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RMHD SIMULATIONS OF TURBULENT PROTOPLANETARY DISKS.
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Most used theory

— planet inside the disk — surface density bump at outer
gap edge — vortex — concentration of particles —
asymmetry
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L1\10'1'1\1\T10A\'

Most used theory

— planet inside the disk — surface density bump at outer
gap edge — vortex — concentration of particles —
asymmetry

However
planet size and position not always in agreement with planet
population synthesis models

core accretion timescale > disk lifetime (at R > 30 AU)

difficult also for metal poor systems, Benz et al. (2014)

- GI?

Janson et al. 2012 < 10 % of the stars can form and retain a planet at 5-500 AU ?
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How ABOUT ANOTHER THEORY
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How ABOUT ANOTHER THEORY

A Magnetized disks are turbulent
— magneto—rotational instability (Balbus & Hawley 1991,92,98)
— the turbulence drives accretion and mass flows (shakura & Sunyaev 1973)
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How ABOUT ANOTHER THEORY

A Magnetized disks are turbulent

— magneto—rotational instability (Balbus & Hawley 1991,92,98)

— the turbulence drives accretion and mass flows (shakura & Sunyaev 1973)
B Strong magnetic diffusion terms wardie 2007, Turner et al. 2014

— magnetic fields decouple from the gas

/\““‘L density bump

A

. >
60 AU R
Varniere et al (2006)
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RMHD SIMULATIONS OF TURBULENT PROTOPLANETARY DISKS.
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How ABOUT ANOTHER THEORY

A Magnetized disks are turbulent
— magneto—rotational instability (Balbus & Hawley 1991,92,98)
— the turbulence drives accretion and mass flows (shakura & Sunyaev 1973)

B Strong magnetic diffusion terms wardie 2007, Turner et al. 2014
— magnetic fields decouple from the gas

The transition is Smooth (M. Wardle 2007, Dzyurkevich et al. 2013, Turner et al. 2014)
— no jump in surface density
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RMHD SIMULATIONS OF TURBULENT PROTOPLANETARY DISKS.
L Mober seTup

LET’S TRY IT ! MERGE EXPERTISE !!

I Global 3D MHD simulations of accretion disks Fiock et al. (2011,12)

Parameterized disk model fitting high-angular resolution
multi-wavelength observations of various circumstellar disks

Wolf et al. (2003)... Grafe et al. (2013)

Resistivity prOf”e by dUSt Chemistry Dzyurkevich et al. (2013)
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RMHD SIMULATIONS OF TURBULENT PROTOPLANETARY DISKS.

LI\IODEL SETUP

GLOBAL MODEL

PLUTO coDE
RIEMANN SOLVER
FARGO MHD
DomAIN

MAGNETIC FIELD

Godunov type code, 2nd order in space and time, CT MHD.
HLLD (Miyoshi and Kusano 2005).
optimized for MHD in fast rotating flows (Mignone et al. 2012).

in spherical coordinates r = 20 — 100AU A0 = 0.72 A¢ = 27
(256X128X512) (well resolved H/dx > 20).

Vertical net-flux field

fields show ~ 1/R Flock et al. 2011 and Suzuki et al. 2014
— set vertical field to ~ 1/R (1 mGauss at 40 AU)

close to upper limit see Okuzumi et al. (2014)
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RMHD SIMULATIONS OF TURBULENT PROTOPLANETARY DISKS.
LMoDEL SETUP
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L Mober seTup

MERGED EXPERTISE !

Global 3D MHD simulations of accretion disks Fiock et al. (2011,12)

Parameterized disk model fitting high-angular resolution
multi-wavelength observations of various circumstellar disks

Wolf et al. (2003)... Grafe et al. (2013)

IIT Resistivity profile by dust chemistry pzyurkevich et al. (2013)

PLANET FORMATION AND EvOLUTION 2014, KIEL, 8.9.2014



RMHD SIMULATIONS OF TURBULENT PROTOPLANETARY DISKS.
L Mober seTup

RESISTIVITY
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densities of charged species
(14, e-, Dust-) determined
following Okuzumi 2009

magnetic diffusivity
calculation follows Wardle
2007

method uses fractal dust
aggregates with (2 pm) and
0.1 #m monomers.

metals are frozen out, rep.
jion HCOt

X-ray ionization rate following
Bai & Goodman 2009.

Cosmic ray ionizaten rate
5.10718 erg/s

radio-nuclide is 7 - 10 (d2g
/0.01)
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L’I‘URRUI.lchn AND DISK EVOLUTION

TURBULENCE AND DISK EVOLUTION

- Both models develop a turbulent state:

> pd/pg = 1072 — includes the dead-zone edge — less
turbulent in total (a = 0.003)

> pa/pg =107 — fully turbulent disk (v = 0.013)

PLANET FORMATION AND EvoLUTION 2014, KIEL, 8.9.2014



RMHD SIMULATIONS OF TURBULENT PROTOPLANETARY DISKS.
LR]:SULTs
L’]‘URHUI.I?NCIT AND DISK EVOLUTION

TURBULENCE AND DISK EVOLUTION

Toroidal magnetic field [mGauss]
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L’]‘URHUI.I?NCIT AND DISK EVOLUTION
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L’]‘URHUI.I?NCIT AND DISK EVOLUTION

TURBULENCE AND DISK EVOLUTION
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RMHD SIMULATIONS OF TURBULENT PROTOPLANETARY DISKS.
LRESULTS
L ZonaL rLow
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RMHD SIMULATIONS OF TURBULENT PROTOPLANETARY DISKS.
LRESULTS
L ZonaL rLow

ELSASSER NUMBER A, = B2/(pn)
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Similar as viscous instability in Johansen et al. 2011 (IAU Proceedings)
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LRESULTS
L SURFACE DENSITY AND VORTICITY

SURFACE DENSITY AND VORTICITY
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RMHD SIMULATIONS OF TURBULENT PROTOPLANETARY DISKS.
LR,]:SULTS

LSUIU‘V\CI‘. DENSITY AND VORTICITY

SURFACE DENSITY AND VORTICITY - PART II
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RMHD SIMULATIONS OF TURBULENT PROTOPLANETARY DISKS.
LR,EsULTs
L ALMA OBSERVATIONS

WHAT DO WE OBSERVE WITH ALMA 7

— Use dataset in MC3D Monte Carlo
Radiative Transfer !
— Calculate dust emission

— CASA 4.2 simulator (consider
influence of thermal noise by water
vapor) (75pc)
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L ALMA OBSERVATIONS

WHAT DO WE OBSERVE WITH ALMA 7
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L ALMA OBSERVATIONS

Asymmetries without a planet

— Is there an alternative model which explains the
observed asymmetries in protoplanetary disks ?

» A combination of dead-zone edge + zonal flow
can trigger the RWI and form a vortex !
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RMHD SIMULATIONS OF TURBULENT PROTOPLANETARY DISKS.
LFINAL SUMMARY !

Summary

» Formation of a large gap and bump structure in the surface density
close to the dead-zone edge.

> Vortices are formed inside the ring by the Rossby wave instability
with a lifetime of around 40 local orbits at a location of 60 AU
(19000 years lifetime).

» The gap and ring structure produced by the MRI at the dead zone
outer edge can be traced by ALMA

» Formation of a particle trap at the outer dead-zone edge.

» Dust particles!

» Dynamical resistivity.

» More non-ideal MHD terms.
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