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Planetesimal Formation

How?




Dust evolution — Barriers to Growth
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Drift barrier
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The gas has some pressure support.

The grains have none.
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The Goldreich-Ward scenario

Primordial disk
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Particle settling + radial flow + growth
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Particle sub-disk—

Fragmentation into planetesimals
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Roche Limit

Solar tide vs selfgravity










Dust: Diffusion-supported

Dust Scale Height
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Dust: Diffusion-supported

= VIEW stationary solution of vertical disk structure
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Two-species sedimentation
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Streaming Instability

The dust drift is hydrodynamically unstable
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Streaming Instability

The dust drift is hydrodynamically unstable
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The Nakagawa-Sekiya-Hayashi solution for dust drift

ICARUS 67, 375-390 (1986)

Settling and Growth of Dust Particles in a Laminar Phase
of a Low-Mass Solar Nebula
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Streaming Instability

The dust drift is hydrodynamically unstable

Planetesimal Formation by Gravitational Instability
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Youdin, Andrew N.; Shu, Frank H.

We the formation of via the instability of solids that have settled to the midplane of a
circumstellar disk. Vertical shear between the gas and a subdisk of solids induces turbulent mixing that inhibits gravitational instability.
Working in the limit of small, well-coupled particles, we find that the mixing becomes ineffective when the surface density ratio of
solids to gas exceeds a critical value. Solids in excess of this precipitation limit can undergo midplane gravitational instability and
form planetesimals. However, this saturation effect typically requires increasing the local ratio of solid to gaseous surface density by
factors of 2-10 times cosmic abundances, depending on the exact properties of the gas disk. We discuss existing astrophysical
mechanisms for augmenting the ratio of solids to gas in protoplanetary disks by such factors and investigate a particular process that
depends on the radial variations of orbital drift speeds induced by gas drag. This can illmet d
chondrules to the supercritical surface density in <=fewx108 yr, a suggestive timescale for the disappearance of dusty disks around T

Tauri stars. We discuss the relevance of our results to some outstanding puzzles in planet formation theory-the size of the observed
solar system and the rapid type | migration of Earth-mass bodies.
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Streaming Instabilities in Protoplanetary Disks
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Youdin, Andrew N.; Goodman, Jeremy

Interpenetrating streams of solids and gas in a Keplerian disk produce a local, linear instability. The two components mutually interact
via aerodynamic drag, which generates radial drift and triggers unstable modes. The secular instability does not require self-gravity,
yet it generates growing particle-density that could seed formation. Growth rates are slower than
dynamical but faster than radial drift timescales. Growth rates, like streaming velocities, are maximized for marginal coupling
(stopping times comparable to dynamical times). Fastest growth occurs when the solid-to-gas density ratio is order unity and
feedback is strongest. Curiously, growth s strongly suppressed when the densities are too nearly equal. The relation between
background drift and wave properties is explained by analogy with Howard's semicircle theorem. The three-dimensional, two-fluid

equations describe a sixth-order (in the complex frequency) dispersion relation. A terminal velocity approximation allows simplification
to an approximate cubic dispersion relation. To describe the simplest manifestation of this instability, we ignore complicating (but

possibly relevant) factors such as vertical disp: of particle sizes, and self-gravity. We consider

applications to planetesimal formation and compare our work to other studies of particle-gas dynamics.
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Fig. 3.—Maximum growth rates (solid line) and fastest growing radial
wavenumber (dashed line) vs. solid-to-gas density ratio for 7, = 0.01 in the limit
K. > K,. The growth rates are below the upper limit implied by the semicircle
theorem (dotted lines), except for a narrow region near equal densities.



Gravitational collapse into planetesimals
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Rapid planetesimal formation in
turbulent circumstellar disks
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Abstract

During the initial stages of planet formation in circumstellar gas disks,
dust grains collide and build up larger and larger bodies'. How this
process continues from metre-sized boulders to kilometre-scale
planetesimals is a major unsolved problem2: boulders are expected to
stick together poorly?, and to spiral into the protostar in a few hundred

—

ohansen etal. (2007)



Planetesimal Formation
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Trans-Neptunian binaries as evidence for
planetesimal formation by the streaming instability

David Nesvorny @™, Rixin Li©2, Andrew N. Youdin 2, Jacob B. Simon©'3 and William M. Grundy ©*

A critical step toward the emergence of planets in a proto-
planetary disk consists in accretion of planetesimals, bodies
1-1,000km in size, from smaller disk constituents. This pro-
cess is poorly understood partly because we lack good obser-
vational constraints on the complex physical processes that
contribute to planetesimal formation'. In the outer solar sys-
tem, the best place to look for clues is the Kuiper belt, where
icy planetesimals survive to this day. Here we report evi-
dence that Kuiper belt planetesimals formed by the streaming
instability, a process in which aerodynamically concentrated
clumps of pebbles gravitationally collapse into approximately
100-km-class bodies’. Gravitational collapse was previously
suggested to explain the ubiquity of equal-size binaries in the
Kuiper belt**. We analyse new hydrodynamical simulations

local particle-to-gas column density ratio, Z (additional parameters
are discussed in Methods). We adopted 7= 0.3-2, which would cor-
respond to sub-centimetre-size pebbles in the minimum-mass solar
nebula' at 45au if the gas density werereduced by photoevaporation'”,
and Z=0.02-0.1. Other choices of these parameters yield similar
results'*'" as long as the system remains in the SI regime’.

As the time progresses in our simulations (Fig. 1), dense azi-
muthal filaments form, fragment and condense into hundreds of
gravitationally bound clumps. We used an efficient tree-based
algorithm (PLAN; Methods) to identify all clumps (Fig. 1c).
Unfortunately, the resolution in the Athena code does not allow
us to follow the gravitational collapse of each clump to comple-
tion. Instead, we measure the total angular momentum, J, and its z-
component J.=Jcos#, giving the clump obliquity 6. The total angu-
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Angular Momentum: Prograde vs Retrograde
distribution of Kuiper Belt objects

~80% of TNO binaries are prograde
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Observational evidence: Preference for Prograde (~80%)
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