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Abstract

Kuiper Belt objects (KBOs) show an unexpected trend, whereby large bodies have increasingly higher densities,
up to five times greater than their smaller counterparts. Current explanations for this trend assume formation at
constant composition, with the increasing density resultmg from gravitational compaction. However, this scenario
poses a timing problem to avoid early melting by decay of 2°Al. We aim to explain the density trend in the context
of streaming instability and pebble accretion. Small pebbles experience lofting into the atmosphere of the disk,
being exposed to UV and partially losing their ice via desorption. Conversely, larger pebbles are shielded and
remain icier. We use a shearing box model including gas and solids, the latter split into ices and silicate pebbles.
Self-gravity is included, allowing dense clumps to collapse into planetesimals, We find that the streaming
instability leads to the formation of mostly icy planetesimals, albeit with an unexpected trend that the lighter ones
are more silicate-rich than the heavier ones. We feed the resulting planetesimals into a pebble accretion integrator
with a continuous size distribution, finding that they undergo drastic changes in composition as they preferentially
accrete silicate pebbles. The density and masses of large KBOs are best reproduced if they form between 15 and
22 au. Our solution avoids the timing problem because the first planetesimals are primarily icy and 2°Al is mostly
incorporated in the slow phase of silicate pebble accretion. Our results lend further credibility to the streaming
instability and pebble accretion as formation and growth mechanisms.

Unified Astronomy Thesaurus concepts: Dwarf planets (419); Kuiper Belt (893); Pluto (1267); Hydrodynamics
(1963); Planet formation (1241)
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ABSTRACT

In this letter, we call attention to a gap in binaries in the Kuiper belt in the mass range between
103 and 1072 Pluto masses (~10'2-10%° kg), with a corresponding dearth in binaries between
4th and 5th absolute magnitude H . The low-mass end of the gap is consi with the tr

of the cold classical population at 400 km, as suggested by the OSSOS survey, and predicted by
simulations of planetesimal formation by streaming instability. The distribution of magnitudes
for all KBOs is continuous, which means that many objects exist in the gap, but the binaries in this
range have either been disrupted, or the companions are too close to the primary and/or too dim
to be detected with the current generation of observational instruments. At the high-mass side
of the gap, the objects have small satellites at small separations, and we find a trend that as mass
decreases, the ratio of primary radius to secondary semimajor increases. If this trend continues
into the gap, non-Keplerian effects should make mass determination more challenging.
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Abstract

Pebble accretion is recognized as a significant accelerator of planet formation. Yet only formulae for single-sized
(monodisperse) distribution have been derived in the literature. These can lead to significant underestimates for
Bondi accretion, for which the best accreted pebble size may not be the one that dominates the mass distribution.
We derive in this paper the polydisperse theory of pebble accretion. We consider a power-law distribution in
pebble radius, and we find the resulting surface and volume number density distribution functions. We derive also
the exact monodisperse analytical pebble accretion rate for which 3D accretion and 2D accretion are limits. In
addition, we find analytical solutions to the polydisperse 2D Hill and 3D Bondi limits. We integrate the
polydisperse pebble accretion numerically for the MRN distribution, finding a slight decrease (by an exact factor
3/7) in the Hill regime compared to the monodisperse case. In contrast, in the Bondi regime, we find accretion
rates 1-2 orders of magnitude higher compared to monodisperse, also extending the onset of pebble accretion to
1-2 orders of magnitude lower in mass. We find megayear timescales, within the disk lifetime, for Bondi accretion
on top of planetary seeds of masses 10~° to 10~* M, over a significant range of the parameter space. This mass
range overlaps with the high-mass end of the planetesimal initial mass function, and thus pebble accretion is
possible directly following formation by streaming instability. This alleviates the need for mutual planetesimal
collisions as a major contribution to planetary growth.

Unified Astronomy Thesaurus concepts: Planet formation (1241); Planetary system formation (1257)
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ABSTRACT

The New Horizons flyby of the cold classical Kuiper Belt object MU69 showed it to be a contact binary. The
existence of other contact binaries in the 1-10 km range raises the question of how common these bodies are and
how they evolved into contact. Here we consider that the pre-contact lobes of MU69 formed as a binary
embedded in the Solar nebula, and calculate its subsequent orbital evolution in the presence of gas drag. We find
that the sub-Keplerian wind of the disk brings the drag timescales for 10 km bodies to under 1 Myr for quadratic-
velocity drag, which is valid in the asteroid belt. In the Kuiper belt, however, the drag is linear with velocity and
the effect of the wind cancels out as the angular momentum gained in half an orbit is exactly lost in the other
half; the drag timescales for 10 km bodies remain 210 Myr. In this situation we find that a combination of
nebular drag and Kozai-Lidov oscillations is a promising channel for collapse. We analytically solve the hier-
archical three-body problem with nebular drag and implement it into a Kozai cycles plus tidal friction model. The
les of the pi ger lobes make the Kozai oscillations stochastic, and we find that when gas
drag is mcluded xhe shrinking of the semimajor axis more easily allows the stochastic fluctuations to bring the
system into contact. Evolution to contact happens very rapidly (within 10" yr) in the pure, double-average
quadrupole, Kozai region between ~85 — 95', and within 3 Myr in the drag-assisted region beyond it. The
synergy between J; and gas drag widens the window of contact to 80" — 100" initial inclination, over a larger
range of semimajor axes than Kozai and J, alone. As such, the model predicts a low initial occurrence of binaries
in the asteroid belt, and an initial contact binary fraction of about 10% for the cold classicals in the Kuiper belt.
The speed at contact is the orbital velocity; if contact happens at pericenter at high eccentricity, it deviates from
the escape velocity only because of the dently of the imajor axis. For MU69, the
oblateness leads to a 30% decrease in contact velocity with respect to the escape velocity, the latter scaling with
the square root of the density. For mean densities in the range 0.3-0.5 g cm >, the contact velocity should be 3.3
~4.2ms, in line with the observational evidence from the lack of deformation features and estimate of the
tensile strength.
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The size -density relationship of Kuiper Belt objects
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Porosity removal by gravitational compaction
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Streaming Instability

The dust drift is hydrodynamically unstable
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Abandoning Constant Composition
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The first planetesimals are icy
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Pebble Accretion
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Pebble Accretion: Geometric, Bondi, and Hill regime
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Bulk Density (g / cm?)
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Pebble Accretion: Pebbles of different size accrete differently
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Accretion Rates at 40 AU
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Growing Pluto by silicate pebble accretion
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Resulting Densities vs Mass relations
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Growing Pluto by silicate pebble accretion
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A mass gap
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1. Introduction

The Kuiper belt is a region of the solar system populated

ABSTRACT

In this letter, we call attention to a gap in binaries in the Kuiper belt in the mass range between
~10'2-10% kg, with a corresponding dearth in binaries between 4th and Sth absolute magnitude H.
The low-mass end of the gap is consistent with the truncation of the cold classical population at
400 km, as suggested by the OSSOS survey, and predicted by simulations of planetesimal formation
by streaming instability. The distribution of magnitudes for all KBOs is continuous, which means
that many objects exist in the gap, but the binaries in this range have either been disrupted, or the
companions are too close to the primary and/or too dim to be detected with the current generation
of observational instruments. At the high-mass side of the gap, the objects have small satellites at
small separations, and we find a trend that as mass decreases, the ratio of primary radius to secondary
semimajor increases. If this trend continues into the gap, non-Keplerian effects should make mass
determination more challenging.

In contrast to the asteroid belt between Mars and Jupiter,
Kuiper belt objects show a much higher proportion of bi-
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Low -mass end: consistent with high -mass end of Streaming Instability
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Different system architecture
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Did the high -mass objects lose their primordial satellites?
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Satellites
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