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Solar Wind turbulence

A number of properties are found/explained by DNS of

homogeneous turbulence
- Global anisotropy : more power 1n k; than 1n kj

- Spectral scaling w.r.t. large-scale mean field Bo:

-5/3 at all Ogov

- Structure Function scaling w.r.t. scale-dependent mean field By:

- Tl

-5/3 — -2 when 0py=0 — 90°
ne III-order structure function scales linearly with increments

- Tl

he cascade rate 1s consistent with the heating rate required to

sustain the solar wind

All measurements assume axi-symmetry around By, but solar
wind turbulence is not axi-symmetric.
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Anisotropy w.r.t B¢ (local)

Normalized Structure Function
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- small scales S11> S.12> S (~Boldyrev 2005, b-v alignment)

- large scales S11~ S >S12 why ?

additional axis of symmetry3D?
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The cascade rate ¢ is
consistent with the
required heating at 1AU

But the value of € 1s strongly
model dependent (Y 1s unknown)



10° |

10
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ll-order Structure Functions

b(x)
[T-order SF S(£)=<|Ab|>>x

two variants:
et

- define £ w.r.t. the global ficld By => Global S

IT order statistics, anisotropy
Related to Fourier Spectra

=N

Global Ref Frame

- define £ w.r.t. the local field B¢=> Local S =N
higher order statistics (B¢ 1s a random variable)
anisotropy with respect to By
highlight local dynamics
(e.g. critical balance)




Local Anisotropy
Qbsgwaﬁons Chen ctal 2012 Expanding DNS

; ; : : ! " ¥ T T T
10° s34, ; : s . ] Verdini & Grappin ApJL 2015 submitted

c :
o Ki2g “sc7,
c ¢ ¢ -
T L S
2 * - . ¥
107} i Ki1
5 £
go) : [}
L : :
S T
§10_zﬂ . 0°<8_<10°, 80°<6__<90° (I direction) I
< . 80°<6,_<90°, 80°<6, <90° (1 direction) k|| t 3

, 80°<6_<90°, 0°<0, <10° (€ direction) ¢

10° 10° 107 10° 1072 107 10° 10°
Spacecraft Frequency (Hz) k-zﬂ/lx

CGALY

&=t

B
0n - large scales Si1~ S >S12
=Vsw
- small scales S11>S12>§;
7:=&1

£
&=L



Local Anisotropy: eddy shape
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SF

Local Anisotropy

Verdini & Grappin ApJL 2015 submitted
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Component Anisotropy

Dong, Verdini, Grappin ApJ 2014
Verdini & Grappin ApJL 2015 submitted
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i homogenous

)llll

E x k33

10° 10! 107
Kkr

With expansion: fluctuations are confined 1n the (T,N) plane
Bi1, B2~ O() >> Bj1,Bjz ~ O(2)

=> affect local field B(=B;i+B>

=> affect power in SF=|0B|*=|B:-B2|?
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Local & Component Anisotropy

Si1~S) >S12

assume B11, B2~ O(1) >> Bj1,Bz~ 0(2)

the orientation & SF power depend on the alignment of B11, B1»

Anti-aligned

B, 0B,

Bey

21
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Intermediate
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SF(k.1)=[6B[2~O(1)

Aligned

Bi. B
0B

21

x=R 7
s AP

SF(k.1)=|3B|*~0(2)



Local anisotropy
depend on the direction of increments

EXPANDING CASE

Increments along R Increments along T
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lll-order Structure Function
z —5u$6b/ﬁ£ )

z'(x)
=1/2 [(|Az"|?) + (|AzT|? )] II-order Structure Function
e =v/2 [(Zi(0x2")?) + (Zi(Bxz)®)] Dissipation rate (x+l)
III-order Structure Function SRR /

Y =1/2 [(Az"|AzT|?) + (AzT|Az|?)] x+

Connected to global II-order SF by a dynamical equation

[ats 1V, Y = —de + 20V2S ]

Returns the cascade rate (€) assuming stationary and
iSOtrOpiC turbLllence 4 Politano & Pouquet 1998
[ Yo = —-€¢f }

and vanishing dissipation Y, =Y ¢




Fluid turbulence:
anisotropy of ll-order SF

With Rotatlon
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Fluid turbulence:
anisotropy of lll-order SF

(ats 4V, Y = —de + 20V2S ]

No rotation ) With 4, Rotation

30 |Y| ﬁ V'Y

Lamriben et al 2011, PRL



MHD turbulence
anisotropy of lll-order SF

0SS+ V- Y =—4e+20V78

Bo=1
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MHD: several anisotropies?

(&S +Vy-Y = —4e+ QVVES J

Weak Bo=1, decaying Strong Bo=5, Forced
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MHD: several anisotropies?

(8,55 +Vy-Y = —4e+ ZVV%S J

Weak Bo=1, decaying Strong Bo=5, Forced

(c) cuts of -V-Y/4¢
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lll order SF and Expansion

In a frame co-moving with the solar wind Hellinger al 2013

[atS + VoY =—4e+20V3iS [S + Azt - Az — 2AzEAz§] }

homogenous expansion

e Expansion introduces additional decay/source terms
e R=Ro+Ut =>0:5 includes radial evolution

=> The cascade (Y) contribute still to the spectral anisotropy (S)
but it 1s not the unique source of anisotropy



lll order SF and Expansion

In a frame co-moving with the solar wind Hellinger al 2013

S +Vp-Y = —de +20V3S [—Z0\[S 1 Azt - Az~ — 2AzAzg]

expansion
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Expansion : Non Axisymmetry

No Expansion
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lll-order SF & Isotropic model

No Expansion
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Conclusions

The solar wind turbulence has 3D anisotropies
Expansion affects at large and small scales

- spectral anisotropy, Bo

- component anisotropy, Brn>Br
- local anisotropy, By

Dong, Verdini, Grappin ApJ 2014

Verdini & Grappin ApJL 2015 submitted

The cascade (III-order SF) anisotropy 1s less constrained:
- MHD with By : varying anisotropy (perp>par)
- MHD with expansion: reduced anisotropy (perp~par)

Measurements depend on the sampling direction
- local anisotr()py Verdini et al. ApJ 2015
- Cascade rate Verdini et al. in prep



