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Consequences of multi-species streaming instability

Manny Cañas (NMSU), Daniel Carrera (Iowa State University),
Anders Johansen (University of Copenhagen), Leo Krapp (University of Arizona), 
Debanjan Sengupta (NMSU), Jake Simon (ISU), Orkan Umurhan (NASA Ames),  
Chao-Chin Yang (University of Alabama), Andrew Youdin (University of Arizona).

(or… The size-density relationship of Kuiper belt objects:
Evidence for streaming instability and pebble accretion)
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The size-density relationship of Kuiper Belt objects

Cañas+Lyra et al. (2024)

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).

• Problem: 
• No high-density low-mass objects
• No low-density high-mass objects

• How to form the high-mass objects 
from the low-mass ones via usual 
planetesimal accretion? Their 
compositions seem to be different (ice-
rich for small objects, rock-rich for large 
objects)

• Solutions:
• Extremely low porosity?

• Even with the additional compression, 
would still have a density close to 1 
g/cm^3, not the 2.5 g/cm^3 of Eris.

• Biased sample?
• Are we observationally missing  

populations of high-density low-mass 
and low-density high-mass objects?

• Compaction through giant impacts?
• Lots of giant impacts needed… 

• All alternatives unlikely. Different formation 
mechanism? 

• (Side question: is the gap between 10-3 and 
10-2 Pluto masses real?)



Bierson & Nimmo (2019)

Fully compact

Assumptions
• Constant composition at 

birth and growth

• Growth by planetesimal 
accretion

Current best bet: 
Porosity removal by gravitational compaction

Fm = rock mass fraction

Problem

• Timing! 26Al would melt if 
formed within 4 Myr
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Streaming Instability

The dust drift is hydrodynamically unstable

Lesur et al. (2022)

Youdin & Goodman ‘05, Johansen & Youdin ‘07, Youdin & Johansen+ ‘07, Kowalik+ ’13, Lyra & Kuchner ‘13, 
Schreiber+ ‘18, Klahr & Schreiber ’20, Simon+ ‘16, ‘17, Carrera+ ‘15, ‘17, ‘20, Gole+ ’20, Li+ ‘18, ‘19, Abod+ ’19, Nesvorny+ ’19



Abandoning Constant Composition

Powell et al. (2022)

Ice coated grains
Ice-free grains

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

• Small grains lofted in the atmosphere lose ice

• Big grains are shielded and remain icy. 

• A bimodal population of pebbles is established



Split into icy and silicate pebbles

Cañas+Lyra et al. (2024)

Streaming instability operates better on the large (icy) 
pebbles. The first planetesimals will thus be icy. That 
explains their low-density and avoids incorporation of 26Al.



The first planetesimals are icy

Cañas+Lyra et al. (2024)



The first planetesimals won’t melt

Cañas+Lyra et al. (2024)

Volumetric heating rate:

Integrate to find total heat:

Assume all the heat is used to 
raise the temperature of the 
body: 

A high abundance of 26Al would not allow for porosity 
retention, but a lower abundance accomodates the ≳ 
65% ice mass fraction seen for the products of streaming 
instability. 
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Pebble Accretion

Ormel & Klahr ‘10, Lambrechts & Johansen ’12, Lyra et al. ‘23 

(see also Lyra et al. 2008b, Lyra et al. 2009a and Lyra et al. 2009b for stumbling upon pebble accretion and not recognizing it! D’oh!) 

See Johansen & Lambrechts ‘17 for a review

The capture radius for planetesimals by gravitational 
focusing is very small as the motion is conservative. 
Pebbles, however, are subject to gas drag, so the motion 
is dissipative, making capture much easier.
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Pebble Accretion: Geometric, Bondi, and Hill regime

Pebble 
scale 
height

Mass accretion rates

Bondi radius

Hill radius

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

Johansen & Lambrechts (2017)
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Integrate pebble accretion
Starting pebble accretion, nothing happens. 
The seeds produced by streaming instability are 
still much too small, at the regime of gravitational 
focusing (Bondi radius smaller than gravitational capture 
radius). So what gives?



Pebble Accretion: Pebbles of different size accrete differently

Bondi Regime

Best accreted pebble

Drag time ~ Bondi Time

Hill Regime

Best accreted pebble

Drag time ~ Orbital Time

1. The problem is that 
the mass accretion rates 
for pebble accretion 
considered only one 
pebble size: the biggest 
pebbles in the disk. This 
is reasonable, as the 
pebble distribution is 
top-heavy: most of the 
mass is in the large 
pebbles. 

2. That is ok for Hill 
accretion, as the 
pebbles that best 
accrete are the 
largest ones. 

3. However, for Bondi 
accretion, the best 
accreting pebbles are 
those whose drag time 
is the time it takes to 
cross the Bondi 
sphere. These can be 
quite small. These 
small pebbles don’t 
dominate the mass, but 
they may dominate the 
mass accretion rate. 

In this case, the mass 
accretion rates in the 
Bondi regime will be 
severely 
underestimated if we 
don’t consider the 
smaller pebbles.



Polydisperse (Multi-Species) Pebble Accretion

Lyra et al. (2023)



Analytical theory of polydisperse (multi-species) pebble accretion

Monodisperse (single species)

Lambrechts & Johansen (2012)

Polydisperse (multiple species)

Lyra et al. (2023)
Lyra et al. (2023)



Accretion Rates

Lyra et al. (2023)

Hill accretion: the 
monodisperse is slightly 
overestimated. This is 
because monodisperse 
assumes all grains are in 
the largest pebble size. 
Naturally it will 
overestimate the pebble 
accretion rate – but not my 
much. 

Bondi accretion: Indeed 
the monodisperse severely 
underestimates the mass 
accretion. Polydisperse is 
2 orders of magnitude 
more efficient, and brings 
the onset of Bondi 
accretion to 2 orders of 
magnitude lower in mass. 
This is because 
monodisperse is 
considering only the 
largest grains. For small 
accreting mass, the Bondi 
sphere is small, so the 
largest grains accrete like 
planetesimals (poorly). 



Growing Pluto by silicate pebble accretion

Cañas+Lyra et al. (2024)

Pure silicate pebble 
accretion. Overshoots 
Pluto and Triton but 
matches Eris. 



Pebble Internal Density

Ice Volume Fraction

Mass Accretion rate

Cañas+Lyra et al. (2024)

Try different models!

This is the model that 
matches Eris.

Astronomers like 
power-laws so why 
not try this 
(spoiler: doesn’t work).

“Hybrid model” with 
pure silicate up to a 
threshold, and then a 
power-law to pure ice. 

Color-coded the ice fraction of the best-
accreting pebble size at each accretor mass.

Model 1 accretes mostly ice pebbles. 

Model 2 has a window of silicate accretion.



Growing Pluto by silicate pebble accretion

Cañas+Lyra et al. (2024)

Model 2 (hybrid) fits Pluto 
and Triton.



Resulting Densities vs Mass relations

Ice 
Volume 
Fraction

Pebble
Internal
Density

Cañas+Lyra et al. (2024)

Model 1 accretes mostly ice pebbles. 
Doesn’t reproduce densities of high 
mass objects.



Distance Range
The model works best between 15 and 25AU

Cañas+Lyra et al. (2024)

At 10 AU the mass 
accretion rates are 
too large, in half Myr 
the objects easily 
grow to 10 Pluto 
masses. Also the 
densities are mostly 
icy.

At 25AU the mass 
accretion rates are 
too low to significantly 
grow within the 
lifetime of the disk. 
The planetesimals 
formed by streaming 
instability grow by a 
factor unity, remaining 
planetesimals. 



The window of silicate accretion

Cañas+Lyra et al. (2024)

To understand the 
distance relation, we 
plot the mass 
accretion rates and 
the ice fraction of the 
best accreted pebble 
at 10, 20, and 30 AU. 

Consider a seed 
mass of 10-2 Pluto 
mass. At 10AU the 
accretion rate is high 
but it will soon accrete 
icy pebbles. It misses 
the window of silicate 
accretion, which was 
around a few x 10-3 
Pluto masses.

At 30AU it will accrete 
silicates but the mass 
accretion rates are 
low (10-10 MPluto/yr). It 
would take Gyrs to 
accrete Pluto.



• 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

• Bondi accretion 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

 

Conclusions

• KBO density dichotomy 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
• 26Al incorporated mostly in long (>Myr) phase of silicate accretion

• KBOs best reproduced between 15-25 AU

Lyra et al. (2023), Cañas et al. (2024)



Analytical Solution for 
General Monodisperse (single species) Pebble Accretion

Lyra et al. (2023)



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

Lyra et al. (2023)


