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The size-density relationship of Kuiper Belt objects

Density (g cm™3)
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Brown (2013), McKinnon et al. (2017), Noll et al. (2020), Cafias & Lyra + (2024)

Data; Thomas (2000), Stansberry et al. (2006), Grundy
et al. (2007), Brown et al. (2011), Stansberry et al.
(2012), Brown (2013), Fomasier 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).



Structure of the Kuiper Belt
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7:4
9:5

Cold Classicals

Presumably pristine planetesimals

04 T

NI
TR
[T
o
T T
o
RTNIN
T
O3 ui
[T INT
T
[T
TN
W
||n'#'u|
[T
nun
02K ni1
RN
nwn
[RTE
ko
T IR
T TR
nnh o @

|

I

I

I

m.;}_#j—*}f*— ——

e ol e - - "o w— - -
+

o, g

L
%
.~.
+ —

#‘l-
[ J
-’l-*-d'-—q.——-—-——-—-————-————-

£

&

oy o e R P e R a7

O. 1B

* ®
Vi e
nuah s

—ﬂp‘"i{»
2

;;-t
R Y Y
- =9

® e

- - - -

nniy e
||u|”|‘

0.0 C
-L#—LI“H I 1 | | ' 1

'h-—--a}-—.q_.}._.. 2:1

T e e T

+ ++

®
®
b e i . i

#t _ _ ]

b e e e e e ety e e e e e o o | -

+ Resonant and Scattered
Cold Classical i<2°

7 “Ambiguous” 2°<i<6°

Hot Classicals i>6°

35 40 45 o AUy 50

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



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






Circumstellar/Protoplanetary Disks

PP disk fact sheet

Density: 103 - 1075 cm3
(Air: 101° cm-3)

Temperature: 10-1000 K
Scale: 0.1-100AU
Mass: 103 — 10-1 M,
Composition:

9:2 H,-He mixture.
1% “metals”




The Astronomer’s Periodic Table




The Astronomer’s Periodic Table

Nearly everything

in the Universe \
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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

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

particle size [cm]
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Grain collision outcomes

i Sticking Fragmentation
Bouncing

*

Wurm (2018)



Particle size [cm]
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Streaming Instability

The pebble drift is hydrodynamically unstable

Background Keplermn Sflow
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Gravitational collapse into planetesimals
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Core Accretion

Dust grains
Core .
. coagulation
Accretion
Streaming
Instability
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Rocky Planets v
Planetary Cores Planetesimals
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1-100km



Collisional Growth (Planetesimal Accretion)

a P>

Feeding Zone @

Planetesimal Swarm




Planetesimal Accretion is inefficient

Planetesimal scattered by protoplanet

Gravitational gross-section (capture radius)

Hill radius



Arrokoth and Pluto ices are different

Arrokoth : Methanol, H,0O, HCN

I/F

Pluto : CH,4, N,, CO

Methane Nitrogen
CHa

Carbon Monoxide
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equivalent temp (K

Retention of volatiles

Arrokoth formed with volatiles but lost them
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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

« Timing! 26Al would melt if
formed within 4 Myr
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Zhang et al. (2024)
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VelCs
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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

Evidence in disks

Pri dial disk
Debris disks rimordial 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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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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Core Accretion

Dust grains
Core .
. coagulation
Accretion .

Streaming
Instability

Protoplanets

Rocky Planets v
Planetary Cores Planetesimals
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Planetesimal
collisions

1-100km



Core Accretion
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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

A
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Johansen & Lambrechts (2017)
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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

S | L [ NI

y/Rg YRy o

Best accreted pebble Best accreted pebble

Drag time ~ Bondi Time Drag time ~ Orbital Time

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



Accretion Rates

10-1 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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Polydisperse (Multi-Species) Pebble Accretion

p;(a, z) = ‘]: m(a') F(a', ) da’.
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Analytical theory of polydisperse (multi-species) pebble accretion

Monodisperse (single species)
2 M3D = lim M = TTRfccde(SV,
) £—0

MZD = lim M = 2Racc2d6v,

§ — o0

Lambrechts & Johansen (2012)

Polydisperse (multiple species)

2/3
y 6(1 _p) Stmax 2
Mbp ain = QR Z5,.
PRI 14 56-3k \ 0.1 H==s
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Lyra et al. (2023)
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Polydisperse Numerical vs Analytical - 20AU - a,,,,x=1 cm
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Mop i =

6(1-p) [ Stwax \* ,
14—54—3k( 0.1 ) ORyZ%y
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5] 52
bitl bytl
C Y (%}fﬁafnux) " (%’J“a}r““)
3 (bat1)/s +Ca (batl)/s
§Ja SJ4

gammall = sp.special.gammainc((bl+l)/s,jl*a**s)*sp.
gammal2 = sp.special.gammainc((b2+1)/s,j2*a**s)*sp.
gammal3 = sp.special.gammainc((b3+1)/s,j3*a**s)*sp.
gammal4d = sp.special.gammainc((b4+1)/s,jd*a**s)*sp.
Gl = Cl*gammall/s/jl**((bl+1l)/s)

G2 = C2*gammal2/s/j2+%*((b2+1)/s)

G3 = C3*gammal3/s/j3**((b3+1)/s)

G4 = Cd4*gammald/s/ja**((bd+1l)/s)

Mbondi3d Gl + G2 + G3 + G4

Analytical Solutions

special.gamma( (bl+1)/s)
special.gamma( (b2+1)/s)
special.gamma( (b3+1)/s)
special.gamma( (b4+1)/s)

Polydisperse Numerical vs Analytical - 20AU - a,,.x=1 cm

1071 =
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lo-51 = Bondi 3D Analytical o
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=
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M = ?TRiccpdg S ov.

S=

REICC

S=¢*¢ [(L(©)+h(©)], &= (ZH

y = (xlz)**z

# Modified Bessel function of the
I0 = sp.special.iv(0, y)
Il = sp.special.iv(1l, y)

Sint = np.exp(-y) * (I0 + Il)
rho int = rhop * Sint
Mdot = pi*r**2 * rho int * deltav

24/R2, . —z% exp (——) dz,
mR2 . [R“ 2H?

)

first kind of real order.

Analytical Solutions

Pebble Accretion Rate

2.5 _,
."II:II

N O i

154 T
=

1.0+

o4 - Square Approx.

Square Approx. (x 0.79)

107!

Lyra et al. 2023
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Density (g cm™3)

Growing Pluto by silicate pebble accretion

T =5.3513e+02 Years

100.0

90.0

80.0

70.0

60.0

-50.0

-40.0

3.0
2.5 - ) ¢
2.0 - *
*
00 L | T T T T T T T T T T T T T T TTTT r T
10-4 10-3 102 10-1 100

Mass (Mpjyto)

Canas & Lyra + (2024)

30.0

2.4

10.0

0.0

(%) uoidelq 9|



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

T =5.3513e+02 Years
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Resulting Densities vs Mass relations

Model 1 (Power Law)

Model 2 (Bimodal)
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Distance Range
15 - 25AU
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M (Mpiuto/yr)

The window of silicate accretion
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Conclusions

T =5.3513e+02 Years

3.0 100.0
Two different pebble populations, maintained by ice
desorption off small grains . * 200
80.0
Streaming instability: icy-rich small objects; nearly uniform * * it
composition i 201 x %
g * 60.0
Pebble accretion: silicate-rich larger objects; varied = 151 * 50.0
composition o L ** 100
ég 1.0 A 1-r 1+r |
Melting avoided by o e 30.0
« ice-rich formation K 20.0
« 26A] incorporated mostly in long (>Myr) phase of >
silicate accretion o0
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