Rixin Li
Youdin & Goodman ‘05, Johansen & Youdin ‘07, Youdin & Johansen+ ‘07, Kowalik+ 13, Lyra & Kuchner ‘13, 8

Schreiber+ ‘18, Klahr & Schreiber '20, Simon+ ‘16, ‘17, Carrera+ ‘15, 17, ‘20, Gole+ °20, Li+ 18, ‘19, Abod+ '19, Nesvorny+ ’19



Grain collision outcomes

- Fragmentation
Bouncing Sticking

s

Wurm (2018)



Particle size [cm]
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Thermal and photo-desorption, photodissociation

Heating and UV irradiation remove ice
on Myr timescales (Harrison & Schoen 1967).

H-0 ice
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Thermal and photo-desorption

Heating and UV irradiation remove ice
on Myr timescales (Harrison & Schoen 1967).
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Zhang et al. (2024)



Z [au]

Thermal and photo-desorption

Heating and UV irradiation remove ice
on Myr timescales (Harrison & Schoen 1967).

Photodissociation

R [au]

Flores-Rivera et al. (2025)

H,O ice destruction time log1o(Myr)



Thermal and photo-desorption

Evidence in disks

Debris disks

Primordial disks
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Proof-of-concept model

Small grains lofted in the atmosphere lose ice
Big grains are shielded and remain icy.
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Y (AU)

t = 0.016 Orbits
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The first planetesimals are icy
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Core Accretion
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Pebble Accretion
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Pebble Accretion: Pebbles of different size accrete differently

’Goldilocks effect”
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Growing Pluto by silicate pebble accretion
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Pebble composition

Turbulence + grains (100 ym and 1mm) + photodissociation

particle ID: 108633 -1orbits
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1mm - unprocessed

100 pm — processed
(some pebbles keep only 40% of the
original ice)

Ice survival Fraction
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Canas+Lyra et al. 2024

Density (g cm™3)

Growing Eris by silicate pebble accretion

Requires ~100% silicate compositionxx
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Eris as an outl
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Conclusions

Two different pebble populations, maintained by ice desorption off - T=8.5500c142 Yeola 66,8
small grains
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