What are the Kuiper Belt objects telling us about planet formation?
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Structure of the Kuiper Belt
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Cold Classicals

Presumably pristine planetesimals
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Arrokoth (MUgg)

The Formation of 2014 MUG69

About 4.5 billion years ago... = ' ...1 January 2019.

oG

A rotating cloud of small, icy bodies starts to Eventually two larger bodies remain. The two bodies slowly spiral closer
coalesce in the outer solar system. until they touch, forming the bi-lobed
object we see today.

& riew Honzons / NASA / JHUAPL / SwRI / James Tuttle Keane

New Horizons Flyby, Jan 2019

Sketch by J.T. Keane



Streaming Instability

The dust drift is hydrodynamically unstable

Background Keplermn ﬂow
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The size -density relationship of Kuiper Belt objects
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Porosity removal by gravitational compaction

Problem

A Timing! 26Al would melt if
formed within 4 Myr
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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)
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Vertical shear instability

Angular momentum decreases vertically: unstable
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Z [au]

Thermal and photo -desorption

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

Photodissociation

R [au]

FloresRivera et al. (2025)

H,O ice destruction time log;o(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)
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0.2

0.3

-11.24

-12.29

-13.34

-14.39

-15.44

[¢—wd B] Pdboj

Canas & Lyra + (2024)

Y (AU)

=03 <02 <01 00 o1 02 Q3

Silicates

Y (AU)

o1 02 03

03 -02 -01 00
X (AU)

-11.24

1224

-13.24

<14 24

-15.24

<1124

1224

1324

<14 24

-15.24

c-w> b (Pd)boy

c-w> b (Pd)bo|



Density (g cm™3)

Canas & Lyra + (2024)

The first planetesimals are icy
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Core Accretion
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Pebble Accretion
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Pebble Accretion: Geometric, Bondi, and Hill regime

Bondiaccretion- Bound againsheadwind
Hill accretion- Bound againstiellar tide

Mass Accretion rates
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Integrate pebble accretion

Bulk Density (g / cm?)
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Pebble Accretion: Pebbles of different size accrete differently
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Accretion Rates
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Accretion Timescales
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Polydisperse (Multi -Species) Pebble Accretion
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Analytical theory of polydisperse (multi

Monodisperse (single species)
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Density (g cm™3)

Growing Pluto by silicate pebble accretion

T =5.3513e+02 Years
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Pebble Internal Density

Ice Volume Fraction

Mass Accretion rate

Canas & Lyra + (2024)
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Growing Pluto by silicate pebble accretion

T =5.3513e+02 Years
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Resulting Densities vs Mass relations
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Distance Range
15 - 25AU

Canas & Lyra + (2024)



