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Outline

• Observational constraints

• The need for turbulence
• “Streaming” Instability
• Vortex trapping

• The importance of ionization: “active” and “dead” zones
• Vortices in the “dead” zone

• The view of ALMA

• Observability









The Solar Nebula

Artistic concept
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Protoplanetary Disks

PP disk fact sheet

Density: 1013 – 1015 cm-3

(Air: 1021 cm-3)

Temperature: 10-1000 K

Scale: 0.1-100AU
(1 AU = 1.49 x 1013 cm)

Mass: 10-3 – 10-1 Msun
(1 Msun = 2 x 1033 g)



The Hubble view of Protoplanetary disks





Disk lifetime

Disks dissipate within ~10Myr

(Ribas et al. 2014)



Spectral Energy Distribution



Spitzer (Infrared) Space Telescope

A disk with missing hot dust 

Median of stars 
with disks



Transition Disks: Disks with missing hot dust. 



Resolved transition disks with 
the Sub-millimeter Array (SMA)

0.85mm
0.3’’ ~ 20 AU resolution



Disk Evolution

Gas-rich phase (< 10 Myr)
Primordial Disks

”Gapped” disks (<~10 Myr)
Conjecture : Transition Disks 

Gas-poor phase (>10 Myr)
Debris Disks



Planet Formation

“Planets form in disks of gas and dust”

A miracle happens



The chemical composition of the Sun

Chemical Composition

Most abundant elements, in order: 
H (71%) He (27%) 

0 (1.04%) C (0.46%) 
Ne (0.13%) Fe (0.11%) N (0.1%)

Si (0.06%), Mg (0.05%), S (0.04%)



What will the chemistry of the mixture be?
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H (71%) 
He (27%) 

0 (1.04%) 
C (0.46%) 
Ne (0.13%)
Fe (0.11%) 
N (0.1%)
Si (0.06%)

H2 He 
H20 - Water  

CH4 - Methane
Ne 

NH3 - Ammonia
Fe, Si – Rocks (metals and silicates)

What will the chemistry of the mixture be?



Classes of planets

Earth
Jupiter Saturn Uranus/Neptune

Rocky 
Planets

Gas Giants Ice Giants

Rock Gas Ice
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Mass-period distribution of planets
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Kepler: “Period table” of exoplanets







Dust Drift

D: Dust

Direction of dust acceleration

D



Dust Coagulation and drift

Brauer et al. (2008)







Sedimentation



Streaming Instability

The dust drift is hydrodynamically unstable

Youdin & Goodman (2005), Johansen & Youdin (2007), Youdin & Johansen (2007)





Core Accretion



Oligarchs



Planets in Disks



Planetary companion

(Lyra 2009)



These cavities may be the telltale signature of forming planets

A way to directly study planet-disk interaction

(Lyraet al. 2009)



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

(Lyra et al. 2009b)



The Atacama Large Millimeter Array (ALMA)



Before ALMA ALMA



The ALMA view of Protoplanetary Disks

Elias 2-27

HL Tau TW Hya



Observational evidence: gaps, spirals, and vortices

HL Tau SAO 206462 Oph IRS 48



Oph IRS 48

van der Marel et al. 2013

A possible 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!



Vortices – an ubiquitous fluid mechanics phenomenon

Von Kármán vortex street



Convection

Sketch of Convection

Armitage (2010)

Lesur & Papaloizou (2010)



Lyra & Klahr (2011)

Convective vortices



Dead/Active zone transition

Quiescent inner disk + turbulent outer disk
Lyra, Turner, & McNally (2015)



Coriolis
force

Pressure 
force

Vortex 
streamline

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)

The Tea-Leaf effect

Barge & Sommeria (1995)



Coriolis
force

Pressure 
force

Vortex 
streamline

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)

Raettig, Lyra, & Klahr (2013)

The Tea-Leaf effect



Vortices and Planet Formation

Collapse into Mars mass objects

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



Vortices and Planet Formation

Collapse into Mars mass objects

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



Observational Evidence: Spirals

Muto et al. (2012)

SAO 206462 MWC 748

Benisty et al. (2015)



Lyra et al. (2016)

The strange case of HD 100546



Shocks by high mass planets
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Hord et al. (2017)

Synthetic Image



Observation vs Synthetic Image

Hord et al. (2017)



PDS70



Mentoring

Research Group in 2016

The group in 2017



Grants!

NASA Exoplanets Research (2018) ~$200K

ngVLA (2017) ~$81K

NASA Exoplanets Research (2016) ~$250K

Hubble Cycle 24 (2016) ~$134K

Average of 10 grant 
proposals submitted per year



Mentoring - Postdocs



Co-Mentoring - PhD

Alex Richert
Penn State 2015, 2018



Photoelectric Instability with radiation pressure

Richert, Lyra, & Kuchner (2018)



Mentoring – M.Sc.

Joshua Garret Observations with ngVLA

Areli Castrejon Debris disk models

Vincent Carpenter Massive disks

Leonardo Sattler Cassara
Ice convection in Jupiter’s 

moon Europa

Alexandra Yep Star Formation



Ice Convection

Sattler-Cassara & Lyra (submitted)



Mentoring– Undergraduates

Chris Malek Streaming Instability

Gabriel Bretado Dead zone turbulence

Joshua Shevchuk AGN disks

Areli Castrejon Debris Disks

Sean Snyder Streaming Instability

Blake Hord Transition Disks




