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Protoplanetary Disks...

~100 au
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~1013 cm-3 ~1010 cm-3~1017 cm-3

M ~ 10-3 - 10-1 Msun

h/r << 1

M ~ 10-7 Msun yr-1
.



...are poorly ionized, casting doubt upon whether 
the MRI is capable of driving the observationally 

inferred mass-accretion rates.
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Kunz & Balbus 2004 NB: very dependent upon grain size and spatial distributions
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much of the PPD-MRI literature
is focused on assessing the 

extent (existence?) of these zones

after Gammie 1996
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want them alive...

want them resurrected...

want them to be zombies...

want them dead...

want them on life support...





linear: Blaes & Balbus 1994; Kunz & Balbus 2004; Desch 2004 
nonlinear: Mac Low+1995; Hawley & Stone 1998; 
                Brandenburg+ 2005; Bai & Stone 2011; Simon+ 2013

Bai & Stone 2011

linear: Jin 1996; Sano & Miyama 1999; Wardle 1999
nonlinear: Fleming+ 2000; Sano & Stone 2002

Sano & Stone 2002



linear: Wardle 1999; Balbus & Terquem 2001; Wardle & Salmeron 2012
nonlinear: Sano & Stone 2002

perhaps a more useful number is 

Sano & Stone 2002



ambipolar diffusion Ohmic diffusion Hall diffusion

MMSN midplane at 10 au, B = 10 mG, um grains
Salmeron & Wardle 2008

extrapolation from simulations



!H sgn(Bz)

Λ
−

1
η

0 1 2 3
0

20

40

60

80

100

0 . 0

0 . 15

0 . 3

0 . 45

0 . 6

0 . 75

re
sis

tiv
ity

Hall

Wardle & Salmeron 2013

“Hall diffusion increases or decreases the MRI-active column 
density by an order of magnitude or more...”

Caution from linear analysis

“...while the use of the linear analysis to predict the boundary of 
the manifestly nonlinear active region appears to be justified for 
the ohmic [and ambipolar] case[s], it is not known whether this 

applies in the Hall-dominated regime that we tout here.”



We forego a detailed study of disk chemistry and instead 
concentrate on turbulent dynamics themselves

x 

y 

shearing box 

Hall (and ambipolar diffusion) added to Snoopy code



before we proceed...



add these:

canonical vorticity
is conserved

Kelvin’s circulation theorem 
generalized for Hall-MHD

1. 



canonical circulation is a constant

Kelvin’s circulation theorem generalized for Hall-MHD:



2. 

the transport of magnetic flux is intimately tied to the 
efficiency and nature of the angular-momentum transport



channel modes are exact also in Hall-MHD

(can look at parasites, which are suppressed by Hall

... fun calculation, but doesn’t appear to matter)

(3.) 



numerical results



= Sano & Stone 2002

NB: The low values of transport at large      
  are not due to linear stabilization

= Kunz & Lesur 2013



vary initial beta and resistivity:
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ideal MHD: high-transport state



Hall-MHD: low-transport state
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Hall







mean-field model





Lesur & Longaretti 2009
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Case I:
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diffusive

pick a point
(M0, B0)

and Taylor expand
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pick a point
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and Taylor expand

anti-diffusive



simulation resultsmean-field model





Case II:



simulation resultsmean-field model

conservation of canonical vorticity



dust trapping in zonal flows



zonal magnetic field

conservation of
canonical vorticity

geostrophic
balance for gas

def ’n of vorticity

super-Kep sub-Kepsub-Kep

...but dust is pressure-less



zonal field      zonal flow      particle clumping



does AD affect self-organization?







Hall

Ohmic & turbulent

ambipolar

“breathing”

LTS

HTS



NB: this behavior is not seen in By >> Bz boxes

must know field geometry!



• Non-ideal MHD important in PPDs.
Hall dominates around r ~ 5 - 10 au.

• Linear analysis –> Hall could eliminate (or at 
least shrink) dead zone. Old simulations 
predict negligible change in MRI with Hall.

• When By ~< Bz, Hall-dominated regions 
saturate in low-transport state, exhibiting 
long-lived zonal magnetic fields and flows. 

• These regions are MRI “dead” even though 
they are magnetically “active”, calling into 
question previous estimates for dead zone. 

• Zonal structures may act as particle-
trapping sites; magnetically mediated 
planetesimal formation a possibility.

• Stratified simulations with OD, AD, Hall have 
been published; stay for Geoffroy’s talk!

Summary & Outlook



extras



parasite
analysis










