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

Gladman+ ‘08, Lacerda ‘09, Batygin+ 10, Dawson & Murray-Clay ‘12
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Cold Classicals

Presumably pristine planetesimals
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Cold Classicals: Mass Function
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The size-density relationship of Kuiper Belt objects

Density (g cm™3)
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Problem

« Timing! 26Al would melt if
formed within 4 Myr
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Headwind and Grain Drift

Low pressur

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

The grains have none (Keplerian).



Dust coagulation and drift

Dust particle
coagulation
and radial drift

F.Brauer, C.P. Dullemond
Th. Henning

Brauer et al. (2008)



Pebble definition

Geologist: particles 2 mm <d < 6.4cm

Astrophysical: particles that drift

at 100 au for power-law disk
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Streaming Instability

The pebble drift is hydrodynamically unstable

Background Keplerian flow
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Gravitational collapse into planetesimals
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Streaming Instability consistent with Cold Classicals
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Grain collision outcomes

_ Fragmentation
Bouncing Sticking

.

Wurm (2018)



Particle size [cm]

Fragmentation Barrier

Maximum drift

Drift barrier

Fragmentation ba
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Distance from star [AU]

Brauer et al (2008), Zsom et al. (2009, 2010), Stammler & Birnstiel (2022)



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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Thermal and photo-desorption

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

Photodissociation

o 100um . 1 mm
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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

Split into icy and silicate pebbles
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Canas+Lyra et al. 2024

Density (g cm™3)

The first planetesimals are icy
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Core Accretion

Dust grains Pebbles
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W. Lyra

The size-density relationship of Kuiper Belt objects

Density (g cm~3)
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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
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Bulk Density (g / cm?)
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Pebble Accretion: Pebbles of different size accrete differently

“Goldilocks effect”
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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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M (Mg /yr)

Accretion Rates

Accretion at 5AU - Polydisperse max(a.)=10 cm
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Differential Accretion Rates
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Accretion Timescales

Accretion Timescale - amax=1.0cm
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Growing Pluto by silicate pebble accretion

T =5.3513e+02 Years
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Pebble composition

Turbulence + grains (100 um and 1mm) + photodissociation
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1mm - unprocessed

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

ice survival fraction

Ice survival Fraction
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Growing Eris by silicate pebble accretion
Requires ~100% silicate composition

T =5.3513e+02 Years
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Analysis of the Gaia DR3 photometry of the dwarf planet Eris

J.L. Ortiz " ,* N. Morales = and P. J. Gutiérrez

Instituto de Astrofisica de Andalucia, Consejo Superior de Investigaciones Cientificas (IAA-CSIC), Glorieta de la Astronomia S/N, E-18008 Granada, Spain

Accepted 2025 January 8. Received 2025 January 8; in original form 2024 October 16

ABSTRACT

Eris, one of the five official dwarf planets, is slightly smaller than Pluto and notable for its high geometric albedo and homogeneous
surface, which has hindered a clear determination of its rotation period. Recently, it was shown that Eris is tidally locked to the
15.786-d orbit of its satellite, Dysnomia. Our analysis of Eris’ Gaia DR3 photometry reveals a strong periodicity peak at 18.852
=+ 0.003 h, which is the most prominent in the Lomb-Scargle periodogram, with a slightly stronger signal than the 15.77 £+
0.02-d period also present in the data. We analysed whether the newly identified period could be an artefact, but found no reason
other than a phenomenon in Eris. Since Dysnomia is too faint to account for the photometric variability, a potential explanation
for either of the periodicities could be the presence of an unknown close-in satellite. An additional satellite, undetectable so
far by the Hubble Space Telescope (HST), could also explain Dysnomias non-Keplerian orbit and could lower Eris’s density to
~2000 kg m~3, consistent with other similar-sized Trans-Neptunian Objects (TNOs) and Triton. It would also decrease Eris’s
albedo by ~10 per cent, aligning it more closely with expected values. However, this possibility also has considerable problems,
and other scenarios are explored.

Key words: minor planets — Kuiper belt objects: individual: (136199) Eris —techniques: photometric.



Where are the missing Kuiper Belt binaries?
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Density (g cm™3)

Kuiper belt mass gap
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No albedo or radius information

Mass (kg)

Where are the missing
Kuiper Belt binaries?

Gap between 101° and 1020 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)
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High-mass side. Observational bias?
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Pluto and Charon Haumea, Gonggong and Xianglu Orcus and Vanth
Hi'aka, and
Namaka

® o ¥ .
Many of the largest Kuik@lﬁf@ﬁjech have

large mass fraction satellites!

Eris and Dysnomia Makemake and MK2 Varda and limaré Quaoar and Weywot

Hubble Space Telescope Denton et al. (2025)




Different system architecture
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W. Lyra

The size-density relationship of Kuiper Belt objects
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Data; Thomas (2000), Stansberry et al. (2006), Grundy
et al. (2007), Brown et al. (2011), Stansberry et al.
(2012), Brown (2013), Fornasier et al. (2013), Vilenius,
et al. (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).
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Did the high-mass objects lose their primordial satellites?
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Density (g cm™3)

Including Dysnomia and Vanth
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Pluto-Charon with strength
“kiss and capture” low loss of mass scenario

x=—1717 km
Run pluto = C1glEm

t= —-2.57h 2="20.03275 km

—
2000 km

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
« 2Al incorporated mostly in long (>Myr) phase of silicate
accretion
« KBOs best reproduced between 15-25 AU
* 1mm ice grains preserved; 100 micron grains processed

A gap in KBO Binaries

« Cold classicals capped at 10 Pluto masses

* Gap between 103 and 102 Pluto masses for non-cold classicals
* Formation imprint?
* Dynamical loss?
« Observation bias?
« Eris is an outlier: wrong albedo? Collision removing ice mantle?

(which also formed Dysnomia from the icy debris);
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