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

(Lyra et al. 2009b)



Observational evidence: gaps, spirals, and vortices

HL Tau SAO 206462 Oph IRS 48

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

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

Barge & Sommeria (1995)



Vortex at turbulent/non-turbulent transitions



Vortices and Planet Formation

Collapse into Mars mass objects

(Lyra et al. 2008b, 2009a,
Lambrechts & Johansen 2012)

Gas

Grains



Oph IRS 48

van der Marel et al. 2013

A huge vortex observed with ALMA



The Oph IRS 48 “dust trap”

asymmetric
mm dust
at 63 AU

Gas detection:
Keplerian rotation

Micron-sized
dust follows gas

van der Marel et al. (2013)



Vortices everywhere!



MWC 758
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Drag-Diffusion Equilibrium

a    = vortex semi-minor axis
H = disk scale height (temperature)
c    = vortex aspect ratio
d = diffusion parameter
St   = Stokes number (particle size)
f(c) = model-dependent scale function

Lyra & Lin (2013)

Drag force Diffusion

Trapped particle

Steady-state solution

S = St
δ



Gas distribution

H = disk scale height (temperature)
c    = vortex aspect ratio
d = diffusion parameter

Maximum dust density

Gas contrast Dust contrast

Total trapped mass Vortex size

St   = Stokes number (particle size)
f(c) = model-dependent scale function
e    = dust-to-gas ratio

Derived quantities

Lyra & Lin (2013)



Analytical vs Numerical vs Observational

Raettig, Lyra , & Klahr et al (2015)

Lyra & Lin (2013)
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Casassus, Marino, Lyra et al. (2018)



Observational vs Analytical



Observational Evidence: Spirals

Muto et al. (2012)

SAO 206462 MWC 758

Benisty et al. (2015)



Spiral arm fitting leads to problems

Spirals are too wide, 
hotter (300K) than ambient gas (50K).

Rafikov (2002)
Muto et al. (2012)

Analytical spiral fit

Benisty et al. (2015)



L band (~3.5 µm) H band (~1.6 µm)

HD 100546



Hord et al. (2017)

Scattering



Observation vs Synthetic Image

Hord et al. (2017)



Hord et al. (2017)

Scattering – A puffed up outer gap



Primary and Secondary spiral arms

Hord et al. (2017)



Primary and Secondary spiral arms

Fung & Dong (2015)
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Conclusions

• Vortex-trapped dust in drag-diffusion equilibrium explains the observations

• Pending: Are observed vortices caused by planets? 

• 3D radiation-hydro models needed to explain spirals and extended features

• 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





ALMA Partnership+ 15, Andrews, Ricci+ 16, Isella, Ricci+ 16, Cieza+ 16, Fedele+ 17

Rings and gaps
HL Tau

V883 Ori

TW Hya

HD 163296

HD 169142



V883Ori

Cieza et al. (2016)

Class I protostar
(Age ~0.5 Myr)
(L * ~ 6 Lsun)

M* = 1.3 +/- 0.1 Msun
Mdisk ~ 0.3 Msun
d = 414 +/-7 pc 
Ldisk = 400 Lsun

50AU



V883Ori

Cieza et al. (2016)



Extra source of heating needed

Measured

Passive disk

Cieza et al. (2016)



V883 Orionis is an FU Orionis star



Episodic Accretion – Loading a dead zone

0.1 AU ~30 AU

There should be a magnetized, active zone
and a non-magnetic, dead zone



Possible FU Ori triggers

Audard et al. (2014)



Banzatti et al. (2014)
Cieza et al. (2016)

Signature of a snowline: Spectral index

Optically thick
blackbody emission

Optically thin
ISM-ilke values



Cieza et al. (2016)

Signature of a snowline: Optical depth

Optically thick Optically thin

T=105+/-11 K
(R ~ 40AU)



Snowline pushed outward during outburst

Cieza et al. (2016)



The model

Stellar heating

Viscous heating

Effective temperature

Midplane temperature

Chiang et al. (2001), Alarcon et al. (in prep)



Alarcon et al. (in prep)



Viscous heating

Alarcon et al. (in prep)



Best fit

Alarcon et al. (in prep)



Self-shadowing

Cieza et al. (2016), Alarcon et al. (in prep)



Conclusions

• First water snowline observed;

• Brightness temperature needs active heating;

• Fit consistent with accretional inner disk, passive outer disk; 

• Self-shadowing reproduced;

• Episodic accretion is powering V883 Ori ! 

• What is the mechanism??? 

• Can we use it to study whatever is causing it? 

• Gravitational instability?
• Magnetorotational instability?
• Planet?

• All of the above?


