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Waves and turbulence in
the solar wind

- Some general properties

- Large scale fluctuations (below 1Hz - MHD scales)
- Small scale fluctuations (beyond 1Hz - Hall MHD)
- Dispersive waves and turbulence

- Conclusion



It is a short review !

For more information read, for example :

Bruno & Carbone,
« The solar wind as a turbulence laboratory »,

2005
Living reviews in solar physics



The Solar Wind (E. Parker, 1958)

- Continual and variable outflow from the Sun (heliosphere ~ 100AU)
- Magnetized and collisionless plasma

- Variable from ~ 107 Hz to 10> Hz

- Hot plasma > 10° K

- Rarefied plasma : n ~ 107 m™ at Earth

- Fast and slow winds (> 20R,,)

1 h-'\ﬂ -
il T w-"j-.'wi‘} EIT [MASA/GSFC)
Imperial College o | ':1\"'-;'".""' Mauna Lon MEZ (HAO)
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Binward IMF

- Weak density variation (few %)



Scales in the Solar Wind

Spatial scales

e Heliocentric distance : L

e [on nertial length (1AU): d. = V, /o

e Coulomb free path : l.

Temporal scales

e Solar rotation : Qqin

e Alfvén waves : 1/t,

e lon-cyclotron frequency (1AU) : o

e Whistler waves : 1/t

~ 108 km
~ 100 km
~ 107 km

~ 5107 Hz
< 0.1 Hz

~ 0.5 Hz

~ 1-103
1-10° Hz |
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Turbulence iIin the heliosphere

Questions and problems:

e Nature and origin of the fluctuations
e Spectral transfer of turbulent energy
e Spatial evolution with heliocentric distance

e Microphysics of the « dissipative » range



Large scale turbulence
in

the solar wind



Alfvénic fluctuations
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Ov and Ob are anti-correlated : Ov = -0b
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Ov and b are correlated : Ov = 0Ob 9



Outward Alfvén waves - MHD scales
[Belcher and Davis, 1971]

In the fast solar wind : &v = +0b, where b =B /(u,p)"?

B, _
YAl 0z %

ov = -0b ov = db
0z" << 0z "b 0zt >> 0z
- <:
<§ oz oz* <D
. Y 3,
SUN

Elsasser variables : 0z = 0v = 0b
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Incompressible MHD approximation

Inviscid equations :
V.v=0, V.B=10
ov+v.Vv=-VP. +B.VB
0B+ v.VB=B.Vyv

For Elsisser variables (Z==v + B) :
0.2° + 7.V 7= -V P
V.Z"= 0
If:B=Bo+b=Boe,+b - Alfvén waves
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Inward/outward power energy spectra
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Dynamical evolution over distance

Magnetic fluctuation power law spectra in the fast solar wind
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The (blue) knee moves to lower
frequency as the heliocentric
distance increases

Turbulence intensity declines
with solar distance

[Bruno et al., 2005]
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Spectral index

Q

Spectral index

A signature of a turbulent MHD cascade
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Magnetic field vector properties
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Presence of anisotropy

* 0b, /0ob, =1/30 (B,~=B,.e,) > anisotropy [Belcher & Davis, 1971]

e Study of the local minimum variance direction :

- [t tracks large scale changes in

field direction

—> Small scale fluctuations are mainly

perpendicular to B,

4- |
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Presence of spectral anisotropy

Single spacecraft measurements are not adequate to determine

the 3D wavevector spectrum

e Indirect lines of evidence for magnetic spectral anisotropy :

- 85% of energy 1s 2D and 15% 1s slab [Bieber et al., 1996]

- Anisotropic 2D correlations [Matthaeus et al., 1996]

k1B: 2D B

/'

k||B: slab 17



Small scale turbulence
in

the solar wind
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Small-scale turbulence
— Standard Magnetohydrodynamics (MHD) is not valid —

Steepening of the magnetic fluctuation power law spectra: f 17 > {29
[Coroniti et al., 1982; Denskat et al., 1983; Leamon et al., 1999; Bale et al., 2005]
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Magnetic field power spectrum

- Spectral steepening found in fast and slow winds, from 0.3 to SAU

- Steeper power law may be attributed to nonlinear dispersive
processes rather than dissipation  [Ghosh et al., 1996; Stawicki et al., 2001]

- [t i1s not an exponential decay

= [t 1s mainly due to whistler waves

Cyclotron absorption of left circularly polarized waves
[Coroniti et al., 1982; Denskat et al., 1983; Goldstein et al., 1994; Leamon et al., 1999]
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o ()

Reduced magnetic helicity spectrum
o.=kH_/E_=k<A.B>/<B?> B
For pure circularly polarized waves o, = £ 1 €

Assuming outwards propagating waves => whistler waves

(result in agreement with cyclotron absorption)

<0 ()>=0 <0, (f)> 1s positive

06 f—————f—+  T————r—— ——
DIE [ ' T T T T T T T - | . 3

A3 ]

] I 3 1
e i [ . 25 iz 17 oapposdalic b gl e

I 1l : 0z M ‘ ik o | {1 SR PURTT | R
02 il T i ULEIW A = L AR LRI _Ixi Al J.'h Ml ‘a l.'.l
o B T T A T e e e ¢ B YTy L |
e L T R e
0.4 - =ssa - .....3 736 E—' 5 : E

PN Nt Ca [, B B [ aied Shaie Wid ki e L
St=8sec 15107 3.1 10° 46107 6.210 0t=0.12sec - :

Low frequency (Hz) [Goldstein et al., 1994] High frequency (Hz)




Small-scale turbulence

- The same signature of whistler waves 1s found in Hall MHD

direct numerical simulations [Ghosh et al., 1996]

- Signatures of (spectral) anisotropy is also observed

22



Waves and turbulence
in
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Incompressible Hall MHD turbulence

Inviscid equations :
V.v=10
ov+v.Vv=-VP. +B.VB
0B +v.VB =B.Vv - diVx[(VxB)xB]
V.B =0

- Ion 1mertial length : di=B,/ w¢i ; B=Bo+b=Boe,+b
-If dik <<1 (w << w¢j) => standard MHD
-If dik >>1 (0w <wee) => electron MHD and « ion MHD »
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Incompressible Hall MHD turbulence
- Inviscid invariants (B 1s frozen in the electron flow) :
E = (1/2) [ (v»+B?) d’x Total energy
H, =(1/2) [ A.B d'’x Magnetic helicity

He = (122) [ (A+div).(B+diVxv) d’x  Hybrid helicity

- There are linear incompressible waves (sky > 0) :

0 (k) = Bo sky dik (sA + V1 + 4/(dik)?) / 2

eft circularly polarized wave (A = -1)

_right circularly polarized wave (A = 1) - whistler N



Incompressible Hall MHD waves

In Hall MHD electrons are massless

£
o

Frequency

o
I
<

I-MHD

Parallel Wavenumber

(k) = Bo's dik? (sA + V1 + 4/(dik)?) / 2
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Wave turbulence in Hall MHD

We shall describe the small scale solar wind conditions

e We introduce : B (x,t) =Boe, +€b(x,t) with 0<¢€ <<1

but B, 1s 1n a fixed direction
 We develop perturbatively (in Fourier) the Hall MHD equations

 We derive the asymptotically exact wave kinetic equations
[Zakharov et al, 1992; Newell et al, 2001 ]

- Dynamical description for energy and helicity spectra
(3-wave interactions) 27



Wave turbulence in Hall MHD

e Use a complexe helicity decomposition (HMHD waves are helical) :

A A ég = é@ X E:A
hA (k) = b2 = &) + iAéy p )
( ) éqj _ E” X ey
~ |§|| X é;l|
A is the wave polarization (A=+1); k-h* =0, & x hi* = —iAhd

[Craya, 1958; Kraichnan, 1973; Cambon et al., 1989; Turner, 2000; Galtier 2003]

rvk = Z yﬁ[k)hiﬂ? = Z Hﬁhf:“,
A A

 bk=) Ba(k)hg =) Bihg.
A A
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Wave turbulence in Hall MHD

 We introduce the generalized Elsasser variables :

Z_fl = U\ + LfiBl \
s 8 Sdg_k 4
(Ei(k):gﬁz_ 5 (Sti-l-\/l-l-d?kl) .

Such that : (028 = —iwl 2}

3 (k) = Bo skydik (sA + V1 + 4/(dik)?) / 2
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Wave turbulence in Hall MHD

 Introduction of the orthonormal basis vector to get a polar form :

OW@E)=hnx8&,, OP@E) =n, ODP)=-8&,
n 1 tnthctrianglcl}:=ﬁ+ﬁi and ﬁ=(E - E:-’)I|R < P| = vee

[Turner, 2000]

 We obtain the wave amplitude equation :

-: r‘-'" AApA,

da' = — b ALttt o st § o dpd
ra} 1d, f Z ‘E'L £ _LP.?“'L “\ € pg.k AP 04

The matrix [Vl has all symmetries you need to do wave turbulence



Wave kinetic equations of Hall MHD

We derive the 3D wave kinetic equations for energies and helicities

We recover standard (dik<<1) and electron (dik>>1) MHD as two

limits [Galtier, Nazarenko, Newell & Pouquet, 2000; Galtier & Bhattacharjee, 2003 ]
Standard MHD limit 1s singular —> Principal value terms appear

Detailed conservation of invariants for each triad k, p and q
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Wave HMHD turbulence properties

Global tendency (at any scales) towards spectral anisotropy :

t=0 k, t=1 k,
LK ’

kl
- > ET
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k,

The master equations are :
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Wave HMHD turbulence properties

£
o

Frequency

(49 0 D

E ~ k,*f(k,)

Wavenumber

e The exact power law solutions show a steepening at small scales

33



Wave HMHD turbulence properties

E(kl*k“) ~ 1,.-"_[[BU klgkﬁl)jg(l + kid?)—lfi

ﬂ\kz:‘

At a given k,

og(BR))\ i

=
logk,)

- We recover a knee as observed 1n the solar wind

- A global anisotropic phenomenology 1s given u



Wave HMHD turbulence properties

£
o

—» [t 1s like strongly
rotating Navier
Stokes fluids !

Frequency

(k///k) Qg |rromemmereemeressenngflo e,

Wavenumber

* Nonlocal interactions between whistler and Alfvén waves are

possible as soon as E, and E, are different for Alfvén waves
35



Rotating Navier-Stokes turbulence

ow-2(Q.V)v=w.Vv-v.Vw
w=Vxv and V .v=0

Very strong analogy between wave turbulence in EMHD
and in Navier-Stokes fluids under rapid rotation

[Galtier, 2003 ]
A A
B <=> Q
(1) \J
ok ~ Kk, Kk ok~ K, /K
Whistler waves Inertial waves

Helical waves 36



Rotating Navier-Stokes turbulence

| [Morize et al., 2005]

Ro ~1/Q

Experimental measurements made at FAST-Paris XI
37



Conclusion

e The solar wind 1s a vast turbulent laboratory :

- Alfvén waves, active cascades, anisotropy, intermittency...

e Small scale solar wind turbulence exists (Hall MHD scales)

- Useful for the inner corona...

* Questions : mitial forcing, cross-helicity, power law exponents...

e [Lack of data to understand the 3D structure of turbulence
—> Current data are not sufficient  [Bigot et al., 2005]

- Crucial for many problems 1n astrophysics 38



Other slides
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ON /N < 0.05

[Bavassano et al., 1997
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The predominance of outward
modes 1s preserved but saturates
at= 0.5

The imbalance 1n favor of the

magnetic energy saturates at
=~ 0.25
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Radial

evolutions...

Helios
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SPECTRAL DENSITY [ nTi/HzZ ]
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 Abrupt decline at w indicates cyclotron

absorption

* Steep spectrum at high frequencies

above ~ 1Hz is mainly due to whistler

waves
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Wave HMHD turbulence properties

e The resonance may occur at frequency lower than w if the

small scale turbulence is anisotropic : ®,.c= (k,/k) w;

—> Possible source of heating at larger scales

46



