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Highly ionized disks -> MRI
Weakly ionized disks -> ? 



Some MHD “rules-of-thumb”

Field lines do not want to be bent 
(magnetic tension; resists stretching)

Field lines do not want to be close to each other 
(magnetic pressure; resists compression)



Some MHD “rules-of-thumb”
Behavior depends on the field strength

Weak field: Pmag << Pth

Magnetic field forced along gas flow
(passively advected)

Strong field: Pmag >> Pth

Gas can only move along magnetic field lines



Disk winds

Magnetic torques remove angular momentum from gas

Gas falls toward star



Wind launching





Self gravity



Self gravity









Accretion and Photoevaporation









Lyra & Klahr (2011)

Convective Overstability



Vertical Shear 
Instability

Convective 
Overstability

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

Hydrodynamical Instabilities



Vertical shear instability

Nelson et al. (2013)



Oph IRS 48



Oph IRS 48

van der Marel et al. 2013



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)





Active/dead zone boundary

Magnetized inner disk + resistive outer disk
Lyra & Mac Low (2012)
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Lyra & Klahr (2011)

Convective Overstability



Convection

Sketch of Convection

Armitage (2010)

Lesur & Papaloizou (2010)



Convective Overstability

Latter (2015)



Non-ideal MHD: Ohmic, Hall, Ambipolar terms



Ambipolar diffusion

Ohmic

Ohmic + 
Ambipolar

Bai & Stone 2013



Ambipolar diffusion

Ohmic

Ohmic + 
Ambipolar

Bai & Stone 2013



Ambipolar diffusion

Ohmic

Ohmic + 
Ambipolar

Bai & Stone 2013

Magnetic field

Gas parcel





Ohmic

Hall term

Ohmic + Hall

Large-scale azimuthal field generated. Couples to 
radial field fluctuations to generate large stress. 

The flow stays laminar  



The full monty

Ohmic

Ohmic
+

Ambipolar

Ohmic
+ Ambipolar

+ Hall

Ambipolar “kills” accretion.
Hall “ressurects” it. 

Large scale Bf couples to dBr, leading to laminar stress. 
Wind is also amplified.

Lesur et al. (2014)




