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magneto-rotational instabilities Axel Brandenburg (Nordita, Stockholm)

• Original motivation for MRI
o Turbulence in accretion disks
o Zeldovich in Potsdam?

• But need a magnetic field
o Turbulence → dynamo
o Reinforce MRI

• Dynamo
o Still struggling with problems
o Dependence on microphysical 

magnetic diffusivity
o Insights from cosmology

• Dissipation
o Depends on magnetic Prandtl number



Recent motivation for MRI in the Sun • No turbulence
o Solar dynamo works 

in spite of 
turbulence?

• Shear flow given
o In reality by L effect

• Magnetic field given
o In reality by a effect

• Replaces W effect?



Early work on MRI in the Sun

• Applied to radiative zones
oBuoyancy instability

oMRI

• Predates Spruit dynamo
o Inspired Tayler-Spruit 

dynamo



Popular application to proto-neutronstars

• Competes with 
neutrino-driven 
convection
oConvection 

near poles

oMRI near 
equator

• Studied by 
many people
o…



Instability on top of convective instability?

• Alternative to L effect?
o Nature of instability

• CC
o Turbulence → dynamo
o Reinforce MRI

• Dynamo
o Still struggling with 

problems
o Dependence on 

microphysical 
magnetic diffusivity

o Insights from 
cosmology

• Dissipation
o Depends on magnetic 

Prandtl number



Instability on top of convective instability?



Instability on top of convective instability?



Growth rates well reproduced



• Near-surface shear layer rather thin
o Difficult to get proper MRI

• At realistic turbulent Taylor numbers
o W contour aways become cylindrical

• Could be fixed by baroclinic term
o Not persued so far

• Return to distributed models with 
negative radial W gradient throughout



MRI in cylinders with L effect

• Vertical B field
oReproduce vertical 

wavelength

• Radially extended
o Stronger in the 

outer parts

• Upper row: velocity
oNote the shear flow

• Lower row: B-field



MRI in a sphere: initial dipolar field

• Black: MRI
oReproduce vertical 

wavelength

• Radially extended
o Stronger in the 

outer parts

• Upper row: velocity
oNote the shear flow

• Lower row: B-field



Need huge resolution 

• Black:
o 512x2048
o Rapid rise
o noise

• Red
o 1024x4096
o Still rapid rise

• Blue
o 2048x8192
o Mild increase

• Such large resolution 
unfamiliar in dynamos



Need to reproduce B-field with a effect dynamo

• Black: MRI
o Angular momentum loss 

from small-scale 
magnetic field

• red: dynamo run
o Quenching included
o Sudden angular 

momentum loss
o But consider t < 5

• Blue: more quenching
o Angular momentum 

better conserved
o Magnetic field ok

• How does the field look 
like?



B-field from a effect much smaller scale!

• Black: MRI
oReproduce vertical 

wavelength

• Radially extended
o Stronger in the 

outer parts

• Upper row: velocity
oNote the shear flow

• Lower row: B-field



Other problems with the dynamo

• Emergent twist seems very strong
oWhere from?

• Theoretically expected from dynamos
oBut maybe not so much

oAlleviates catastrophic quenching
Vemareddy 2019 (NLFFF for AR12673)

What How But?

Equatorward migration? Near-surface shear layer But dynamo from deeper layers 
usually stronger

Meridional circulation Pattern in simulations?
Stellar cycle period?

Magnetic helicity ejection? Coronal mass ejections Also loss of large-scale field



Equatorward migration Warnecke+14

• Caused here by negative radial shear at mid-latitudes
o Exactly as predicted by Parker-Yoshimura: a dW/dr <0
o Not seen in helioseismology
o Meridional circulation: multiple cylindrical shells (also not seen in seismology)

• Historically most important

o Requires a > 0, and

o dW/dr <0

o But: helioseismology

• Alternatives

o Overshoot dynamo

o Surface shear layer

o Meridional circulation

Kapyla+12
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Magnetic helicity conservation
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Catastrophic quenching with/without fluxes

Significant field
already after
kinematic
growth phase

followed by
slow resistive
adjustment
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Numerical 
experiment:
remove field for k>4
every 1-3 turnover 
times

1) higher saturation level
2) still slow time scale



Magnetic helicity flux in simulations

• EMF and resistive terms 
still dominant
o Fluxes import at large 

Rm ~ 1000
oRm based on kf

o Smaller by 2p

• Here for galactic wind
o Still Rm dependence
oCannot be ideal
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Gauge-invariant in steady state!

Del Sordo, Guerrero, Brandenburg (2013, MNRAS 429, 1686)

Rincon21: equatorial fluxes



To carry negative flux: need positive gradient

Brandenburg, Candelaresi, Chatterjee

(2009, MNRAS 398, 1414)

ff hh−= F
• Reversals of 

magnetic helicity 
above dynamo

• Surprising 
consequence of 
turbulent helicity 
fluxes

Brandenburg+11 (ApJ)

Zhang+14 (ApJ)

Matthaeus+Goldstein+Smith82



Magnetic helicity
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Nonhelical decay: mag helicity in patches conserved
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Resistively prolonged decay during radiative era

• Endpoints under assumption that 
decay time = Alfven time

• Use: decay time = recombination 
time

• Possibility: decay time >> Alfven 
time

• → Premature endpoint of 
evolution







Hall cascades
Relation between decay time

Independent 
verification of 
Hosking 
phenomenolo
gy

and Alfven time

Determine CM in relation:

3-D

2-D

PrM-dependence
Not confirmed!



Structures highly dynamical: 
outflow not opposed by viscosity

PrM~ 107

Factor 103.5



Final thoughts
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• Should eventually reproduce the Sun (& stars!)

• Equatorward migration: mechanism?

• Do young stars really show 2 cycles?

• Are there 2 dynamo locations?

• What exactly is wrong with simulations?
• Are cylindrical contours important
• How important is NSSL?
• Can spots be made in situ?  – not today
• Subadiabatic convection important?

• Helicity is present: more than expected, different sign
• Relation to Babcock-Leighton?
• Does it slow down MHD turbulence & large-scale dynamos?
• Does it stop above large Lundquist numbers ~104 ???


