
Eddies

l ~ η ~ 1 km, St ~ 10−5−10−4

Pressure bumps / vortices

l ~ 1−10 H, St ~ 0.1−10

Streaming instabilities

l ~ 0.1 H, St ~ 0.01−1

Fig. 6.— The three main ways to concentrate particles in protoplanetary discs. Left panel: turbulent eddies near the smallest scales
of the turbulence, η, expel tiny particles to high-pressure regions between the eddies. Middle panel: the zonal flow associated with
large-scale pressure bumps and vortices, of sizes from one scale height up to the global scale of the disc, trap particles of Stokes number
from 0.1 to 10. Right panel: streaming instabilities on intermediate scales trap particles of Stokes number from 0.01 to 1 by accelerating
the pressure-supported gas to near the Keplerian speed, which slows down the radial drift of particles in the concentration region.

4.1.1. Isotropic turbulence

On the smallest scales of the gas flow, where the Coriolis
force is negligible over the turn-over time-scale of the ed-
dies, the equation governing the structure of a rotating eddy
is

dvr
dt

= −
1

ρ

∂P

∂r
≡ fP . (16)

Here fP is the gas acceleration caused by the radial pressure
gradient of the eddy. We use r as the radial coordinate in a
frame centred on the eddy. The pressure must rise outwards,
∂P/∂r > 0, to work as a centripetal force. In such low-
pressure eddies the rotation speed is set by

fP = −
v2e
ℓ
. (17)

Very small particles with τf ≪ te reach their terminal ve-
locity

vp = −τffP (18)

on a time-scale much shorter than the eddy turn-over time-
scale. This gives

vp = −τffP = τf
v2e
ℓ

=
τf
te
ve . (19)

The largest particles to reach their terminal velocity in the
eddy turn-over time-scale have τf ∼ te. This is the op-
timal particle size to be expelled from small-scale eddies
and cluster in regions of high pressure between the eddies.
Larger particles do not reach their terminal velocity before
the eddy structure breaks down and reforms with a new
phase, and thus their concentration is weaker.
Numerical simulations and laboratory experiments have

shown that particles coupling at the turn-over time-scale of
eddies at the Kolmogorov scale of isotropic turbulence ex-
perience the strongest concentrations (Squires and Eaton,

1991; Fessler et al., 1994). In an astrophysics context, such
turbulent concentration of sub-mm-sized particles between
small-scale eddies has been put forward to explain the nar-
row size ranges of chondrules found in primitive meteorites
(Cuzzi et al., 2001), as well as the formation of asteroids
by gravitational contraction of rare, extreme concentration
events of such particles (Cuzzi et al., 2008). This model was
nevertheless criticised by Pan et al. (2011) who found that
efficiently concentrated particles have a narrow size range
and that concentration of masses sufficiently large to form
the primordial population of asteroids is unlikely.

4.1.2. Turbulence in rigid rotation

On larger scales of protoplanetary discs, gas and parti-
cle motion is dominated by Coriolis forces and shear. We
first expand our particle-trapping framework to flows dom-
inated by Coriolis forces and then generalise the expression
to include shear.
In a gas rotating rigidly at a frequencyΩ, the equilibrium

of the eddies is now given by

2Ωve −
1

ρ

∂P

∂r
= −

v2e
ℓ
. (20)

For slowly rotating eddies with ve/ℓ ≪ Ω we can ignore
the centripetal term and get

ve = −
fP
2Ω

. (21)

High pressure regions have ve < 0 (clockwise rotation),
while low pressure regions have ve > 0 (counter-clockwise
rotation).
The terminal velocity of inertial particles can be found
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