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MHD dynamo 

MHD dynamo: exchange kinetic energy and 
magnetic energy 

 
Self-sustained, zero net-flux dynamo:  No 

linear instability / No externally imposed 
magnetic field 

 
Purpose: Apply nonlinear analysis of 

subcritical shear flows to the dynamo 



Self-consistent asymptotic 
analysis 

Assume R is large 
 
Asymptotic expansion 
 
   
Stretching coordinate and matching 



Self-consistent asymptotic 
analysis 

No artificial assumption: 
   We only neglect really small terms when R is large 
 

No tuning parameter: 
   All leading order coefficients are determined by the 

reduced system 
 

No R in the reduced system: 
   Solution describes parameter dependence of the 

governing solutions 



Self-consistent asymptotic 
analysis 

Linear theory (Lin 1945, and many others) 
 
Nonlinear critical layer  
                (Smith & Bodonyi 1982, Deguchi & Walton 2013) 
Vortex-wave interaction  
                (Hall & Smith 1991, Hall & Sherwin 2010) 
Long-wavelength (Deguchi, Hall & Walton 2013) 
Short-wavelength (Deguchi 2015) 

 

Theories in shear flows 



Dynamical systems approach 

Kawahara & Kida (2001) 

R=400 plane Couette flow 

Nagata (1990), Clever & Busse (1997), Waleffe (1998),  
Kawahara & Kida (2001), Faisst & Eckhardt (2003), Wedin 
& Kerswell (2004), Wang et al. (2007), Gibson et al. 
(2009), Schneider et al. (2010) … 



VWI/SSP 

Driving mechanism of streamwise vortices? 
 
Vortex-wave interaction 
  Hall & Smith (1991), Hall & Sherwin (2010) 
 
Self-sustaining process 
  Waleffe (1997) 



VWI/SSP 

VWI: Complicated, but 
self-consistent asymptotic analysis 

SSP: The simplest explanation 
for the sustainment mechanism  

Driving mechanism of streamwise vortices? 



Magnetic version of SSP 

Figure from Riols et al. (2013)  



Herault et al. (2011) 
Rotating shearing box 

Rincon et al. (2007) 
Rotating plane Couette flow 



Formulation of the problem 
MHD equations with Hall term 

 
 
 
Basic flow: a linear shear 
Parameters: Reynolds number, magnetic Prandtl number, Hall coefficient 



O(1) wavenumbers 

Outside of the critical layer, Pm>1 
 

Magnetic Reynolds number 



O(1) wavenumbers 

Outside of the critical layer, Pm>1 
 

Magnetic Reynolds number 

Streak / magnetic streak 



O(1) wavenumbers 

Outside of the critical layer, Pm>1 
 

Magnetic Reynolds number 

Roll / magnetic roll 



O(1) wavenumbers 

Outside of the critical layer, Pm>1 
 

Magnetic Reynolds number 

Wave / magnetic wave 



O(1) wavenumbers 

Vortex equations 
 
 
 
 
 
Wave equation 
 
 
 

Produce an Alfven wave  
with a scaled speed  



O(1) wavenumbers 

Vortex equations 
 
 
 
 
 
Wave equation 
 
 
 

Lift up effect 

Produce an Alfven wave  
with a scaled speed  



O(1) wavenumbers 

Vortex equations 
 
 
 
 
 
Wave equation 
 
 
 

Wave Reynolds stress 

Produce an Alfven wave  
with a scaled speed  



O(1) wavenumbers 

Vortex equations 
 
 
 
 
 
Wave equation 
 
 
 

Hall effect 

Produce an Alfven wave  
with a scaled speed  



O(1) wavenumbers 
There is a stress jump in the roll component. 

Resonant absorption theory: Sakurai et al. (1991), Ballai & Erdelyi (1998) 
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(n, s) are body-fitted coordinate 
along the critical layer 



O(1) wavenumbers 
There is a stress jump in the roll component. 

Resonant absorption theory: Sakurai et al. (1991), Ballai & Erdelyi (1998) 
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O(1) wavenumbers 

If the Hall term is absent … 
 (i) The magnetic roll will decay 
 (ii) The magnetic streak will decay 
 Therefore the dynamo is a kinematic 

dynamo on VWI 
 



Long and short waves 

Non-kinematic dynamo is possible without 
Hall term (if Pm is not small) 

Long streamwise scale of  

Function of 



Long and short waves 

Non-kinematic dynamo is possible without 
Hall term (if Pm is not small) 
Similar to hydrodynamic case (Deguchi, Hall & Walton 2013) 



Effect of system rotation 

Add Coriolis term in the momentum equations 

In order to balance the Coriolis term, either omega or streak must be small.  



Effect of system rotation 

R 

Omega 

Rayleigh line Kepler 

Linear instability 

1 4/3 0 



Effect of system rotation 

R 

Omega 

Rayleigh line Kepler 

VWI, 
Long wave 

Short wave 

Long wave 

1 4/3 0 



Herault et al. (2011) 
Rotating shearing box 

Rincon et al. (2007) 
Rotating plane Couette flow 



Conclusion 

O(1) wavenumbers 
   If the Hall term is zero, dynamo is kinematic 
   If there is the Hall term Alfven wave drive the 

streamwise vortex 
 

Long wavelength case 
   non-kinematic dynamo is possible 
 

Not possible to drive non-kinematic dynamo in 
astrophysically interesting regime 


















