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“from boulders via
planetesimals to planetary
systems”

. dusty storms: dust transport 1n
turbulent protoplanetary disks

. gravoturbulent planetesimal formation:
particle concentration 1n turbulence
and N-body simulations

. Core accretion - gas capture: Pollacks
model

. nascent planets: observability of
planet disk i1nteraction and migration
of young planets

. system formation: population synthesis







Scenario for star- and planet formation

Single isolated low-mass star

outflow
n~105-10% ¢m™

\\ l / / oot aad _ T~10-300 K

// ] \\ Factor 1000
smaller

Cloud collapse = Protostar with disk ~105yr

Formation planets  ~10%-107yr Solar system 108 yr




protoplanetary storms:

turbulence 1n the
solar nebula

e Why do we need dust traps?
e Convection
e Dust trappling mechanisms




Planetesima ormation-
Coagulation and Sedimentation
Collissions & sticking OR self

aOrAavitwv
What 1s the influence of
turbulence?
.Preventing sedimentation by

stirring things up. ->
Observation
.Radial diffusive transport
of grains. —-> Observation
(crystalline)
. Genaratongegoralr soonRel |
boulders.
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Fic. 1.—Comparison between drift time (solid line) and growth time (dotted
line) for solids as a function of size. The values are calculated using the equa-
tions from this paper for a location of 7.5 AU in a minimum mass solar nebula.




particles drift 1nward
= up the pressure gradilient
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PHYSICS OF THE PRIMITIVE SOLAR ACCRETION DISK

A.G. W. CAMERON

Center for Astrophysics, Harvard College Observatory and Smithsonian Astrophysical Observatory,
Cambridge, Mass., U.S5.A4.

(Received 18 October, 1977)

Besi1des meridiona
and i1nfall: thermal

Still another driving force could arise from thengall:f-drivan convection. This would
require that superadiabatic temperature gradients exist within the gas in a region where
there is a significant gas pressure gradient. It is argued below that the temperature gradient
in the vertical direction in the disk will be strongly subadiabatic. The results of the study
indicate that the temperature gradient along the midplane of the disk is approximately
isentropic, except in the region where the midplane temperatures exceed about 2000 K.
This region is strongly superadiabatic and may give rise to an extensive region of thermally-
driven convection at the midplane.

The Moon and the Planets 18 (1978) 5-40. All Rights Reserved.
Copyright © 1978 by D. Reidel Publishing Company, Dordrecht, Holland.



Klahr, Kley and Henning 1999
Klahr and Bodenheimer 2003
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Particle response to the
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Fiuz. 7—Meodel A: evolution of the 1 m size particle surface density
distribution for the model in Fig. 2. The selid line gives the initial distribu-
tion. The following lines are snapshots every 10° yr.

Vortices:
Barge & Sommeria Pressure maxima:
1995 Klahr & Lin 2000
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Particle response to the
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Small particles 1n
pressure maxlma

1
——Vp + forces

0

Tf

1
1@—%7;;V@)

Klahr & Lin 2000

- forces
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No self sustained convection possible

Klahr and Bodenheimer 2003; Klahr 2004
Johnson & Gammie 2005; ...




magnetic storms:

turbulence 1n a
protoplanetary disk

e Turbulence as a prerequilisite
for transport of dust

e 7D Simulations of active and
dead zones




Age versus Accretion
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alpha = 0.01WHYDO T TAURIDISKS ACCRETE?




Accretion 1n a rotating system 1s only possible
1f matter looses 1ts angular momentum!

viscous stress tensor: T ”

*

Viscosity could do this,
but molecular viscosity 1s far too low.
Thus one 1invokes turbulent viscosity!




Possibilities for Turbulence and
angular momentum transport:

1. Non-Linear Shear Instability: Richard et al. 2003

2. Self Gravity: Toomre 1964

3. Thermal Convection: Ryu & Goodman 1992

4. Magneto (Rotational) Instability: Balbus & Hawley 1992 (+)
5. Baroclinic Instabilities: Klahr & Bodenheimer 2003 (+)

Dependent on time and location within the disk,
1.€. 10nization state and temperature structure,
one has most likely a mix of 2,4 and 5!




Ifonized accretion disk around
a black hole!
Simulation by John Hawley:




MRI: a.k.a - Rockets in an earth
orbit accelerate when they break!

N

®




MRI: a.k.a - Rockets in an earth
orbit accelerate when they break!

\




At least part of a proto
planetary disk may not be
ionized enough for MRI to work!

®

one

Sano, Miyama, Umebayashi &NakKanainzZ200 0
Fromang, Terquem, & Balbus 2002
Semenov, Wiebe, & Henning 2004




simulation
of active/dead zone

Winsch, Gawkirk@axa @LEROL .
Rozyczka, 2006

Time = 17 yr = 68 OBO

-0.04 1 1.6e-08
-0.03 |- 1.4e-08
0.02 |- 1.2e-08
0.01 | 12-08
>[glem®] 0 8e-09
0.01 6e-09
0.02 42-09
0.03 |- 2e-09
0.04 0
-0.04 1400
-0.03 - 1200
'g-gf il 1000
T K] 0| ggg
0.01
0.02 |- 400
0.03 200
0.04 0




Conclusion. ..

Sometimes 1t 1s stormy...
...sometimes the sun shines.

Direct observations of the
turbulent state of a disk as
function of space and time 1s
difficult...

...S0 lets now 1nvestligate what
are the effects IF the disk 1is
turbulent.




dusty storms:
diffusion 1n a
turbulent
protoplanetary disk

e 3D Simulations of MHD
turbulence

e Diffusion of smallest solids
by turbulence

e Dependence on vertical B-
field




Planetesimal Formation-

Coagulation and
SedimentAation

What 1s the influence of
turbulence?
.Preventing sedimentation by
stirring things up.
.Radial diffusive transport
of grailns.
.Local concentration of
boulders.

> Better qfowth, less radi



Dust Diffusion in Protoplanetary Discs by Magnetorotational Turbulence

Anders Johansen' and Hubert Klahr

johansen@mpia.de

Maz-Planck-Institut fir Astronomie, Konigstuhl 17, 69117 Heidelberg, Germany

Johansen & Klahr

2005
SMALL GRAINS e.g. 0.1l u<a

<lcm @ 5AU.

Small means a friction
ti1me
smaller than the orbital




MRI turbulence

...because it 1s a reliable source for turbulence.

Code: The Pencil-Code [MHD code, finite differences, 6th
order in space, 3rd order in time, Brandenburg (2003)]




Development of MHD
Turbulence

From i1nitial
perturbation to
saturation of
the turbulence

Colors: gas
density
vellow = high
blue = low

Standard magneto
rotational
instability




Diffusion of Dust i1in MHD
Turbulence.

Dust 1s treated
as a fluid
without pressure,
which couples to
the gas motion
via friction.

No additional
forces e.qg.
gravity.

Colors: dust
density
vellow

high

blue = low

Drawback:




Diffusion of dust wvs.

settling.

Dust 1s treated o, . .
as a fluid Diffusion eqlllllbl"llll'll
without pressure,
which couples to

External force field drives diffusive equilibrium.

the gas motion gzi::——gotﬁﬂ(kZZ)
via friction and e
Expected equilibrium
feels an -
additional force 1H?1(Z)'_‘1H?10-+'kf%%_COS(kZ2O

field.

The forces are
only for the
measurement of
diffusivity.

__Tt90

}\111])lit11(1(%——-k213t

Benefit: precise
measurement of ;
diffusivity z




Dust Sedimentation

A vertical
force field
drives
sedimentation.

Dust number
density:
vellow = high
density

blue = low
density

Easy to Amplitude=-

measure
amplitude

ﬂ




Dust

A vertical
force field
drives
sedimentation.

Radial and
azimuthal
average
profile

Fasy to
measure
amplitude with
good
statistics:

—Diffusivity

Sedimentation

1

-1

0
z

2

Amplitude=

3

£ 40
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e
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Schmidt number:




Anisotropic Diffusion!

Run

ﬂft{/IU_S

&Emagj /Ir 10-3

pY /10-3

DM /10-3

bda z,x
64dh_z.x
64c_z.x
128a_z.x
128¢c_z.x

0.33 = 0.08
0.33 = 0.08
0.33 = 0.08
0.18 = 0.04
0.18 = 0.04

1.47 + 0.29
1.47 + 0.29
1.47 + 0.29
0.83 £ 0.18
0.83 = 0.18

1.16 £ 0.12
1.16 £ 0.12
1.12 £0.14
0.77 £0.12
0.79 = 0.13

2.07 £ 0.26
2.07 +0.26
2.12 £ 0.75
1.24 £ 0.17
1.27 £ 0.30

1. Vertical Diffusion 1s roughly half as strong
as radial Diffusion!

. Radial Diffusion > Viscosity > Vertical
Diffusion

. Radial Diffusion 1s more then 7 times




More recent work:

Carballido etal. 2005 find a Schmidt
number of 10, but they have vertical
net B-field.

Neal Turner also finds Schmidt

numbers of unity for wvertical

diffusion of passive scalars.

* Fromang and Papaloizou 2005 are

S semehol iR -hetwEde reflce ?
Assumption on vertical net
B-fi1eld and thus stronger




Turbulent diffusion in protoplanetary discs:
The efiect of an imposed magnetic field

A. Johansen!. H. Klahr! and A.J. Mee?

1;nL-fGI—PER?EC;C—IﬂSt’étut:f‘l‘ﬁ?‘ Astronomie, Konigstuhl 17, 69117 Heidelberg, Germany
2 School of Mathematics and Statistics, University of Neweastle upon Tyne, NE1 TRU, UK

2006, MNRAS-L

Strength of MRI
depends on
boundary

conditions, e.qg.

ﬁBzut diffusion 1is

less increased L

than alpha! 0.001 L.,
000 002 004
BO




diffusion 1s not

proportional to alpha!




Limits of the
Diffusion Picture:
Turbulence does also:

e S1ze Segregation

e Local concentration of
ilntermediate sized
solids

Johanson and Klahr 2005




Concentration of cm sized
gralns 1n anti-cyclonic
eddies 1n th '

Blue = low
number density
(=25%)

Red = higher
number density
(+25%)

i

06 -04 02 00 02 04
x/('e)




Concentration of cm sized
gralns 1n anti-cyclonic
eddies 1n th

Q1=2x107

Correlation
between density
and vortex test
function Y.
Negative values
of ¥ indicate

anti-cyclonic
motion and 010 -0.0005 0.0000 0.0005 0.0010

o W/(cQg°
positive values (€2)

cyclonic motion.

Compare this to Barge and Sommeria




ThE AstropHYSsICAL JourNaL, 639:432-440, 2006 March 1
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FORMATION OF GIANT PLANETS BY CONCURRENT ACCRETION OF SOLIDS
AND GAS INSIDE AN ANTICYCLONIC VORTEX
Husert KLaHR'
Max-Planck-Institut fiir Astronomie, Heidelberg, Germany; klahrimpia.de
AND
PETER BODENHEIMER

UCO/ Lick Observatory, University of California, Santa Cruz, CA 95064; peter(@ucolick.org
Received 2003 December 19; accepted 2005 October 18
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On the accumulation of solid bodies in global turbulent
protoplanetary disc models

Sébastien Fromang!™ & Richard P. Nelson
L Astronomy Unit, Queen Mary, University of London, Mile End Road, London E1 4NS




DY Pradind & Seplandai 300

Oun the aceumulation of solid bodies in global tarbalent

protoplanetary disc models Fromang and NGISOH 2005
St Fom” & Bchaed P Nebo dust 1in global MHD turbulence:

Figure 1. Logarithm of the density in the disc (left panel) and
vorticity in the local rotating frame (right panel). Both quanti-




gravoturbulent
planetesimal
formation:

particle concentration 1in
magneto rotational turbulence

N-body simulations of the
gravitational collapse of the

Particle-Gas Dynamics and Primary Accretion
Jeffrey N. Cuzzi; Ames Research Center
stuart J. Weidenschilling; Planetary Science Institute

4.4 Getting to planetesimals: triggered gravitational instability?

- A chapter for “Meteorites and the Early Solar System - I17; January 17, 2005 -




Tre AsTropHySical Joursar, 636:1121- 1134, 2006 January 10
i 2006, The Amercan Astronomacal Socaely. All nghts mserved. Prnted in 1754

GRAVOTURBULENT FORMATION OF PLANETESIMALS

A. Jonansew, H. KLaur, avp TH. Hexwing
Max-Planck-Institut fir Astronomie, Konigstuhl 17, 69117 Heidelberg, Germany
Recefved 2005 April 28; accepted 2005 September 14

This work considers boulders e.g. a = 1m
S5AU.
This means a friction time

of about one sixth of an orbital period: =2
vrs!

In this size regime objects climb up any
pressure gradient: the global disk gradient,
as well as any local pressure perturbation.
Remember: cyclonilic vortices are low pressure
regions and high pressure regions are anti-

cyclonic vortices.
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2,000,000 boulders of
Im size

Johansen, Klahr and Henning, 20




Turbulence slows down
radial drift!

0.00

-0.01
= "ll ll a1 (1L J —_ L [l — 1l Al ] ‘ 4 ¥
Wi 7 7 N

] e e —

—0.03

40 a0
Time in orhits

Vidrift 7,
laminar turbulent




Turbulence slows down
radial drift!

= s/ (v, +dv)+ s/ (v,

Voo../Vg=1 - (dv/v,)?

Johansen, Klahr and Henning 200




2,000,000 boulders of
Im size

Johansen, Klahr and Henning, 20
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Planetesimal Formation-
Coagulation and
Sedimentation

What 1f there 1s no
turbulence?

.F'ast radial drift (loss)
of boulders

.How to overcome the 1m

barrier?

.Possibly a Streaming

and/or Kelvin-Helmholtz
V|IOIr e




Kelvin-Helmholtz instability

L ]
t"rl,‘.l

Keplerian

sub-Keplerian

e Gas forced to move sub-Keplerian away from the mid-
plane (by the global pressure gradient) and Keplerian
in the mid-plane (by the dust)

e Vertical shear i1s unstable to Kelvin-Helmholtz insta-
bilitv

e Subsequent turbulence lifts up the dust layer and re-
duces the dust density in the mid-plane




10 cm sized boulders:

\Y%
e
r
t
1
C
a
1

h or 1 z on t

a 1 .
Johansen, Henning & Klahr




Huge overdensities for 1m objects

Q,7=0.02
QG'If:D = .I_

Q,1=1.0

100
£y

150 200

1g. 9.— Maximum dust density, in units if the gas mid-plane density




Streaming instability

Youdin & Goodman (2005) :

“Streaming Instabilities in Protoplanetary Disks”

t= 90.1

The secret behind the instability:

e = e

Wy = wgy(€)

Dust velocity depends only on dust-to-gas ratio €

(Nakagawa, Sekiya, & Hayashi 1986).




Streaming 1nstabillity
for radial drift:

\Y%
e
r
t
1
C
a
1

radial
This 1s what Iaminar radial drift actually




KHI 1n 3D for 1Im
bodies:




Radial KHI
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The Kelvin-Helmholtz instability sets in in the radial di-
rection first, at least for {2y7r = 1.0.




Conclusions from first part:

. Turbulence is not uniform in space
and time
. Transient concentration of solids in
anti-cyclonic vortices
l. --> gravitationally unstable?
2. Influence on coagulation?
. Turbulence slows down the radial
drift
. Anisotropic diffusion
radial:vertical (2:1) in MHD
turbulence
. Nevertheless, Schmidt Number of




MRI plus self-gravity for the dust, 1ncluding

particle feed back on the gas: collaboration with

P1a:296- - £=8 Opteron processdr

cluster bought with a grand :
fromfiEhe 4GS ;




MRI plus self-gravity for the dust, 1ncluding
particle feed back on the gas: together with
MacLow & Oichi AMNH




The effect of back

reaction

i = 103
3 10% ' 10° &
S bk ldik i | 2
= 10} AUkl : I & A 10 8

i ] —
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Growth of Planetary Core
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Core size as function

Inner disk fast
growth due to
frequent
colllisions - yet
low truncation
mass due to
proximity of the
star (H11ll1
radius)

Thommes & Duncan




Core size as function

Outer disk slow
growth due to
rare collisions
yvet high
truncation mass
due to distance
from the star
(Hill radius)

Thommes & Duncan




Giant planet formation:
core accretion model

4 1

runaway gas formation of solid

accretion core from accretion

of planetesimals

;.

2
slow accretion of
core stops growing nebular gas onto

more gas accretion still growing core




Core Accretion (Pollack et al. 1996)
Usually takes too long!

Jupiter
Tin = 10 g/cm?®
Solid Mass Accretion Turned Off




Astronomy
Astrophysics

3D-radiation hydro simulations of disk-planet interactions

I. Numerical algorithm and test cases

H. Klahr'? and W. Kley!

Jupiter mass at 5AU
3D radiation hydro of planet disk interaction with the TRA
Van Leer Hydro plus flux limited diffusion at 100x200x25 g

domain: 1.25 AU <""aEa’5 AU

Klahr & Feldt 2004; Klahr & Kley 2006







Surface Density




H Kabrand W.Kley: Temperature, velocity and density
contours.

A Very Young
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A Young Jupiter.
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Disk or Donut around

R
—1.0 -0.5 0.0 0.5 1.0
T T |

Pressure scale height i1n "“Blob” over the Roche




A Young Jupiter.
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TERA P o tou = ==

Color = photospheric temp.
vs. photosph. Height of dis

" radiids




TEMRE @@ toud

High res.:
Color = photospheric temp.
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High res.:
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Imaging in the Mid-infrared
(~10micron)

Hot
Accretion
Region
around the
Planet

10mm surface
brightness
profile of a T
Tauri disk with
an embedded
planet (inner
40AUx40AU,
distance: 140pc)

[Wolf & Klahr
2005]

[ S—

Flmas Z0mas
i=0deg ide1 i=60deg rd= 140

Science Case Study for T-OWL:

Thermal Infrared Camera for OWL (Lenzen et al. 2005)

Justification of the Observability in the Mid-IR
for nearby objects (d<100pc)




TEME @@ tou — =23

Color = photospheric

temperature
Photospheric height.

high res.: 30 M

earth
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Hydro + flux limited Diffusion + ray

Inner Rim: with Kees Dullemond




FLLIX @& tauw = ==

Helght aﬁaitemperature of photosphere for disk
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Flux limit
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Scattered light and photosphere for lrradi
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Test of Radiation transport:
scattered light

scattered 1light emlitted light




Test of Radiation transport:




Imaging in the Mid-infrared
(~10micron)

Hot
Accretion
Region
around the
Planet

10mm surface
brightness
profile of a T
Tauri disk with
an embedded
planet (inner
40AUx40AU,
distance: 140pc)

[Wolf & Klahr
2005]

i
Flmas
LA i=60deg

Science Case Study for T-OWL.:
Thermal Infrared Camera for OWL (Lenzen et al. 2005)

Justification of the Observability in the Mid-IR
nearby objects (d<100pc)




The Solar System

Planet sizes are to scale. Separations are not.

Characterizing extrasolar planets: very different from solar system planets,
yet solar system planets are their local analogues




Known Planets:

Radial Velocity @
M Transit @
M Microlens?ng A
10'4 . Imaglng x
x Pulsar Timing
10—5L_ I R 4 (1 | ¢ au eyl PR PO L | ! P P N N W B W
0.01 0.10 1.00 10.00 100.00 1000.00

Semi-major Axis (AU)

Courtesy by Jeremy Richardson May 2006

Based on data compiled by J. Schneider



Types of migration

e Type I: low mass planets

e Type II: high mass planets

e Type III: medium mass
planet but massive disk

See Papaloizou et al. PPV
arXiv:astro-ph/0603196 vl 8 Mar 2006




Type I & II migration:

® Planet’s gravity generates spiral
patterns 1n the disk gas

® These spirals exert torque on
planet because they are not rot.

symmetric:

— Inner spiliral wave put ang. mom. oOn
planet

— Outer spiral wave takes ang. mom.
from planet

® OQuter spiral dominates: 1nward

micration
~ by Frederic Masset




MRI: a.k.a - Rockets in an earth
orbit accelerate when they break!

N

®




MRI: a.k.a - Rockets in an earth
orbit accelerate when they break!

\




Type III migration:

® Lot of mass at the corotation
radius

® The gas on the horseshoe orbit
also pulls on the planet:

— region puts ang. mom. on planet

— region takes ang. mom. from




l. Inttial Disk Il. Gap Formation




Masset & Snellgrove
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Torques for a 9 Mo .ih

T

Random migration
or
Type XXXIX migration?
Shift 1n corotation

o
L2
B,

—

=
o]
L
3]
I E]

£

.

40 45
time [Orbits]

Negative = outward
drift!




M,/ Mg
1 10 T 100 1000

Tanaka et al. (2002}

1/my (yr) ' at 5.2 AU

0.10C
My/ My

after D’ Angelo,* Hepnidgié Kheyyr
2003b

plus new results by: Klahr, Bryden
& Kley
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Known Planets:

Radial Velocity @
Transit @
Microlensing A
Imaging X
Pulsar Timing

Fi L B N
0.01 0.10 1.00 10.00 100.00 1000.00

Semi-major Axis (AU)

Courtesy by Jeremy Richardson May 2006

Based on data compiled by J. Schneider



Conclusions:

migration depends on disk
evolution. ;)

MHD/dead-
zone/Irradiation/Evaporation/coagula

tion/drift/multiple Planets/etc.

...thats why comparisons to upcoming
instruments/observations are so
important! (VLTI, LBT, ALMA, ELT

etc. )

Embedded Planets will be our




“"THE FUTURE”

Preparation of the detection of nascent
planets 1n disks (9-100 Mearth) :
Simulations for ALMA etc.

=> Valilidation of core accretion scenario

Measurements of accretion rates for planets
in disks: Linc-Nirwvana, ELT, FIRM,

Deducing migration rates

=> Improving of our numerical models

Input for population Synthesis of Exo-
Planets: Disk evolution, Dust (Planetesimal)
distribution, planet migration and accretion,
—> Pan—-Planets

=> Predictions for Kepler and other future
observations of planets?

MASA's first
mission capabla

of finding Earth-size
and smaller planets




Further reading...
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. Planet Formation

NUMERICAL METHODS

IN ASTROPHYSICS
AN Introduction

Peten Bopenneives

Geegory P. Laveuum

Micsae Rotvcana

Harowo W. Yoske

@ Taylor & Francis

Edited by
Hubert Klahr and Wolfgang Brandner

...let your supervisors oOrc




