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How are planets formed ?

TRAPPIST-1 System




Planet formation in disks

Bill Saxton, NRAO/AUI/NSF



Protoplanetary disks

What do we see™ ? What do we model™ ?

Image credit: EOS,NAOJ, NRAO * thermal dust emission ** gas disk



Protoplanetary disks

What do we see™ ? What do we model™ ?
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* thermal dust emission ** gas disk

What do we understand ?



Protoplanetary disks

What do we see™ ?

* thermal dust emission

ALMA Partnership+2015

Rings also seen
in TW Hya, HD 163296 ...




Protoplanetary disks

% gas disk What do we model™ ?
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Flock et al. 2011



Flock et al. 2011

MRI turbulence

Protoplanetary disk

Disk wind

Flock et al. 2015

Toroidal magnetic field [mGauss]
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MRI turbulence

Inner rim

*T=1500 K

* NIR emission
(VLTI)

Flock et al. 2017

Outer disk

*T <100 K

e (sub)mm
(ALMA)



Dust continuum emission

ALMA Partnership+2015
Carrasco-Gonzalez et al. 2016

HL Tau
(ALMA + VLA 7mm)




HL Tau RT model by

Pinte et al. (2016)
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HL Tau RT model by
Pinte et al. (2016)
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optical thin emission needed !



HL Tau (ALMA + VLA 7mm)

ALMA Partnership+2015
Carrasco-Gonzalez et al. 2016




Spectral Index
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Carrasco-Gonzalez et al. 2016
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Spectral Index
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What can we learn about the turbulence ?



Pinte et al. 2016
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What do we see — summary

* Thermal dust emission of ‘larger’ grains show
ring structures.

* Larger dust grains depleted 1n the outer disk.

* Turbulence difficult to trace from the dust
emission. Best fit RT models of HL Tau predict
small midplane turbulence



What do we model ?



3D global stratified non-ideal MHD simulations

Flock et al. 2015
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PLUTO code: (2™ PLM, HLLD, CT)



Initial conditions from best-fit models for observation
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Z [AU]

Re _ — magnetic coupling

R [AU]

Calculated from Ohmic resistivity
(ionization + dust-chemistry by Dzyurkevich et al. 2013)



Fully ionized case

Toroidal magnetic field [mGauss]




Including low ionization region
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Turbulent velocity (face-on)
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Z [AU]

Turbulent velocity (face-on)
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~1 % of c_s at the midplane (o ~ 10-4)
Consistent with best-fit models of grain settling
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Formation of gap and ring structure

Vortex
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Formation of gap and ring structure

Visible 1/3 of the time

Vortex
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Flock et al. 2015

* Variations in MRI activity lead to gap and ring
formation

* Alternating states between vortex and ring
state

* Midplane turbulence consistent with best-fit
models of grain settling



Ruge et al. 2016

Add size dependent gas drag (settling/drift)
for multiple grain sizes (50 micron — 1 cm)



Drift and mixing of grains at the outer edge of the dead-zone

Sizes: 0.05 mm, 0.5 mm, 5 mm
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Simulated ALMA 1mage of ring state

Inner edge of the disk

Dust rings

A=1.3 mm

B, ..~15 km

2 pdy

0 ~T. beam

'‘Magnetic' gap

1//

1.0

]

o
(@)
mJy
beam

Flux [

O
N

10.2

0.0



Simulated ALMA 1mage of vortex state
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Simulated ALMA 1mage of vortex state
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Ruge et al. 2016

* Surface density gap and jump can lead to
radial dust trapping in a ring

 Dust concentration leads to an contrast
enhancement ! Can be detected by ALMA

* Vortex can concentrate dust grains and

cause azimuthal variations in the emission



Polarization
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Bertrang et al. 2016

polarized continuum emission
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Flux [Jy f sqas]
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