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New Horizons Trajectory
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The size -density relationship of Kuiper Belt objects
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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






Circumstellar/Protoplanetary Disks

PP disk fact sheet

Density: 10137 1015 cm3
(Air: 101° cm3)

Temperature: 10-1000 K
Scale: 0.1-100AU
Mass: 10371 101 M,
Composition:

5:2 H,-He mixture.
1% nNnmetal s T
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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: particles2mm <d < 6.4cm

Astrophysical: particles that drift

at 100 au for power-law disk
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Grain collision outcomes

Sticking Fragmentation

Bouncing

*

Wurm (2018)
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Brauer et al (2008), Zsom et al. (2009, 2010), Stammler & Birnstiel (2022)




Streaming Instability

The pebble drift is hydrodynamically unstable

Background Keplermn ﬂow
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Gravitational collapse into planetesimals
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Core Accretion
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Collisional Growth (Planetesimal Accretion)
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Planetesimal Accretion is inefficient

Planetesimal scattered by protoplanet

Gravitational\crossection (capture radius)

Hill radius



Arrokoth and Pluto ices are different

Arrokoth : Methanol, H,0, HCN
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equivalent temp (K

Retention of volatiles

Arrokoth formed with volatiles but lost them

20t

PR

Volatiles retained

lllll

Triton -
@
Pluto

B
V a.kemake
Haumea

@

Eris

lllll

500 1000 1500 2000 2500

diameter (km)

Brown et al. (2011); Lisse et al. (2020)

26



Retention of volatiles

Pluto cannot have been formed by accumulation of bodies like Arrokoth
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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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Zhang et al. (2024)
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Thermal and photo -desorption

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

Photodissociation
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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
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Density (g cm™3)

Canas & Lyra + (2024)

The first planetesimals are icy
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Core Accretion
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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
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Integrate pebble accretion

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

Large 0Gol dilocks effectod in the Bondi re
Medium
Small Bondi Regime Hill Regime

y/Rg

x/Rg

Best accreted pebble Best accreted pebble

Drag time ~ Bondi Time Drag time ~ Orbital Time

Johansen & Lambrechts (2017); Lyra & Johansen + (2023)



