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 (MUg)

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
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The size-density relationship of Kuiper Belt objects

Density (g cm™3)
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Porosity removal by gravitational compaction

Problem

« 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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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]

Flores-Rivera et al. (2025)

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



Thermal and photo-desorption

Evidence in disks

Pri dial disk
Debris disks rimordial disKs

,,,,,,,,,,,,,,,,

A para—H,0
1417 Ogo
HIFI-WBS

o
Eﬂg
j
=

| 107 'o1
20 HIFI—HRS

of«wwf ki

I
10

Only upper limits for ice in 3 Pic
(Ballering et al. 2016, Cavallius et al 2019)

. -1
Vigp (km s™')

Water vapor observed at large distances for TW Hya
(Hogerheijde et al. 2011, 2012)



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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Split into icy and silicate pebbles
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Canas & Lyra + (2024)

Density (g cm™3)

The first planetesimals are icy
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25Al binds to silicates:
the first planetesimals won’t melt
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Heating from decay of 2°Al
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Core Accretion

Dust grains
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Pebble Accretion
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Pebble Accretion: Geometric, Bondi, and Hill regime

Bondi accretion - Bound against headwind
Hill accretion - Bound against stellar tide

Capture
radius

Hill radius
Pebble =
scale ©
, height

Ormel & Klahr (2010), Lambrechts & Johansen (2012)
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Integrate pebble accretion

Bulk Density (g / cm?)
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Pebble Accretion: Pebbles of different size accrete differently

Large “Goldilocks effect” in the Bondi regime
Medium
Small Bondi Regime Hill Regime
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Johansen & Lambrechts (2017)



Accretion Rates
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Accretion Timescales

Accretion Timescale - amax=1.0cm
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Polydisperse (Multi-Species) Pebble Accretion
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Analytical theory of polydisperse (multi-species) pebble accretion

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

Growing Pluto by silicate pebble accretion
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Pebble Internal Density

Ice Volume Fraction

Mass Accretion rate

Canas & Lyra + (2024)
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Canas & Lyra + (2024)

Density (g cm™3)

Growing Pluto by silicate pebble accretion
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Resulting Densities vs Mass relations
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Where are the missing Kuiper Belt binaries?

Density (g cm™3)
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density (g cnf)

Mass gap
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Density (g cm™3)

Kuiper belt mass gap

o LITTT
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Where are the missing
Kuiper Belt binaries?

Gap between 10*° and 10%° kg (103 and 102
Pluto masses)

Population difference
e Cold Classicals are on low-mass side of the
gap

Likely not small number statistics

Low mass side is the high-mass end of the
planetesimal initial mass function.

Lyra (2025)



Low-mass end: consistent with high-mass end of Streaming Instability
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High-mass side. Observational bias?
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Different system architecture
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Did the high-mass objects lose their primordial satellites?
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Pluto-Charon with strength
“kiss and capture” low loss of mass scenario
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Denton et al. (2025)



Conclusions

KBO density problem

Two different pebble populations, maintained by ice
desorption off small grains
Streaming instability: icy-rich small objects; nearly uniform
composition
Pebble accretion: silicate-rich larger objects; varied
composition
Melting avoided by

* ice-rich formation

« 26Al incorporated mostly in long (>Myr) phase of

silicate accretion

KBOs best reproduced between 15-25 AU

A gap in KBO Binaries

Cold classicals capped at 10-3 Pluto masses
Gap between 10-3 and 102 Pluto masses for non-cold
classicals

* Formation imprint?

* Dynamical loss?

* Observation bias?
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