Polydisperse Pebble Accretion
Doing away with planetesimal accretion
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ABSTRACT
The inferred low rock fraction of the 2002 UX25 system . ot

makes the formation of rock-rich larger objects difficult to '0roee
explain in any standard coagulation scenario. For example,  ~350kn

? would provide

to create an object with the volume of Eris would require ractrizaton,

a diameter of

assembling ~40 objects of the size of 2002 UX25. Yet the sola sysen
assembled object, even with the additional compression, would spresentation
still have a density close to 1 g cm™ rather than the 2.5 gcm =2 " ™"

density of Eris (Sicardy et al. 2011). >s: formation

+ Extremely low porosity;
* Biased sample;
«  Compaction through giant impacts

None of these alternatives appears likely. We are left in
the uncomfortable state of having no satisfying mechanism to
explain the formation of the icy dwarf planets. While objects up
to the size of 2002 UX25 can easily be formed through standard
coagulation scenarios, the rock-rich larger bodies may require a
formation mechanism separate from the rest of the Kuiper belt.
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Porosity removal by gravitational compaction

Problem

« Timing! 26Al would melt if
formed within 4 Myr
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Abandoning Constant Composition

Heating and UV irradiation remove ice on Myr — ; 1010
timescales (Harrison & Schoen 1967) r=30au drift 1 't:
7L rift limit! L0-17
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The first planetesimals are icy
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The first planetesimals won’t melt
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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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A

Pebble
scale
, height
Capture
radius

Johansen & Lambrechts ‘17

102

104

10°8

dM/dt (M/year)
2

10-10

10-12

MBD = lim M = WRiccpd(}(sv,
£—0

2
Racc
= (B) TS
2H, Mop = Ehm M =2R,.. 546v,
—00

Mass Accretion rates

I I

—— Measured

-

Focusing
Bondi
— Hill .
. R ; ! ; !
10-6 104 102 100
M(Mg)
8

102



Bulk Density (g / cm?)

Integrate pebble accretion
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Pebble Accretion: Pebbles of different size accrete differently

Bondi Regime

Best accreted pebble

Drag time ~ Bondi Time

Hill Regime
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Polydisperse (Multi-Species) Pebble Accretion
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Analytical theory of polydisperse (multi-species) pebble accretion

Monodisperse (single species)
M3D = lim M = waccderSv,
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§— 00
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Polydisperse (multiple species)
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Polydisperse Numerical vs Analytical - 20AU - a,,,,x=1 cm
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y = (x/2)**2

# Modified Bessel function of the first kind of real order.
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

Analytical Solution for
General Monodisperse (single species) Pebble Accretion

Pebble Accretion Rate
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Analytical Solutions for
2D and 3D Polydisperse (multi-species) Pebble Accretion
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Accretion Rates
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Accretion Rates
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Accretion Timescales

Myr accretion timescales possible on top of planetesimals produces by Streaming Instability

Accretion Timescale - amax=1.0cm
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Density (g cm™3)

Growing Pluto by silicate pebble accretion

T =5.3513e+02 Years
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Model 1 (Power Law) Model 2 (Bimodal) Model 3 (Constant)

Pebble Internal Density
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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 1 *
20 H
* %
%
1.5 A ‘*
) ¢ **
T

0.0 - — —— —————rrr ————

10~4 103 102 101 10°

Mass (Mpjuto)

30.0

20.0

10.0

0.0

(%) uonoely a2



Resulting Densities vs Mass relations
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Distance Range
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M (Mpiuto/yr)

The window of silicate accretion
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Conclusions

Polydisperse Bondi accretion 1-2 orders of magnitude more efficient than
monodisperse

» Best accreted pebbles are those of drag time ~ Bondi time, not the largest ones
* The largest ones dominate the mass budget, but accrete poorly

Onset of Bondi accretion 1-2 orders of magnitude lower in mass compared to
monodisperse

* Bondiaccretion possible on top of Streaming Instability planetary embryos
within disk lifetime
* Reaches 100-350km objects within Myr timescales

Analytical solution to

* Monodisperse general case
» Polydisperse 2D Hill and 3D Bondi

KBO density problem:

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

* ice-rich formation

«  26Alincorporated mostly in long (>Myr) phase of silicate accretion
« KBOs best reproduced between 15-25 AU
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