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Reynolds number:  Re = U L / ν

Re > 1000 >> 1

Navier-Stokes equations
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Concept of cascade

Turbulence source : generation of large eddies

Turbulence sink : dissipation of small eddies
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Homogeneous turbulence spectrum

E(k) = CKε2/3 k-5/3

Log E(k)

Log k

Here



Kolmogorov’s spectrum
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Solar wind turbulence

Taylor hypothesis:
  k ≈ 2π f / VSW

Possible models:

f < 1/2Hz : MHD turbulence

f > 1/2Hz : Hall MHD turbulence

Magnetic fluctuations spectrum

[Sahraoui et al., PRL, 2009]

Cluster
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Regimes of turbulence in MHD

B = Bo + εb B = b
Wave turbulence

(ε<<1)
Isotropic strong

turbulence

B = Bo + b  
Anisotropic strong turbulence

MHD is non invariant under
Galilean transformation
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Concept in MHD turbulence

z–
z+

B0

The main difference between neutral fluids and MHD
is the presence of Alfvén waves

Wavepackets interact nonlinearly on a crossing time: τA ~ λ / B0 

Need N collisions between wavepackets :  τtr ~ NτA ~ (τnl/τA)2 τA  
[Iroshnikov, Sov. Astron., 1964; Kraichnan, Phys. Fluids,1965] 

λ

B0 .

[Alfvén, Nature, 1942] 

τnl ~ λ/z±
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=>  E (k) ~ k-5/3 

1) Problem: isotropy is assumed !!
2) Very close to the Kolmogorov prediction (k-5/3)
3) Heuristic result not compatible with the 4/3’s exact law

[Iroshnikov, Sov. Astron., 1964; Kraichnan, Phys. Fluids,1965] 

Theories for isotropic MHD

λ

2

E(k) ~ (εB0)1/2 k-3/2
     

ε ~ z4/(λB0) ~ (Ekk)2k/B0 ~ Ek k3/B0

Homogeneous isotropic medium, at Re, Rm  
+∞

ε

Log k

Log E(k)

ε

[Sorriso-Valvo et al., PRL, 2007]

Solar wind

Y±

[Politano & Pouquet, PRE, 1998] 
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Theories for anisotropic MHD

• Critical balance : τnl ~ τA at all scales

       phenomenology

   E(k⊥) ~ k⊥–5/3  and E(k//) ~ k//
–2

     increase of anisotropy at small scales : k// ~ k⊥2/3

[Goldreich & Sridhar, ApJ, 1995]

[Cho & Vishniac, ApJ, 2000]

k// ~ k⊥

[Luo & Wu, ApJ, 2010]

Solar wind

UlyssesMHD
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Solar wind energy spectra

[Podesta, J Geophys. Res., 2006; Podesta, ApJ, 2009]

Eb ~ k–5/3Ev ~ k–3/2 

No unique solution !
Eb~k⊥–5/3

Eb ~ k//
-2

Stereo
Wind

Taylor hypothesis:  k ≈ 2π f / VSW
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Theories for anisotropic MHD

• Dynamic alignment :  v.b = ±vb cos θ

       phenomenology

   θ ~ λ1/4   and   E(k⊥) ~ k⊥–3/2

     anisotropic relation : k// ~ kx
1/2

[Boldyrev, PRL, 2006]

⊥

E(k⊥,k//=0) ~ k⊥–3/2

But DNS reveals that :

[Bigot et al., PRE, 2008]

[Perez & Boldyrev, PRL, 2009]
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Theories for anisotropic MHD

• Alfvén wave turbulence (B0+∞; τA<< τnl)

  exact asymptotic closure
  E(k⊥) ~ k⊥–2  : exact solution!

  observed in Jupiter’s magnetosphere

[SG et al., J. Plasma Phys., 2000]

B0 ~ 5b

[Saur et al., A&A, 2002]

[Boldyrev & Perez, PRL, 2009]
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g(θ)

16/7

[SG, 2010]

2
θ π/20

Critical balance:  k// ~ k⊥2/3   ⇔  space correlation is foliated 

B0

Theories for anisotropic MHD
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Beyond MHD : Hall MHD

• Exact law for (isotropic) Hall MHD :

Eb
 ~ k-7/3

[SG, PRE, 2008]

• Whistler (anisotropic) wave turbulence :


  Eb(k⊥) ~ k⊥–2.5  : exact solution 

[SG, J. Plasma Phys., 2006]

[Kiyani et al., PRL, 2009]

Non 
intermittent !

E ~ k-5/3
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Compressible turbulence

Voyager 1

[Roberts et al., JGR, 1987]

Shocks

E ~ k–2 

[Burlaga et al., JGR, 1987]

Solar wind 
(>1AU)

There is no exact law for 
3D compressible turbulence !
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Compressible turbulence

• 3D M-HD simulations (adiabatic case):

v = ρ1/3 u        Ev(k) ~ k–5/3  
HD

MHD

20483

[Kritsuk et al., ApJ, 2007; ASP, 2009]

-ε = ▽. F(ρ,u) + S(▽.u,ρ,u) 

• First analysis (HD + adiabatic):

F: energy flux vector
S: compressible source

[SG, 2010]
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Conclusion

Thank you !


