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Qutline

» Evidence and constraints on planet formation



So many planets !
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Many planets have been discovered, at all distances from the
star, with wide range of masses, types, etc..
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Many planets have been discovered, at all distances from the star, with

wide range of masses, types, etc..
Many more planetary candidates from KEPLER.
Most stars seem to have planets, with huge diversity in planetary

systems discovered.



Protoplanetary disks

» Many planetary systems are coplanar.

" 11,830,000,000

km

o
e

» This observation led to the theory that all planets are formed
In dusty disks around young stars.



DUST . Edge-On Protoplanetary Disk HST - WFPC2

Orion Nebula
PRC95-45¢ - ST Scl OPO - November 20, 1995
M. J. McCaughrean (MPIA), C. R. O’Dell (Rice University), NASA

Fomalhaut

HST ACS/HRC \E/Iy
i ~V‘Dustring

No data

PLAN ETESIMA v ' ' : ! Scat}grﬁd
B i o~ - Location of ; S“tnarc;ilsge"t

Fomalhaut =

/Coronagraph
v mask: Fomalhaut b planet

No data < Background Star

PLANETS ‘ | S 13" Kalas et al. 2008




From dust to planetesimals

10km-size planetesimals

< micron-size ?
dust grains

0] >

» One of the most significant unsolved problems in
astrophysics
» Involves the study of “particle-laden” flows (dust-laden gas)



From dust to planetesimals

» Involves the study of “particle-laden” flows (dust-laden gas)
» Bears many similarities with Earth-based particle-laden fluids:
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Observational constraints

» Very few stars are close-enough for us to get spatially-
resolved images. In general, the star & disk appear as point-
sources of light.

e However, information about the disk and its dust content can
still be obtained from Spectral Energy Distributions.
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Observational constraints

» The SED is a composite of the light-spectrum emitted from all
the different regions of the disk. It provides information about
the amount, location and size of the dust grains in the disk
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Observational constraints

» The SED is a composite of the light-spectrum emitted from all
the different regions of the disk. It provides information about
the amount, location, temperature and size of the dust grains in
the disk
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Observational constraints

» Temperature in the disk spans wide range, that includes
“snow-line”

» Dust composition varies accordingly.

» Beyond snow line, mean dust-to-gas mass ratio roughly equal
to stellar heavy element content (0.5-5%)

» Actual values strongly dependent on disk mass/age, a3nd

stellar properties. Ice + refractory

170K

Refractory
>1200K

No dust

~0.1AU few AU



Observational constraints
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The problem

micron-size

<10Myr

10km-size




The problem

Particles grow by sticky collisions.

Given a mass distribution function of particles N(m), local growth
modeled aﬁN(m)

dt

= j K(m;m',m")N(m")N(m")dm'dm"

— | FOm,m" N (m"ydm

where K, F are coagulation and fragmentation Kernels, related to
* cross section of collision

* probability of coagulation/fragmentation

« probability distribution of the relative velocity of particles during
collision

The key to answering the growth problem is to understand each of the
following processes:
* the motion of dust particles, and in particular the relative velocities
of colliding particles



OUTLINE

e From dust to pebbles



The problem

micron-size

- 0.1 mm-size
The first steps of dust growth

\ | into planetesimals occurs
via Brownian motion.



Brownian motion

e Dust particles in gas disk,
undergo Brownian motion,
collisions are typically low
velocity, sticky.

» Drives growth of small
fractal grains

v v vVevevvVvvvev v

&% Blum 2006

» Further collisions can lead Paszun & Dominik 2006
to compactification.



Brownian motion

Growth timescale for Brownian
motion:

dm_ o /16kT( 3mj2/3
a P\ m 4 7P,

Growth timescale rapidly
becomes much longer than disk
lifetime

=» Growth limited to
characteristic max size that
depends on location in disk and
age.
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The problem

micron-size

0.1 mm-size

[ ]
Brownian motﬁ.\ cm-size
\ and beyond ?

The second step probably
occurs by sweeping vertical
settling




Vertical settling

The vertical structure of the gas disk is in hydrostatic
equilibrium:

Dust particles, however, are not pressure-supported and settle

towarcglﬁ the mlci pjme dz
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with CP, is the particle stopping time.
=>» at given height, large particles settle more

rapidlv.



Vertical settling

This has two effects:

Differential vertical
settling causes large
particles to “sweep up”
smaller ones on the way
down, and drives further

ouh -
— @.,

Large particles
accumulate near the
midplane : collisions
occur more freauentlv.
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The problem

micron-size

0.1 mm-size

[ ]
Brownian motﬁ.\ cm-size
\ to >100m-size?

Vertical

: : Problem solved?
settling/sweepi

... unfortunately not.



Radial drift

The interaction between the dust particles and ambient gas
also causes them to drift radially. The drift velocity is size-
dependent, leading to differential motion.

In the absence of gas, particles would orbit the star at
Keplerian angular velocity:

GM.

2
r

GM.

3
r

=y (r) =

mprQi(r) =m,

The gas, however, Is pressure supported, so orbits the star at
slightly sub-Keplerian velocity.
d, GM.
292 p

prioy=——"+p—s — Q. (1) = 1= 1(r)Q(r)

where n(r) depends on the thermodynamic structure of the
disk (typically of order 0.01 to 0.05)




Radial drift

Particles feel headwind, gradually loose angular momentum,
and drift inward.




Radial drift

At a given point in the disk
(given gas density and
dynamical timescale),
the radial drift velocity is
strongly dependent on
particle size.

Fastest-drifting particles:

Stokes number
St=t/7t,,,

order unity:

* m-size at 1AU

* mm-size at 30 AU

Max-drift velocity ise

|
. rlr

ey
so drift timescale into
central star is about
T,
* 100 years at 1AU
» 5000 years at 30AU
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Growth problem

Porticle rodius o [em]
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The problem

micron-size

0.1 mm-size

@
Brownian motﬁr\;})
\

Vertical
settling/sweepi

cm-size

o

How to grow beyond
critical size despite radial
drift?

ldeas :

1. Faster growth

2. Slow down/stall radial
drift



OUTLINE

» From pebbles to planetesimals.



OUTLINE

e From pebbles to planetesimals
o Interlude.



Turbulence In disks

So far, we have only considered particle
motion in a laminar disk. However
disks are turbulent.

Many possible origin of turbulence
» Shear instabilities

 Magneto-rotational
Instability of radial shear

» Rossby wave instability of
radial PV profile. MRI, from Hawley

_ _ - (Scholarpedia)
» Kelvin-Helmholtz instability of
vertical shear of dust layer

» Convection (vertical, radial)
» Baroclinic instability




Dead zones

However, disks are not homogeneously turbulent. In particular,
MRI requires gas to be significantly ionized.

Calculation of ionization levels in disks show that some regions
are stable to MRI, in particular near disk midplane between
few to about 10 AU (i.e. where most planets appear to be).

MRI-dead zones are much more quiescent than MRI-active
zones, turbulence limited to surface layers of disk (Gammie
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Dust-laden gas dynamics

In what follows, most of the work is done by solving
equations for dust-laden fluid. Two types of formalism
commonly used:

Two-fluid ggylations (usually for study of small particles)
P, Dtg +2Q, xu, +Q xQ xr |=-Vp+ pg+F, +..

Du
pp( Dtp +2Q, xu, +Q xQ xrj:ppg—deng...

a 1)
%+V-(pgug)=0, g[p +V-(ppup)=0

Individual %article tracking (usualf for study of large
u

particle@[ Dtg +2Q, xu, +Q xQ x1 |==Vp+ pg+...

) u, —u
%+ V. (,Ogllg): 0, a, = % for each particle

N



Qutline

e From pebbles to planetesimals
o Interlude.
- How to increase growth



How to speed-up growth

Recall that ﬂlﬂj m f!-.'lrrl'..l.'.' " WN T W m "™ v dm”
i
= ff"[.'i'r-.l.'.' VWA Yl
where K oc og(Av) .

To enhance particle growth, many possibilities:
1. Faster collision velocities
2. Larger particle density

3. Increased coagulation efficiency/decreased fragmentation
effficiency.

4. Increased cross-section...



How to speed-up growth

Faster collision velocities

Turbulence in the disk can increase the mean particle

velocity as well as velocity dispersion: smaller collision
timescale

However, collisions that are too fast lead to fragmentation
Instead of growth.

Which effect wins?



Faster collision velocities

The p.d.f. of relative velocities of
colliding particles in a turbulent
accretion disk remains under
Investigation.

p.d.f.s of actual and relative
particle velocities have been
proposed based on analytical
work (e.g. Volk et al. 1980,
Ormel & Cuzzi 2007)

Recent numerical simulations
have looked at p.d.fs of relative
velocities (Carballido et al.
2010)

p.d.fs of relative velocities of
collidina narticles remain< tbd

o
L
==

Fraction of pairs

How to speed-up growth
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- Models can be used to

How to speed-up growth

104

Faster collision velocities

10

107

107

estimate relative
velocities of particles in
disks, as well as origin
of relative motion.

Diameter (cm)
=

1
10 107 10° 107 10 107 10° 100 10¢
Diameter (cm)

Blum & Wurm 2008
Weidenschilling & Cuzzi 1993



How to speed-up growth

Faster collision velocities

- Models can be used to
estimate relative
velocities of particles i
disks, as well as origir
of relative motion. .

- At 1AU, collisions
between larger
particles are mostly
destructive!

102
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D Mass conservation
B Mass loss
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How to speed-up growth

Faster collision velocities

Brauer et al. 2008

10°F 1

This is a major problem for growth
Into planetesimals: turbulence
tends to accelerate particles
too much, so that most
collisions are likely to be
destructive (fragmentation
barrier)
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Although there are ways past the
fragmentation barrier, they
remqin to be studied in more zones are more likely
detail (Windmark et al. 2012, locations for planetary
Garaud et al. 2013) growth.

This suggests that dead



How to speed-up growth
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How to speed-up growth

Larger particle density.

However, increased particle
density means that particle+
gas fluid now moving near
Keplerian velocity while dust-
free gas sub-Keplerian.

Dusty layer rotates more rapidly
than rest of disk, can trigger
Kelvin-Helmholtz instabilities
before gravitational
Instabilities kick in
cf. Weidenschilling 1980.

Question remaining: how dense
and how turbulent is the
resulting dust layer?

Garaud & Lin 2007
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How to speed-up growth

Increased coagulation efficiency

» Near radius where water has phase transition from solid to
gas (snow line), can have increased coagulation
efficiency/growth.

e Turbulent recirculation of pebbles in and out of condensation
line can trigger rapid growth (similar to formation of
hailstones).

Increased cross-section

« |f particle densities become large-enough, self-gravity of
particle clump becomes important and can trigger gravitational
Instability.

All of these possibilities still the subject of current
Investigation; most of them promising but all still have

I P Ry



OUTLINE

e From pebbles to planetesimals
o Interlude.

- How to increase growth
- How to stall radial drift



Decreased radial drift.

Gas ((07s=1.0) Dust (Q75=0.1) Dust (Qr,=1.0) Dust (07,=10.0)

o Turbulence in accretion s gsmoes
disks can lead to the
formation of vortices.

» For thin, stably q
stratified disks, large :
anticyclonic vortices
are reasonably long- . JE&
lived.

» These vortices can trap
dust particles of a
certain size (Barge &
Sommeria 1995) “l

» Dust concentration in o
the vortex is large, and § : z z

radial drift is stalled, at Johansen et al. 20(
least temporarily.
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Decreased radial drift.

These vortices can form naturally, either by baroclinic
Instability, or by Rossby-Wave Instability (near edge of
dead-zone or edge of gap caused by pre-existing planet)

Evolution of density
perturbation in protostellar
disk subject to Rossby-
Wave Instability by Lyra &
Mac Low 2012




Decreased radial drift.

Some evidence for particle trapping by very large vortices
seems to have been found with ALMA observations.

It is not unlikely that similar vortices closer to the central star
could be trapping larger (m-size) planetesimals.

mm —dust OF:\8 \/an der Marel et al. 2013



Conclusion/summary

Observations:

» The formation of planets must be a ubiquitous process and
must proceed on timescale < 10Myr

Theory:

» |tis easy to grow particles up to cm-size at 1AU (10 micron at
30AU)

» However, larger particles prone to rapid radial drift

» To get past the drift problem, one must either increase growth
rate, or decrease drift rate or both.

» Many possible solutions have been investigated.

This field bears many similarities with the study of turbidity
currents and droplet/hailstone formation in clouds.



