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Transition Disks: Disks with missing hot dust.
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Transition Disks: Disks with missing hot dust.

missing warm dust
i near the star
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a disk with a large reduction
in optical depth near the star
(i.e., a “cavity” or “hole”)
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Resolved transition disks with
the Sub-millimeter Array (SMA)

0.85mm
0.3” ~ 20 AU resolution




Are transitional disks
related to disk evolution?

Gas-rich phase (< 10 Myr)
Primordial Disks

Gas-poor phase (>10 Myr)
Debris Disks



Are transitional disks
related to disk evolution?

Gas-rich phase (< 10 Myr)
Primordial Disks

Conjecture:
Thinning phase (~10 Myr)
Transitional Disks

Gas-poor phase (>10 Myr)
Debris Disks
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Transition disks and disk evolution
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Photoevaporation

wind

ionizing photons

o

accretion flow

ionizing photons
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UV excess

Many transitional disks show signs of accretion,
at the level of primordial (classical T-Tauri) disks.
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Bimodal distribution of transition disks
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Bimodal distribution of transition disks

Not explained by photo-evaporation

Explained by
Photo- '
evaporation

log(Probablilty) [%]
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Planetary companion

accretion flow

accretion flow

companion

=

companion

accretion flow
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companion

(Lyra 2009)



These cavities may be the telltale signature of forming planets

PDS 70 and PDS 70b
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(Lyra et al. 2009b)

(Muller et al. 2018)

A way to directly study planet-disk interaction



Planet-disk interaction: gaps, spirals, and vortices.

(Lyra et al. 2009b)



Observational evidence: gaps, spirals, and vortices

HL Tau SAO 206462 Oph IRS 48

0.5 arcsec =70 AU

Spiral structure

Spiral structure

The ALMA Partnership et al. (2015) Muto et al. (2012) van der Marel et al. (2013)



The Atacama Large Millimeter Array (ALMA)




Before ALMA ALMA

HL Tau

Credit: ALMA Partnership







HD 163296 V883 Orli
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Oph IRS 48

Nnwn

A Major Asymmetric Dust Trap
in a Transition Disk

Nienke van der Marel,** Ewine F. van Dishoeck,* Simon Bruderer,? Til Birnstiel,> Paola Pinilla,*
Cornelis P. Dullemond,* Tim A. van Kempen,»> Markus Schmalzl,* Joanna M. Brown,’
Gregory ). Herczeg,® Geoffrey S. Mathews,” Vincent Geers’

The statistics of discovered exoplanets suggest that planets form efficiently. However, there are
fundamental unsolved problems, such as excessive inward drift of particles in protoplanetary
disks during planet formation. Recent theories invoke dust traps to overcome this problem. We
report the detection of a dust trap in the disk around the star Oph IRS 48 using observations from
the Atacama Large Millimeter/submillimeter Array (ALMA). The 0.44-millimeter—wavelength
continuum map shows high-contrast crescent-shaped emission on one side of the star, originating
from millimeter-sized grains, whereas both the mid-infrared image (micrometer-sized dust) and
the gas traced by the carbon monoxide 6-5 rotational line suggest rings centered on the star.
The difference in distribution of big grains versus small grains/gas can be modeled with a
vortex-shaped dust trap triggered by a companion.

firmed almost daily by detections of of gas and dust around young stars remains a

S Ithough the ubiquity of planets is con- tion mechanism of planetary systems in disks
new exoplanets (/), the exact forma- long-standing problem in astrophysics (2). In

iencemag.org SCIENCE VOL 340 7 JUNE 2013 1199

van der Marel et al. 2013

A huge vortex observed with ALMA



The Oph IRS 48 “comet formation factory”
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Asymmetries everywhere!

HD135344B

HD142527




SPHERE-ALMA-VLA overlay of MWC 758
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Marino et al. (2015)
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Pebble trapping
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Casassus et al. (2018)




Vortex Trapping

Geostrophic balance: .
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Distance to the vortex
Barge & Sommeria (1995)

Vortex
streamline

Grains do not feel the pressure gradient.

They sink towards the center, where they accumulate.

Aid to planet formation
(Barge & Sommeria 1995, Tanga et al. 1996, Barranco & Marcus 2005)

Speed up planet formation enormously
(Lyra et al. 2008b, 2009ab, Raettig et al. 2012)



Vortex Trapping

Geostrophic balance:

2QXu=—p 'V p

-

-

Coriolis Pressure
force force
Vortex
streamline Raettig, Lyra, & Klahr (2013)

Grains do not feel the pressure gradient.

They sink towards the center, where they accumulate.

Aid to planet formation
(Barge & Sommeria 1995, Tanga et al. 1996, Barranco & Marcus 2005)

Speed up planet formation enormously
(Lyra et al. 2008b, 2009ab, Raettig et al. 2012)
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Drag force

Trapped particle

Drag-Diffusion Equilibrium

-

Diffusion

Dust continuity equation
% =—(v-V)pg—paV-v+ szpd,

compression

advection diffusion




Drag-Diffusion Equilibrium

Steady-state solution

2H?

pi(a,2) = £po (S + 172 exp {— Cr+2] 1)}

Lyra & Lin (2013)

= =)

Drag force Diffusion S = St
o
6= v%ms/ Cf ’
a = vortex semi-minor axis
H = disk scale height (temperature)
, x = vortex aspect ratio
Trapped particle

0 = diffusion parameter
St = Stokes number (particle size)
f(x) = model-dependent scale function
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Analytical solution for dust in drag-diffusion equilibrium
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a = distance to vortex center

H = disk scale height (temperature)
¥ = vortex aspect ratio

o0 = diffusion parameter

St = Stokes number (grain size)

f(x) = model-dependent scale function
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1000.0

Analytical vs Numerical

Dust distribution

St=0.05

St=0.01

Lyra & Lin (2013)

Raettig et al (2015)



Analytical vs Numerical
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Analytical vs Numerical vs Observational

Dust distribution
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Observational vs Analytical
(Monte Carlo Markov Chain)
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Observational Evidence: Spirals

SAO 206462 MWC 758

0.5 arcsec =70 AU

Spiral structure
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Spiral arm fitting leads to problems

Analytical spiral fit Spirals are too wide,
hotter (300K) than ambient gas (50K).
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Supersonic wake of high mass planets
does not follow the linear prediction
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The strange case of thermal emission in HD 100546

L band (~3.5 um) H band (~1.6 um)

Currie et al. (2014), Currie et al. (2015)



Pinning down the temperature

_HD 100546
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Lyra et al. (2016)
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Currie et al. (2014, 2015)



Planet-driven turbulence

timestep:
0.471
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Richert et al. (2015)



Some crazy turbulence showing up at high planet mass....

15 orbits 30 orbits
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Turbulence in high-mass planets in adiabatic disks

Planet mass,

Isothermal

Adiabatic
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Richert et al. (2015)



The energy source: shock heating!
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Richertet al. (2015)




Z (AU)

3D: Shock bores

Shocks (velocity convergence) Temperature
Vol o) T (K) |
0.000 0.025 0.050 0.075 0. 1‘00 50. 100. 150. 200. 250. 300. 350. 400. 450.

Lyra et al. (2016)



3D shocks: bores and breaking waves

T (K)
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Prediction for spectroscopy: Turbulent surf
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DEC offset ["]

Synthetic image by RADMC3D and shock heating
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Observation vs Synthetic Image
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Scattering -

Meridional Density

A puffed up outer gap
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T = 39 orbits
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Primary and Secondary spiral arms

Scattered Light
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Fung and Dong (2015)
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Primary and Secondary spiral arms

Midplane Density at Last Snapshot
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Conclusions

3D radiation-hydro models give results widely different than 2D isothermal
Planet-induced shocks modify disk structure
Hot lobes near high-mass planets in high resolution

Planets puff up their outer gaps — visible in scattered light
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DEC offset [*]

Conclusions

3D radiation-hydro models give results widely different than 2D isothermal
Planet-induced shocks modify disk structure
Hot lobes near high-mass planets in high resolution

Planets puff up their outer gaps — visible in scattered light
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