: V:t(V)!B) +) VEB Incc:ion Equaton

0

V-(“H v T) - 'O +HistB,pT)
Energy

Turbulence
(with and without B)

Sébastien GALTIER
IAS - UPS - IUF

e PARIS-SUD 11




Navier-Stokes equations

Claude Navier (1785-1836) ; George Stokes (1819-1903).

ov/dt + v.vv =-VP +vav,
v.v=0,

Reynolds number: R, =U L /v

R, > 1000 >> 1




Concept of cascade

Turbulence source : generation of large eddies

UNIVERSALITY

Turbulence sink : dissipation of small eddies



AL

Homogeneous turbulence spectrum

(

Rij =< ul(x) u. (x+r) > = R]( ) N

b () = 1/2n)3fff R;i(F) e kr g

Here

E(k) =(1/2) &;; (k)

Kolmogorov’s spectrum

| — —1 T T _
. Compilation Chapman (1979) Saddoughi (1992)

: N E(k) = CK82/3 k-5/3 1

¢

GReC R, = 6200 (250 g/s)

Log;o(E(Kn)/(ve)'?2)

GReC R.,Z 1750 (21 g/s)¢
,OR =3180 Return Chann 'l((“\IHM cow 1991)
+ Ry, ()()(}hdll(h n" al 104 )

"R, | 500 Bou Log k “) ) Log;o(Kn)

-6

0



Solar wind turbulence

Magnetic fluctuations spectrum

Taylor hypothesis: |02
k=2m{/ Vgy '
10°
1072
o _
> 107

Possible models:

f<1/2Hz : MHD turbulence

1078

107°

£> 1/2Hz : Hall MHD turbulence 0"

Cluster

vl Ll lIlIllI Lol 11 11111

f~b "
pe IAe

v ool 11

0.01

0.10 1.00 10.00 100.00

frequency (Hz)
[Sahraoui et al., PRL, 2009]



Regimes of turbulence in MHD

AA A D | e—
MHD is non invariant under 7\ ¢ J

Galilean transformation

=
--------------------------------------------------------------

> -7
B =B,+ €b B=Db
Wave turbulence Isotropic strong
(e<<I) turbulence

B = B() + b
Anisotropic strong turbulence




Concept in MHD turbulence

The main difference between neutral fluids and MHD
1s the presence of Alfvén waves  [Alfvén, Nature, 1942]

Wavepackets interact nonlinearly on a crossing time: t, ~ A/ B,

8,25 T B,.Vzt = — 77 - Vit —VP,
<
V.2t =0 zt =u=+b are the Elsisser fields
V{A 1:1’11 nJ }\-/Z:t
B,
-
VAl

e o . 2
Need N collisions between wavepackets : T, ~ Nt ~ (T,/To)" Ty
[[roshnikov, Sov. Astron., 1964; Kraichnan, Phys. Fluids,1965] 7



Theories for isotropic MHD

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

Log E(k
gA()

e ~ Z2/(ABy) ~ (E.k)?k/B, ~ E KB,

E(K) ~ (¢By)!2 k2 d N
L0g>k

1) Problem: isotropy i1s assumed !!
2) Very close to the Kolmogorov prediction (k->/3)
3) Heuristic result not compatible with the 4/3°s exact law

Homogeneous 1sotropic medium, at Re, Rm = +
[Politano & Pouquet, PRE, 1998]

Solar wind

:E o _é +,. F +\2\ -5/3
< 3¢ r=(02}(027)°) => E(k)~k
10 e




Theories for anisotropic MHD

* Critical balance : ©,, ~ T, at all scales [Goldreich & Sridhar, ApJ, 1995]
- phenomenology
> E(ky) ~ k™ and E(k)) ~ k7

- increase of anisotropy at small scales : k, ~ k,**

100 | - : : S
e Solar wind
~ 00 F :
2 AN
) u‘txy
~ 10 - N
=3 o v:256H-B_1 = 100 E A ~ - -
€ b: 256H-B.1 = VM E K X 0.614
I " Dr25EHE, : 208 X M<ry
e o v:256H-B 0.5 ¥ JTAS - 1
s + b:256H-B 0.5 I * ]
o v:256P-B 1 1
) _
MHD ) ) Ulysses
1 10 e _
1 10 100 L . R
W () [ ) ] (3 0 )

Semi-minor Axis (~1/Rl) (1)
rL \'s)

[Cho & Vishniac, ApJ, 2000] [Luo & Wu, ApJ, 2010]



Solar wind energy spectra

Taylor hypothesis: k=2m {/ Vqy

3]

102F 2
° l ° ' g ;
No unique solution ! o :
; T e —— I T T 1010:_ _
Fee h ‘.‘.:-. ) ; ;
10" k= “ lnd Kinetic R 10° E T, Magnetic ]
F ] F , 10° £ —=
L N\ 4 i '\s :"I E
T T e 3 B
3 ._’."\ E g “~ 3 8
= | L ] 210" .
T sl N ] T E 5 E
e 10F N E Ny 166 Sk .
£ 1 ™ S, ™ > :
= O\ -1.50 ] S0k . G .
o @ $ 10 F E
2 a 2 E
[ ] L _ ©
1035 3 10 : 5 10° | E
3 5 i : 2 E
[ -3/2 ] o [ —5/3 i ¢
10°k EY~ Kk 3 0 Eka %104_ E
F PP | NEPEPPTTYT B SPEPTTTY | PRI | 10—1. PPN | PRI B | PP | ] & 103 :_ _E
107 10 107 107 10" 10° 107 107 107 10”"
Frequency (Hz) Frequency (Hz) » :
10" F 3

[Podesta, J Geophys. Res., 2006; Podesta, ApJ, 2009] February 2008 P
‘10o :— Eb nJ k/(

10 10" 10’
Spacecraft Frame Frequency (Hz)




Theories for anisotropic MHD

* Dynamic alignment : v.b =#vb cos 0 [Boldyrev, PRL, 2006]

- phenomenology
> 0~A" and E(k)~k, 7

- anisotropic relation : k, ~ k'

But DNS reveals that :
E(kpk//:o) ~ kfm

[Bigot et al., PRE, 2008]

kl3/2E +,—(kl)

1 10 100

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

 Alfvén wave turbulence (B,=>100; t,<<T_) [SGetal,]. Plasma Phys., 2000]
- exact asymptotic closure
- E(k,) ~ k, 7 : exact solution!

- observed 1n Jupiter’s magnetosphere
[Saur et al., A&A, 2002]

i [Boldyrev & Perez, PRL, 2009] BO o 5 b :
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Theories for anisotropic MHD

k,*®? < space correlation is foliated

[SG, 2010]

Critical balance: k, ~

—g(0)eFrer =Fa(r) | F=@r) = (627 (62%)2)

L”
16/7;
n ]
£, (p) = py (P/Py)" > .
M y 2.05 ;
/ L e

X O e 0 (rad) n/z



Beyond MHD : Hall MHD

» Exact law for (1sotropic) Hall MHD :

[SG, PRE, 2008]
Bk o
4 T  _ _— vbb bob 10°
—3&8'r= By; +B); —2By;
-2
+4d([(J X b) Xb']) N
~—— .,
Eb ~ k 7/3 TE 10
107°
1078
10“0_

* Whistler (anisotropic) wave turbulence :

- Ebk,) ~ k, ™ : exact solution
[SG, J. Plasma Phys., 2006]

[Kiyani et al., PRL, 2009]

T

T T T T

f—1.62| I

Non
I intermittent !I

.

I fperrf)\e
d v

| AR TT] B R AR T TT | IR ET

N

—

0.01 0.10 1.00 10.00 100.00

frequency (Hz)
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Compressible turbulence

[Roberts et al., JGR, 1987]

J _ Solar wind
E 300 £t (>1AU)
>

[Burlaga et al., JGR, 1987]
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There 1s no exact law for
3D compressible turbulence !
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* 3D M-HD simulations (adiabatic case):

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

v=p"Pu - E'k)~k>"

* First analysis (HD + adiabatic):

-€=V.F(p,u) + S(V.u,p,u)
[SG, 2010]

F: energy flux vector
S: compressible source

10g1 K5Bp(p "y, k)

logy k>33 (k)

04

02

-0.2

0.4 |

-06

-0.8 r

18 f

16

14t

12 F

0.8 r

06

0.4

slope -1.67+0.02 ——
slope -1.43+0.01 —— HD

Mach 6 ——

0.5 1 1.5 2 2.5 3
l0g1g KKmin

20483

0= —_—

slope -1.67[;:0.88 e MHD
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Conclusion

Thank you !
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