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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 ~ 1.5 x 1013 cm)

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

Timescales :
Dynamical: 0.01 – 1000 yr

Lifetime ~ 1-10 Myr



Dwarf Novae Disks

DN disk fact sheet

Density: 1017 – 1019 cm-3

(Air ~ 1021 cm-3)

Temperature: 103-105 K

Scale: 109 -1011 cm
(1 AU ~ 1.5 x 1013 cm)

Mass: 10-9 – 10-8 Msun
(1 Msun ~ 2 x 1033 g)

Timescales :
Dynamical ~ hours

Viscous time ~ weeks - months



Dead zones

0.1 AU ~30 AU







Vortices – an ubiquitous fluid mechanics phenomenon



Vortices – an ubiquitous fluid mechanics phenomenon

Von Kármán vortex street





Inner (0.1AU) active/dead zone boundary

Magnetized inner disk + resistive outer disk
Lyra & Mac Low (2012)
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Significant angular momentum transport

a ~ 10-3 – 10-2

Lyra & Mac Low (2012)

Active zone Dead zone

Inner (0.1AU) active/dead zone boundary



Outer Dead/Active zone transition KHI 

The outer dead zone transition in ionization supposed 
TOO SMOOTH 

to generate an KH-unstable bump.

Dzyurkevitch et al (2013)

Armitage (2010)



Outer Dead/Active zone transition: 3D MHD

Resistive inner disk + magnetized outer disk
Lyra, Turner, & McNally (2015)



Outer Dead/Active zone transition KHI 

Resistive inner disk + magnetized outer disk
Lyra, Turner, & McNally (2015)





Outer Dead/Active zone transition RWI

Sano and Stone (2002)Lyra, Turner, & McNally (2015)



Dead zones

0.1 AU ~30 AU



Vertical Shear 
Instability

Convective 
Overstability

Zombie Vortex 
Instability

Nelson et al. 2013, Lin & Youdin 2015, Umurhan et al. 2016 Klahr 2003, Lesur & Papaloizou 2010, Lyra & Klahr 2011, Lyra 2014
Marcus et al. 2012, 2013, 2015, 2016

Umurhan et al  2016, Lesur & Latter 2016

Thermal Instabilities



Convective Overstability (née “Subcritic Baroclinic Instability”)

Sketch of the
Subcritic Baroclinic Instability

Armitage (2010)

Lesur & Papaloizou (2010)



Convective Overstability (née “Subcritic Baroclinic Instability”)

Sketch of the
Subcritic Baroclinic Instability

Armitage (2010)

Lesur & Papaloizou (2010)

1. Radial entropy gradient

2. Finite cooling time



The angular momentum is carried 
by waves excited by the vortex

(see also Heinemann & Papaloizou 2008, 2009)

Raettig, Lyra, & Klahr (2013)

Lyra & Klahr (2011)

Subcritic baroclinic instability 
and Accretion

a ~ 0.005



Convective Overstability
Klahr & Hubbard (2014), Lyra (2014), Latter (2015)

Lyra (2014)



Convective Overstability
Klahr & Hubbard (2014), Lyra (2014), Latter (2015)

Lyra (2014)



Convective Overstability

Latter (2015)
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COV/SBI and MRI

Hydro MHD

Vorticity

Mag. Energy

What happens when the disk is magnetized?

Lyra & Klahr (2011)



Hydro MHD

Vorticity

Mag. Energy

What happens when the vortex is magnetized?

COV/SBI and MRI



COV/SBI and MRI
Hydro MHD

Vorticity

Mag. Energy

Lyra & Klahr (2011)



Zombie Vortex Instability

Marcus et al. (2015, 2016)

Cascade of baroclinic critical layers







Vertical shear instability

Nelson et al. (2013)

dW / dz != 0 ; kz
2 < 0  => Rayleigh unstable



Vertical shear instability

Nelson et al. (2013)

dW / dz != 0 ; kz
2 < 0  => Rayleigh unstable

Solberg-Hoiland stability criterion
k2+N2 > 0 



Vertical shear instability

Nelson et al. (2013)

dW / dz != 0 ; kz
2 < 0  => Rayleigh unstable

Solberg-Hoiland stability criterion
k2+N2 > 0 

Buoyancy 
stabilizes!



Vertical Shear 
Instability

Convective 
Overstability

Zombie Vortex 
Instability

Nelson et al. 2013, Lin & Youdin 2015, Umurhan et al. 2016 Klahr 2003, Lesur & Papaloizou 2010, Lyra & Klahr 2011, Lyra 2014
Marcus et al. 2012, 2013, 2015, 2016

Umurhan et al  2016, Lesur & Latter 2016

Thermal Instabilities

a ~ 10-4 – 10-3

Wt << 1
(k < 1 cm2/g )

a ~ 10-4 – 10-3

Wt ~ 1
(k ~ 1-50 cm2/g )

a <~ 10-3

Wt >> 1
(k > 50 cm2/g )



Malygin 2016

Synthesis



Rosseland Opacities κR , α =0.0004, t = 2 × 105 yr

Radius (in AU)

z/
H
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Synthesis





Tidal deformation

Ju, Stone and Zhu (2016)

Martin & Lubow (2011)

Rivier et al. (2012)

Dwarf novae
Circumplanetary



Elliptic Instability

Bayly 1984, Lesur & Papaloizou 2009

Growth Rates



Fluid in rigid rotation supports a spectrum of oscillations



Fluid in rigid rotation supports a spectrum of oscillations



Introducing ellipticity: Strain

Rigid rotation is stable.
Strain is not necessarily so.



Elliptic Instability



Elliptic Instability



Magneto-Elliptic Instability

Infinitely elongated vortices are equivalent to shear flows. 

They are subject to an MRI-like instability when magnetized. 

Magnetic Field
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Hydrodynamic
instability (B=0)

Lesur & Papaloizou (2010)

See also
Pierrehumbert 1986

Bayly 1986
Kerswell 2002

Lesur & Papaloizou 2009
Lesur & Papaloizou 2010

Lyra & Klahr 2011
Lyra 2013



Conclusion

Wt << 1
(k < 1 cm2/g )

Wt ~ 1
(k ~ 1-50 cm2/g )

Wt >> 1
(k > 50 cm2/g )

Umurhan (2016)


