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1) Planet Formation and
___ Protoplanetary Disks

L Disk properties and definitions

. Par
proto pla etary
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From a Molecular Cloud to a Disk
Q

star

Size typically ~100 AU

ravity

— Rotation
= exgure gradient

Gravity

Rotation
Christian Lenz






The Scales

~13,000 km

~140,000 km

~30,000,000,000 km (~100 AU)

Christian Lenz 8



The Long Road From Dust to PIaneti

« Firstigrowthphase

| |
Observable Gravity |
Agdregation ikeeps/pullsi Gas is
=c( i bbodies | accreted
= | | !
(=coagulation) o dother |

Tmm Tm

Covers 13 orders of magnitude in size = 40 (!!) orders of magnitude in mass

Christian Lenz Credit: C. Dullemond 9



Turbulence Model

Vturb_a h.c <1 (Shakura & Sunyaev 1973)

gCs 00

™ML Black holes in binary systems. Observational appearance.

NI Shakura, RA Sunyaev - Astronomy and Astrophysics, 1973 - adsabs.harvard.edu

... 338 NI Shakura and RA Sunyaev Truly "black" objects may be found only in remote binary systems
typified by a weak stellar wind from the visible component. I. The General Picture Up to 50 % of

stars are in binary systems (Martynov, 1971). ... Their radiation must ionize and heat neutral interstellar

Cited by 10301 Related articles All 11 versions Web of Science: 7673 Cite Save More

|\
v fast

slow

Typical values a,=10*-10"2

(e.g. Turner+ 2014)

Christian Lenz
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1) Planet Formation and
_____ Protoplanetary Disks

+ 8 =t

b r'_m_otion & evolution in
piioteplanetary dislks

R N -
S, M
bl = |

2L A (

:,. S o T R . o ; : -
° ° ° ":""5_:-'- 3 Y i '. '. At g 4 3k
* The missing link in planet formation® &%=

Christian Lenz 1}



Grain Evolution Processes

Credit: Til Birnstiel; Sun+Earth: Dan Wiersema

. : : : / Distance in AU : : : >
| 10 100

[T] Turbulence distributes particles vertically and radially Volatile species condense or form on particle surfaces

Growing particles sediment to the mid-plane of the disk Particles sediment to the disk mid-plane and drift inward

In the outer disk, particles of mm sizes drift quickly inwards [6] In the hotter regions, volatiles are released back into the gas phase
Particle collisions can have many different outcomes Small fragments can be turbulently mixed up to the disk surface
a) Sticking (= growth) and can be carried away by disk winds
b) Bouncing (= growth neutral ) Accumulation of larger particles and planet formation
¢) Fragmentation with net growth of the larger body
d) Fragmentation

Christian Lenz 12



Example of a Protoplanetary Disk

www.youtube.com/watch?v=p f6lWWc9jQ Christian Lenz 13




Radial Drift Problem

Fgravity

Fcentrifugal

G —

évards star

Fgravity

Fpressure

Fcentrifugal

14



Stokes Number

t
stop _ tstop - {2k = St (Stokes number)

torb

St << 1 1e Ttric <K Torb

St ~1 1.e. Tfric = Torb

St >>1 1.e. Ttric > Torb

It’s (mostly) not size that matters - it’s the Stokes number!

Credit: T. Birnstiel .
Christian Lenz
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1) Planet Formation and
___ Protoplanetary Disks

. Par
proto pla etary

el missinedlinldinplanetformation

Christian Lenz 16



Rough Timescales of PIanet Formation

gas giants
(~100,000 km)

Earth-sized
(~10,000 km)

protoplanets
planetesimals

(~km)

dust
(um)

Thanks to A. Morbidelli

tsize ==
: o
runaway ga 3
accretion &
late stages
giant impacts
self.
gravity ...
\ : 1
" )
E > fluffy
8 R4 growth
n-size barrier
dust sticking .
» time
104-10° 10°-107 107-108 years

Christian Lenz
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Typical Global Size Distribution

grain size

Birnstiel+ 2015

distance to the star r

Christian Lenz

I: small particles
resupplied by
fragmentation

II: delivery of small
particles by
turbulent radial
diffusion

III: growth + drift
=> top heavy size
distribution,
smeared out by
turbulent radial
diffusion

I'V: lack of small
particles remains

18
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T.hejh, how do planets form? =

1. Stop radial drift

> Particle traps

2. Collect dust

J

3. Gravitational collapse to planetesimals
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%

‘Planetesimals

infinitesimal planets = buildjng blocks of planets

bound by gravity rather than molecula
forces (e.g. Van der Waals): >1 km (s¢

r

) Christian Lenz
Image: Andreas Schreiber



Particle Trapping in Pressure Bumps

A 1
|
|
I 2
L
Y
A £ o
@ : -§ particle drift vqrig
= +— P — <« -+ <+
0 ey
/ £
& |
2] sub-Kepldxjan gas | & sub-Keplerian gas
|
|
1

distance to the star r

Idea: Whipple 1972

Christian Lenz
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Condition for Planetesimal Formation

10-6 COHapse —
| _8_
o 10 _
E’ 1071
20
2 10"k
=
a 1071
10716 | | ..H”Itrapping o~
| 10 100
Radius[AU]

Thanks to Hubert Klahr & Andreas Schreiber

Christian Lenz 26



t=7.0
P ( -

0.2 -

M

0.0 -1

~0 .
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Rapid planetesimal formation

in turbulent circumstellar discs
Nature, vol. 448, p. 1022-1025

A. Johansen', J. Qishi*, M_-M. Mac Low?*, H. Klahr', Th. Henning', A. Youdin®
"Max-Planck-Institut fiir Astronomie, Heidelberg
? American Museum of Natural History, New York
3CITA, University of Toronto, Canada

Credit: Johansen, Oichi, MacLow, Klahr, Henning & Youdin, 2007, Nature



Can coagulatlon Cross the streammg reglme?

-dust gram '

L l A ' A A l

gas compressi

, =
planetesimals -

self-gravity |
compression

Kataoka+ 2013

10 10° 10®° 10°

m [g]

Christian Lenz

1010
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Column/Surface Density

29

Christian Lenz

Image: NASA



Leading Questions

* Where and when do planetesimals form? How

does the surface density profile look like,
2,(r)?

 Can we exclude certain parameter ranges of
our model for the Solar Nebula?



The Planetesimal Model

non-drifting Planetesimals

StA A é

-

O<e<1: efficiency
25V parameter

S
V
=
o)
innnnni
EEEEEEENE

St | e —— — e d(r): trap
T ' distance

R B T EEE GLEE "EEE TR EEEREEP] EEPEEPEEEPEEPEE

* M,: trapped
Dust+gas evolution ~ [M1dSS within 1

Birnstiel+ 2010 trap lifetime
coagulation to participating St and ° . 1
fragmentation of participating St m p* p I dan etes Ima I
>
distance to the star r Mass

Christian Lenz 31
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Comments on Simulations

» Saturation/stagnation around 1 Myr

* Viscously evolving disk (dispersal)

* No...

D

D
D

notoevaporation (sink term for the gas)
anetesimal collisions (2" generation

anetesimals)

nebble accretion ormei & kiahr 2010)
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Typical Evolution, a,=103, M, =0.05M,, r.=35AU, €

1.03 x 10° years
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=
o
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particle size [cm]

[
o
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Drift Barrier 100 101 102

Fragmentation B.ar.rler | distance to star [au]
St = 1 (fastest drifting particles) Christian Lenz
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Typical Evolution, a,=10%, M ;,,=0.05M, r.=35AU, €=0.1
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Typical Evolution, a,=10%, M ;,,=0.05M, r.=35AU, €=0.1
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Typical Evolution, a,=10%, M,,,=0.05M,, r.=35AU, €=0.1
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Results (1), small & light

Te = 20 AU Mdisk = 002 M@

N[MSN
Ya(r, to)

distance to the star r [AU]

Christian Lenz
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o lg cm_2]

Results (1), small & light

re = 20 AU, Majgx = 0.02 Mg MMSN

10*
distance to the star r [AU]

Christian Lenz
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102

i1

1072

Tp [gem™?]

10"

10~¢

Results (2) small & heavy

Te = 20 AU, Mdisk - 0.05 M@

ol e
%

llllll'

MMSN

Zd('r,to)

oy = 1072 3 e=0.1
ar =103, =0.1
oy =103, = 0.8

10° 10* 102
distance to the star r [AU]

Christian Lenz
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1072
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10"

10~¢

Results (3), large & light

Te = 35 AU, Mdisk - 0.02 M@

llllll'

NIMSN

Zd('r,to)

ay = 10~ ,8—08
oy =10"3,=0.8

10° 10* 102
distance to the star r [AU]

Christian Lenz
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Tp [gem™?]

102

i1

1072

10"

10~¢

Results (4), large & heavy

Te = 35 AU, Mdisk - 0.05 M@

llllll'

MMSN
Zd('r,to)
at=10_,e—01
at=10— e=0.8
at—10 ,€=0.1
ar =102, =0.2

10° 10* 102
distance to the star r [AU]

Christian Lenz
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Conclusion

Strong turbulence (atz0.0l) for t
Nebula stays in harsh contradictions
our findings ]

Smaller disks (r.<20 AU?) seem to h'_elp

Credit: California Institute of Technology  christian Lenz




Outlook

 Pebble accretion (ormel & Klahr 2010),
mm-cm sized particles onto
planetesimals

* Planetesimal-planetesimal
interactions (leading to L
fragmentation & growth), N-Body ESes

* Experiment with trap formation Credit: Kouji Kanba
time and check other model
parameters, fit the outer disk

Christian Lenz 47



Summary

* Novel model: planetesimals via
pebble trapping, directly linked
to pebble flux

* Difficult to get a radial planetesimal profile with a,=10
allowing the formation of our planets in the Solar
System

* Further physics has to be included (ptes-ptes collisions,
photoevaporation, pebble accretion, temperature
model, trap formation model...)

Christian Lenz
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