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Giant Planets are More Common Around Metal Rich Stars
Kepler (Buchave et al. 2012)

RV Giant Planets
(Johnson et al. 2010)

Formation of Solid
Planetesimals Holds the Key!

Four Stages of Planet Formation:
The Core Accretion Model
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Planetesimal Formation Spans Many Orders of
Magnitude and Different Processes
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Key Aspects of Planetesimal Formation:
Starting Small in a Gas Disk
•

Surface gravity is weak

•

Sticking is important for dust growth

•

Aerodynamic gas drag is crucial
•

•

Radial drift introduces a “meter-size” barrier

Resolution: particle concentration and gravitational
collapse

Radial Drift Timescale Constraints
(aka the “Meter-Size Barrier”)
optimal coupling gives
fastest drift:
1 AU/(50 m/s) ~ 100 yr
gr = M★/r2

-ρ-1∂P/∂r
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Drag Forces in a “Minimum Mass” Disk Model
Dimensionless stopping time
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Climbing the size ladder
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compact? Are chondrules even required to form
Outcomes
larger bodies Many
up to planetesimal
sizes?

(Guttler et al. 2010)

Growth by Sticking

r = 1 cm

inefficient growth
from mm—km
compounds
meter-size barrier
The Astrophysical Journal, 736:34 (11pp), 2011 July 20

Beitz et al.

The experiments in the parameter space
indicated by the solid black box in Figure 1 will
expand our knowledge of collision outcomes to lower
speeds, rarer events, and collisions between aggregate
including different proportions of dust and chondrule
results by applying the broad set of collision data t
distribution near the meter-size barrier and through pl

Fragmentation
Mass Transfer
(Blum
& andMeunch
(Beitz
et al. 2011)
(An animation
a color version of this1993)
figure are available in the online
journal.)

3

Erosion
(Colwell 2003)

Figure 7. Image sequence of a fragmenting collision at a velocity of 47 cm s−1 . The upper aggregate is destroyed, while the lower one gains 0.6% of its original
volume.

The cm-size barrier of bouncing and fragmentation
The Astrophysical Journal, 736:34 (11pp), 2011 July 20

Mass transfer
The upper aggregate is destroyed,
while the lower one gains
overwhelmed
by0.6% of its original
fragmentation

Mfinal/Minitial

Figure 7. Image sequence of a fragmenting collision at a velocity of 47 cm s−1 . The upper aggregate is destroyed, while the lower
volume.

compare to:
calculated, but the strength of fragmentation µ is the characdriftIt isspeeds
terizing parameter that we determined.
defined as µ = ~ 50 m/s
M /M , where M is the largest fragment and M is the
total mass of the aggregate i (with turbulent
i = 1 or 2) before fragmentaspeedsq
~
tion. The collision velocity was determined in the same way as in
Section 3.1, and the size of the largest fragment was measured
↵
in one or more representative images from the photo camera.
10
Again, these images were binarized, and the cross-sectional
10 4 m/s
(An animation and a color version of this figure are available in the online journal.)
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areas of the fragments were fitted with ellipses of the same
expanse. The lower estimate for the fragment volume follows
from an ellipsoid where the ellipse is rotated around the long
axis, and the upper estimate is for rotation around the short axis.
Our best estimate is the mean value between those two, and the
follows
from the
values. To calculate the mass of the
Figure 8. Strength of fragmentation µ over theerror
impact
velocity
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1. Static

1943JBAA...53..181E

Three modes of particle concentration

2. Passively Dynamic
3. Spontaneous

“local condensations”
(Edgeworth 1943)

1995A&A...295L...1B

1. Static Concentration:
Particles collect in long-lived pressure maxima.
Ring (Whipple 1972)

2

sources: dead zone
boundaries, snow
lines, zonal flows,
spiral arms and more

Vortex (Barge & Sommeria 1995)

van Dishoeck et al.

Seen by ALMA?!
(van Dishoeck et al.
2015)

2. Passively Dynamic, i.e. Turbulent Concentration:
Particles concentrate briefly by interacting with eddies.

“dust devils” are dynamic, but a different effect
(credit: Joseph Brauer)

2. Passively Dynamic, i.e. Turbulent Concentration:
Particles concentrate briefly when expelled from eddies.
Settling velocity and concentration distribution of particles

53

L.-P. Wang and M . R. Maxey
6

(Wang &
Maxey
1993)
2n

FIGURE
12. (a)The position and velocity plots at the second time frame shown in figure 11.3167
particles are found near the slice, i.e. in the region n-0.58 < xg < n+0.56, S is the grid spacing. The
starting point of each vector arrow is the particle’s position and the length of an arrow represents the
relative magnitude of the velocity. (b)The vector velocity field (dot-line arrow) of the flow in the same
plane overlaid by particle velocity vector (solid-line arrow) for those (621) particles within a distance
of 10% grid spacing.

FIGURE
12 (a). For caption see facing page.

second plot of figure 12 gives the vector components of flow velocity field on the same
plane together with some selected particle velocity vectors. The higher concentration
' sheet' formed by the clustered particles is located precisely in the channel-like,
downflow regions in the velocity field which form between neighbouring regions of
vorticity. This is a direct reason for the increase in the particle mean settling rate,
consistent with the proposed second implication.
The reason for this preferential sweeping is illustrated by figure 13. Consider a heavy
particle settling through a flow region with three local vortical structures as shown. The
inertial bias implies that when encountering a vortical structure, the particle does not
move along a flow streamline and has to make its path along the periphery of the
vortical structure. With this in mind, now suppose the particle approaches the first
vortical region at point A , the local induced flow velocity will move the particle to the
right and thus the particle passes the first vortical region on the right, the downflow
side. The process repeats as the particle approaches the second vortical region at point
B. The particle may move to the right- or to the left-hand side of the region according
to the local direction of fluid rotation. In either case, the particle tends to travel on the
downflow side. Should a particle start to be swept upward by the local flow, for
example, near the bottom of a vortical structure, it would begin to be entrained within
the vortex and follow a closed path. This is countered by the inertial bias which causes

Are concentrations long-lived and massive enough to
form planetesimals?
the particle to curve outwards away from the vortex. This response is surprisingly
similar to the particle motion in cellular flows (Maxey & Corrsin 1986) even though
these are steady and laminar. Without particle inertia there is no net effect on the
average settling rate in a statistically homogeneous flow. In short, the preferential
sweeping is due to the inertial bias, the local induced velocity field, and the fact that
the particles approach them usually from above. In a turbulent flow the configuration
of the flow structures changes with time and thus the formation of long particle patches
depends on the relative persistence of the instantaneous structures. Ruetsch & Maxey
(1992) examined the ability of the intense localized flow structures to mix a passive
scalar. They found the persistence rather than the intensity of certain physical flow
quantities, in this case the local straining rate, has a dominant effect on the generation
of intense scalar gradient. Similarly, one may argue that persistent but not necessarily
intense vortical structures can have a significant effect on the local particle transport.
According to Hunt et al. (1987), a large part of a turbulent flow field may be classified

(Cuzzi et al. 2008; Pan et al. 2011; Hopkins 2014)

(credit: Martine Maes)

3. Spontaneous: Particles trigger their own
concentration via the streaming instability

2. BASIC EQUATIONS

The streaming instability:
Our gas and particle ‘‘fluids’’ obey continuity and Eule
equations
the evolution
of particle (Vp) and incompressible
Complex behavior
fromforsimple
ingredients
gas (Vg) velocity, here presented in a nonrotating frame:
@!p
þ : = (!p V p ) ¼ 0;
@t
Two-way drag forces &
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Radial pressure gradient @V p
Vp % Vg
2
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where P is the gas pressure, !p and !g are the particle and ga
%3=2
/
r
is the Kepleria
spatial densities, respectively,
and
!
Local boxKsimulations
of
orbital frequency at cylindrical radius r (see Table 1 for definition
gas &stratification
“super”-particles
of symbols). We ignore vertical
and self-gravity for
simpler analysis, avoiding
in particular
the vertical
settling an
(Youdin
& Johansen
2005,
stirring of particles. The particle
stopping
time2007,
tstop is convenientl
Johansen
et al.
etc;
independent of !p , Vp , and Vg for the small particles (rT1 m a
Bai & Stone
2010)
1 AU) of interest prior to planetesimal
formation.
Epstein’s law
Disc

Simulation box

t

Ep

¼
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ð5

Particles trigger their own concentration via the
streaming instability

feeds off of
radial drift
(Johansen &
Youdin 2007)

Conditions for strong
particle concentration

(Johansen, Youdin & Mac Low 2009)
“Sub-Solar:”
weak clumping

“Super-Solar:”
strong clumping

1. Particle sizes near optimal coupling,
τs ≈ 0.1-1.0
2. Particle-gas ratio, Z ≳1%
• varies w/ radial pressure gradient
(Bai & Stone, 2010b)

• exoplanet-metallicity correlation?
• Role of box size and boundary
conditions? See poster by Rixin Li

Particle density:
radius vs. height (top)
radius vs. time (bottom)

τs = 0.1-0.4,
3-12 cm @ 5 AU

Streaming Inst. triggering planetesimal formation

vorb

Gravitational
collapse from
~few cm-sizes
into ~100 km,
planetesimals
(Simon et al.,
in prep;
also Johansen,
Youdin & MacLow
2009; Johansen et
al 2007, 2012)

The bouncing and fragmentation barriers remain
What if particles don’t grow
large enough, to τs ≈ 0.1-1.0?
A. Less gas
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restricted to a certain range of particle sizes, indicated crudely by the bars on the ladder. The ranges shown are sub
actively researched. The least-explored is shown by a dashed bar: drag-assisted GI (Section 5.2). Dimensionless sto
τs ≡ !K ts are shown for r = 1 AU; some processes are aerodynamic and depend more on τs than on particle size.
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Magnitude geometrically corrected (Appendix A, Eq. (A.4)) to account for heliocentric, geocentric distance, phase angle of observation and phase coeﬃcient.
Spectral gradient, a measure of the reddening of the reflectance spectrum between two wavelengths, V and I, expressed in percent of reddening per 100 nm.
CL = Classical, CN = Centaur, SD = Scattered. Derived from the Deep Ecliptic Survey (DES) database, Elliot et al. (2005).
Icarus 235 (2014) 156–169
Combined light values, the components were not uniquely resolved.

(Hainaut and Delsanti, 2002) and HST (Stephens
and Noll,
2007) at ScienceDirect
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probability of correlation, 96% (Fig. 3).
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Fig. 1. The secondary vs. primary colors for each binary object are plotted. The
dashed line demarks a slope of 1, indicating components of identical color. A Spearman rank test shows the primary and secondary colors correlated at the 99.99991%
level (5-sigma for a normal distribution). A Pearson product–moment calculation
yields a similar result.

Four Stages of Planet Formation:
The Core Accretion Model

1. Dust to
Planetesimals

3. Growth of
Gas Giant
Atmospheres

2. From
Planetesimals
to Planets &
Cores

4. Planet
Migration and
Scattering
Credits: A. Johansen, F. Sulehria, D. Lin, P. Armitage

?

Options for growing terrestrial planets and cores

1. Giant impacts

2. Aerodynamically
assisted “pebble
accretion”

Ormel & Youdin (unpublished)

C. W. Ormel and H. H. Klahr:

Lambrechts & Johansen (2012)

Key Issues ∆=0.05,
in Terrestrial
Z=0.01
10 & Core Growth
Planet
Hill

Michiel Lambrechts and Anders Johansen: Rapid growth of gas-giant cores by pebble accretion
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Radial drift overcomes isolation

Summary
•

•

color me bad
image?

Planetesimal formation
•

Starts with dust coagulation

•

Ends with gravitational collapse

•

Streaming instability and other particle concentration
mechanisms bridge the “meter-size barrier”

Terrestrial planet and core formation
•

New: an early phase of aerodynamic pebble accretion

