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MeanMean--Field DynamoField Dynamo

Is it possible to generate a largeIs it possible to generate a large--scale scale 

magnetic field in a magnetic field in a nonnon--helical (with zero helical (with zero 

mean kinetic mean kinetic helicityhelicity)) and and nonnon--rotatingrotating

homogeneoushomogeneous turbulence ?turbulence ?



Direct Numerical Simulations Direct Numerical Simulations 
(linear shear velocity)(linear shear velocity)
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1.   1.   A white noise nonA white noise non--helical helical 
homogeneous and homogeneous and 
isotropic random forcingisotropic random forcing

2.2. Imposed mean linear Imposed mean linear 
shear flowshear flow

3. 3. Sheared box (shearSheared box (shear--periodic periodic 
boundary conditions)boundary conditions)
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yxz LLL =>> 3/ 0 =lLx



Numerical set up
Incompressible MHD  equations with background shear

(Units:                                                         )

Parameters
Turbulence:

Weak shear:
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Linear shear velocity (DNS)Linear shear velocity (DNS)
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Magnetic field grows
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Linear shear velocity (DNS)Linear shear velocity (DNS)



Generated field is large scale



Growth rate ∝ S



Direct Numerical Simulations Direct Numerical Simulations 
(nonlinear shear velocity)(nonlinear shear velocity)

A. BrandenburgA. Brandenburg,  ,  AstrophysAstrophys. J. . J. 625625,       539,       539--547 (2005).547 (2005).
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Astron. Astron. NachrNachr. . 326326,  174,  174--185 (2005).185 (2005).

1. 1. NonNon--helical constant in helical constant in 
time sinusoidal forcingtime sinusoidal forcing
(imposed nonlinear mean (imposed nonlinear mean 
velocity shear)velocity shear)

2. 2. Open boundary conditionsOpen boundary conditions
(non(non--zero flux of magnetic zero flux of magnetic 

helicityhelicity))



MeanMean--Field DynamoField Dynamo

Do one need a nonDo one need a non--zero mean zero mean kinetic kinetic 

helicityhelicity in order to generate a in order to generate a largelarge--scale scale 

magnetic fieldmagnetic field in a homogeneous turbulent in a homogeneous turbulent 

flow ?flow ?



Effect of Kinetic Effect of Kinetic HelicityHelicity Fluctuations   Fluctuations   
with zero mean on Meanwith zero mean on Mean--Field DynamoField Dynamo

KraichnanKraichnan (1967)(1967)

SmallSmall--scale turbulence scale turbulence (forcing       )(forcing       )

Kinetic Kinetic helicityhelicity fluctuations        fluctuations        (forcing       )(forcing       )

MeanMean--field effects:field effects:
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Kinetic Kinetic HelicityHelicity Fluctuations                  Fluctuations                  
((tautau--approach and SOCA)approach and SOCA)

Negative contribution to Negative contribution to turbulent magnetic diffusionturbulent magnetic diffusion

LargeLarge--scale drift velocityscale drift velocity

Mean alpha effect Mean alpha effect due todue to largelarge--scale shear scale shear andand inhomogeneous inhomogeneous 

kinetic kinetic helicityhelicity fluctuations, fluctuations, wherewhere
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N. Kleeorin and I. Rogachevskii, Phys. Rev. E 77, 036307 (2008)



HomogeneousHomogeneous Kinetic Kinetic HelicityHelicity FluctuationsFluctuations
in Turbulence with Largein Turbulence with Large--Scale Scale ShearShear

((tautau--approach and SOCA)approach and SOCA)

No largeNo large--scale dynamo:scale dynamo:

Mean-field equations:

N. Kleeorin and I. Rogachevskii, Phys. Rev. E 77, 036307 (2008)
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HomogeneousHomogeneous Kinetic Kinetic HelicityHelicity FluctuationsFluctuations
in Turbulence with Largein Turbulence with Large--Scale Scale ShearShear

There can be dynamo when:There can be dynamo when:

Mean-field equations:



MeanMean--Field DynamoField Dynamo

Do one need a nonDo one need a non--zero zero kinetic kinetic helicityhelicity in in 

order to generate a order to generate a largelarge--scale magnetic scale magnetic 

fieldfield in a homogeneous turbulent flow ?in a homogeneous turbulent flow ?



AlphaAlpha--Omega DynamoOmega Dynamo
(Mean(Mean--Field Approach)Field Approach)

Induction equation for Induction equation for mean magnetic fieldmean magnetic field::

Electromotive forceElectromotive force::
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Physics of the alphaPhysics of the alpha--effecteffect
The          The          --effecteffect is related to the is related to the 
hydrodynamic hydrodynamic helicityhelicity in an in an 
inhomogeneous turbulenceinhomogeneous turbulence.  .  

The The deformations of the magnetic fielddeformations of the magnetic field
lines are caused by lines are caused by upwardupward and and 
downwarddownward rotating turbulent eddies. rotating turbulent eddies. 

The The inhomogeneityinhomogeneity of turbulenceof turbulence breaks breaks 
a symmetry between the a symmetry between the upwardupward and and 
downwarddownward eddies.eddies.

Therefore, the Therefore, the total effect of the upward total effect of the upward 
and downwardand downward eddies on the mean eddies on the mean 
magnetic field magnetic field does not vanishdoes not vanish and it and it 
creates the creates the mean electric currentmean electric current parallel parallel 
to the to the original mean magnetic fieldoriginal mean magnetic field..
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Generation of the mean magnetic Generation of the mean magnetic 
field due to the        dynamofield due to the        dynamo
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MeanMean--Field DynamoField Dynamo

Do one need Do one need alpha effectalpha effect in order to in order to 

generate a generate a largelarge--scale magnetic fieldscale magnetic field in a in a 

homogeneous turbulent flow ?homogeneous turbulent flow ?



NonNon--Helical MeanHelical Mean--Field DynamosField Dynamos

Induction equation for Induction equation for mean magnetic fieldmean magnetic field::

Electromotive forceElectromotive force::
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∂
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Comparison of the alphaComparison of the alpha--effect effect 
with the ''shearwith the ''shear--current" effectcurrent" effect

The       effectThe       effect is caused by a is caused by a uniform rotationuniform rotation and and 
inhomogeneityinhomogeneity of turbulenceof turbulence::

,      where,      where

The ''shearThe ''shear--current" effectcurrent" effect is related to is related to termterm
and is caused by and is caused by mean shearmean shear and and nonuniformnonuniform mean mean 
magnetic fieldmagnetic field,,

,   ,   wherewhere

Therefore,Therefore,
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Physics of ''shearPhysics of ''shear--current" effectcurrent" effect
In  a  turbulent  flow  with  the  mean In  a  turbulent  flow  with  the  mean 
velocity shearvelocity shear, the , the inhomogeneityinhomogeneity of of 
the original mean magnetic fieldthe original mean magnetic field breaks breaks 
a symmetrya symmetry between the influence of between the influence of 
the the upwardupward and and downwarddownward turbulent turbulent 
eddies on the mean magnetic field.eddies on the mean magnetic field.

The deformations of the magnetic field The deformations of the magnetic field 
lines lines in the ''shearin the ''shear--current"current" dynamo are dynamo are 
caused by the caused by the upwardupward and and downwarddownward
turbulent eddies which result in the turbulent eddies which result in the 
mean electric currentmean electric current parallel to the parallel to the 
mean magnetic field and mean magnetic field and produce the produce the 
magnetic dynamomagnetic dynamo..

J

B



The effectThe effect of largeof large--scale shearscale shear
The The largelarge--scale shear motionsscale shear motions
cause the cause the stretchingstretching of the of the 
magnetic field magnetic field generating generating 
the field componentthe field component

The The interactioninteraction of the nonof the non--
uniform magnetic field         with uniform magnetic field         with 
the background the background vorticityvorticity
produces produces electric currentelectric current along along 
the fieldthe field
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Generation of the mean magnetic Generation of the mean magnetic 
field due to the shearfield due to the shear--current effectcurrent effect
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Necessary condition for Necessary condition for 
the shearthe shear--current dynamocurrent dynamo
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Necessary condition for Necessary condition for 
the shearthe shear--current dynamocurrent dynamo

Large Re and arbitrary Rm
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Necessary condition for Necessary condition for 
the shearthe shear--current dynamocurrent dynamo

Re > 1 and arbitrary Rm
1

0
21 )()( −− ++= τηντ kk

2
zTzB KKlS ησγ −=

3to2Rmcr ≈



Necessary condition for Necessary condition for 
the shearthe shear--current dynamocurrent dynamo

There is no shear-current dynamo

Kraichnan - Kazantsev model:     

- correlated in time random velocity field

The shear-current dynamo (as well as effect of shear)
requires finite correlation time of turbulent velocity field

δ



Generation of the mean magnetic Generation of the mean magnetic 
field (field (kinematickinematic dynamo)dynamo)
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Anisotropic Turbulent Magnetic Anisotropic Turbulent Magnetic 
DiffusionDiffusion
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Magnetic Field and Magnetic Field and VorticityVorticity

Induction equation for Induction equation for magnetic fieldmagnetic field::

Equation forEquation for vorticityvorticity::
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Generation of the mean Generation of the mean vorticityvorticity and and 
magnetic field in sheared turbulencemagnetic field in sheared turbulence
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Generation of the mean Generation of the mean vorticityvorticity in in 
turbulence with mean velocity shearturbulence with mean velocity shear
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Anisotropic Turbulent ViscosityAnisotropic Turbulent Viscosity
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The shearThe shear--current nonlinear current nonlinear 
dynamo (algebraic nonlinearity)dynamo (algebraic nonlinearity)
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Nonlinear shearNonlinear shear--current effectcurrent effect
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The shearThe shear--current nonlinear current nonlinear 
dynamo (algebraic nonlinearity)dynamo (algebraic nonlinearity)
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Nonlinear Nonlinear ““shearshear--currentcurrent”” dynamodynamo
(algebraic nonlinearity)(algebraic nonlinearity)
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Magnetic Magnetic HelicityHelicity

)()()( BB cNm B χα Φ=

Dynamics of small-scale magnetic helicity:

Magnetic part of alpha effect:

Total magnetic Total magnetic helicityhelicity is conservedis conserved for very large for very large 
magnetic Reynolds numbersmagnetic Reynolds numbers

The nonlinear function:

T
c ηρμ

χ
9
2

)(
ba

B
⋅

=

χτ
χχ cc

l
L

t
−⋅⎟

⎠
⎞

⎜
⎝
⎛−=+

∂
∂ BεF

22 div Rm0ττ χ ∝

baBA ⋅+⋅=total
mχ



Dynamics of magnetic Dynamics of magnetic helicityhelicity
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i.e., catastrophic quenching
(Vainshtein and Cattaneo, 1992)
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The shearThe shear--current nonlinear dynamo current nonlinear dynamo 
(algebraic and dynamic nonlinearities)(algebraic and dynamic nonlinearities)
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Direct Numerical Simulations Direct Numerical Simulations 
(linear shear velocity)(linear shear velocity)
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1.   1.   A white noise nonA white noise non--helical helical 
homogeneous and homogeneous and 
isotropic random forcingisotropic random forcing

2.2. Imposed mean linear Imposed mean linear 
shear flowshear flow

3. 3. Sheared box (shearSheared box (shear--periodic periodic 
boundary conditions)boundary conditions)



Numerical set up
Incompressible MHD  equations with background shear

(Units:                                                         )

Parameters
Turbulence:

Weak shear:
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Linear shear velocity (DNS)Linear shear velocity (DNS)
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Magnetic field grows
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Linear shear velocity (DNS)Linear shear velocity (DNS)



Linear shear velocity (DNS)Linear shear velocity (DNS)
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Linear shear velocity (DNS)Linear shear velocity (DNS)

THEORY:
The maximum growth 
rate of  B is at
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Astrophysical cloudsAstrophysical clouds

We apply We apply the universal mechanismthe universal mechanism of generation of of generation of 
largelarge--scale magnetic fields due to shearscale magnetic fields due to shear--current effect to current effect to 
several astrophysical objects:several astrophysical objects:

merging merging protostellarprotostellar cloudsclouds

merging merging protogalacticprotogalactic cloudsclouds

colliding giant galaxy clusterscolliding giant galaxy clusters

Interactions of Interactions of protostellarprotostellar clouds, or colliding clouds, or colliding 
protogalacticprotogalactic clouds or giant galaxy clusters produce clouds or giant galaxy clusters produce 
largelarge--scale shear motionsscale shear motions which are superimposed on which are superimposed on 
smallsmall--scale turbulence.scale turbulence.



CherninChernin (1993). Non(1993). Non--central collisioncentral collision

cmrr 23
21 10==



Different cloud sizes, Different cloud sizes, CherninChernin (1993)(1993)



ParametersParameters
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ConclusionsConclusions
Exponential growth of largeExponential growth of large--scale magnetic fieldscale magnetic field in in nonhelicalnonhelical
turbulence with superimposed linear shear is found in numerical turbulence with superimposed linear shear is found in numerical 
simulations in elongated shearing boxes.simulations in elongated shearing boxes.

Generation of largeGeneration of large--scale magnetic fieldscale magnetic field is caused by a is caused by a ''shear''shear--
current" effectcurrent" effect which acts even in a which acts even in a nonrotatingnonrotating and and nonhelicalnonhelical
homogeneous turbulence.homogeneous turbulence.

The shearThe shear--current dynamo current dynamo and and generation of largegeneration of large--scale scale 
vorticityvorticity can occur when can occur when Re>1 and Re>1 and RmRm > 1 .> 1 .

During the growth of the mean magnetic field, During the growth of the mean magnetic field, the the nonlinear nonlinear 
''shear''shear--current" effectcurrent" effect is not quenched and it only is not quenched and it only changes its changes its 
signsign at some value of the mean magnetic field which can at some value of the mean magnetic field which can 
determine the determine the level of the saturated mean magnetic field.level of the saturated mean magnetic field.



ConclusionsConclusions
We have taken into account the We have taken into account the transport of magnetic transport of magnetic 
helicityhelicity as dynamical nonlinearity. If the as dynamical nonlinearity. If the magnetic magnetic helicityhelicity
fluxflux is not small, the is not small, the level of the saturated mean magnetic level of the saturated mean magnetic 
fieldfield is of the order of the is of the order of the equipartitionequipartition fieldfield..

The newly discoveredThe newly discovered shear dynamo effect shear dynamo effect 
potentially represents potentially represents a very generic mechanism a very generic mechanism 
for generating largefor generating large--scale magnetic fields in a scale magnetic fields in a 
broad class of astrophysical systems with spatially broad class of astrophysical systems with spatially 
coherent mean flows (shear).coherent mean flows (shear).

HomogeneousHomogeneous kinetic kinetic helicityhelicity fluctuations fluctuations alone with zero alone with zero 
mean value in a sheared homogeneous turbulence mean value in a sheared homogeneous turbulence cannot cannot 
generally causegenerally cause largelarge--scale dynamoscale dynamo..



THE ENDTHE END



SecondSecond--Order Correlation ApproximationOrder Correlation Approximation (SOCA) or (SOCA) or 
FirstFirst--Order Order SmothingSmothing Approximation (FOSA)Approximation (FOSA)
(a)  (a)  Re << 1    (b) Re << 1    (b) RmRm << 1<< 1

H. K. H. K. MoffattMoffatt (1978); F. Krause and K. H. (1978); F. Krause and K. H. RaedlerRaedler (1980)(1980)

PathPath--Integral ApproachIntegral Approach ((deltadelta--correlated in time random correlated in time random 
velocity field or short yet finite correlation timevelocity field or short yet finite correlation time))

R. H. R. H. KraichnanKraichnan, Phys. Fluids 11, 945 (1968), Phys. Fluids 11, 945 (1968)

TauTau--approachesapproaches (spectral (spectral tautau--approximation, minimal approximation, minimal 
tautau--approximation) approximation) –– thirdthird--order or highorder or high--order closureorder closure

Re >> 1   and Re >> 1   and RmRm >> 1>> 1
A. A. PouquetPouquet, U. Frisch, and J. , U. Frisch, and J. LeoratLeorat, J. Fluid Mech. 77, 321 (1976), J. Fluid Mech. 77, 321 (1976)

Renormalization ProcedureRenormalization Procedure (renormalization of viscosity, (renormalization of viscosity, 
diffusion, heat conductivity and other turbulent transport diffusion, heat conductivity and other turbulent transport 
coefficients) coefficients) ---- no separation of scalesno separation of scales

H. K. H. K. MoffattMoffatt, Rep. , Rep. ProgProg. Phys. 46, 621 (1983). Phys. 46, 621 (1983)

Methods and ApproximationsMethods and Approximations



TauTau ApproachApproach

The spectral τ-approximation (the third-order closure procedure)

Equations for the correlation functions for:

The velocity fluctuations

The magnetic fluctuations

The cross-helicity tensor
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The first step is the averaging over the scale  that is  The first step is the averaging over the scale  that is  
inside the inertial range of turbulence.inside the inertial range of turbulence.

The next stage of the renormalization procedure The next stage of the renormalization procedure 
comprises a stepcomprises a step--byby--step  increase of the scale of the step  increase of the scale of the 
averaging up to the maximum scale of turbulent motions.averaging up to the maximum scale of turbulent motions.

This procedure  allows the derivation of equations for the This procedure  allows the derivation of equations for the 
turbulent transport coefficients: eddy turbulent transport coefficients: eddy viscosity, turbulent viscosity, turbulent 
diffusion, turbulent heat conductivity, electromotive diffusion, turbulent heat conductivity, electromotive 
force coefficients, etcforce coefficients, etc..

To apply this procedure an equation  invariant under the  To apply this procedure an equation  invariant under the  
renormalization of  the  turbulent  transport coefficients renormalization of  the  turbulent  transport coefficients 
must be determined.must be determined.

Renormalization Procedure
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