Is there a turbulent cascade 1n the solar wind?

Roland Grappin (LUTH, LPP) and Gérard Belmont (LPP)

This lecture deals with large scale turbulence in the solar wind, in the inner

heliosphere, = 3 decades above 3s period

Several indications support slow down of interactions in the solar wind,
which could make turbulence differ from standard homogeneous MHD

We review scaling, heating and (spectral) anisotropy properties
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Coleman (1968) first
proposed that the observed
power-law energy spectrum
was the signature of a
turbulent cascade

Magnetic scaling

Spectral energy density per unit mass
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Strong (rapid) and weak (slow) turbulence

Kolmogorov 1941 Hypothesis:
Inertial range scales with constant flux — 1°>>1 >> Ip
[° = 1njection scale, [p = molecular dissipation scale

Basic hypothesis: continuous energy flux from [°to lp
gr=cst=e=>  Flux ¢ =u®/t=cst (¥

1. Strong coupling

short time scale T=tNnL=1/u (1A)
K41 scaling: =l u= I ut=pPY el = [
Energy spectrum u2 ~ kEx => Ek k- 5/3 (1B)

2. Slow coupling (Iroshnikov 1963, Rraichnan 1965, Boldyrev 20006)
B°>b, IK verswon:

long time scale: T =tnL B°/b (2A)
IK scaling: = [ u= [ =l ul = [
Energy spectrum u2 ~ kFx => Ek k372 (2B)

3. (Dobrowolny Mangeney Veltr: 1980, Grappin et al 1982, 1983)

monodirectional Alfvén waves => zero coupling




Magnetic spectrum: power-law range
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Kinetic # Magnetic

Magnetic spectrum scaling as k3
Kinetic spectrum scaling as k3/?

Exponents C(p) of the structure functions:
<OX(1)|P> = <|X(t+7)-X(0)|P>= 74P
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Pure K41/1K scaling...

Removing extreme fluctuations at all scales (=0.4% of events)

=> removes intermittency

=> pure K41/IK scaling
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Summary

Observations Incompressible MIHD simulations

~1,-5/3 ~1,-3/2
Eg<k Ep~k

Evzk-3/2

Ev : no definite slope

Eg-Ev = k-2
Wind mission Periodic MHD 3D simulations with
Salem et al 2009 mean field

Miiller Grappin 2005

Closure models

Grappin et al 1983




But turbulent properties at I AU are not invariable:
they vary with proton temperature

*Figure shows nine frequency Dy fluctuations of spectral densities i outward Alfoén mode
bands from one day down to
one minute a4A
One shows outward mode energy
Magnetic energy would give the
same result

*I'he band between hour and
minute shows synchronized
variations 80% correlation with :
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Measuring day by day scaling (Helios mission)...

Magnetic
slope =B Magnetic vs kinetic spectral slope (Helios I mission)
2 Peccesscecssssaveccccsnnne j T ccsscscsspescscnccssccnucaccrfocnes gevevcevancasn peeressccncs 4
® T R A ) P
R e ey — SRR S - e
5/3 slope : oi® | g i° : :
: a 00:“3 Q_d:-a : :
U B SN w— & G e :
: o oéu Bg ] d; B : ;
1. 4 Feccceccccess Mscsccocssae 4:.6 ....... d% tp.-Q--O--E ........... ' [ ———— Lovecosesane s
' Cn N :
‘o o B :
' g + O
1.2 T e T enr TTTRISTRTRR:
@0 9 : : :
1 ‘ @ . . : E § '
B T3/ 2 slope I
0.8 — — |
0.6 0.8 ! 1.2 1.4 1.6 1.8 2
b mv(slopc of kinctic spectrum)

Kinetic slope

Large percentage of the population NO'T in the spot (3/2,5/3)
Helws 1 masswon, 118 Days of minimum solar actiity 1974-1975

Grappin Velli Mangeney 1991




.. shows large scatter of slopes

Magnetic
slope mP Magnetzc vs Kinetic spectral slope (Helios 1 mission)
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Flat spectra are hot

ms Magnetic slope vs thermal speed
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Flat population NO'T relaxed

Using slow coupling time as in IK: t* = tnL x B°/b

Number of slow coupling times during transport
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II Heating 1ssue: trying to reveal time scales

Energy equation

+ Measured gradient Tp = 1/R?-9%0-1
(from Helios mission, Freeman et al 92, “lotten et al 9)
 — "gbserved'" heat flux depending on V [km/s] and T [K]

€heat — 3.6 X IO—STP,—VSW [J/(kg S)],

=> "lesting two theoretical heating rates:
* the fast one (K41):

ekot = 27/ Vew )V™2[(1 + Ra) (5/3) (Pa(v) [ rompmy) | Ck ],

* the slow one (IK):
exr = 2/ Vsw)Vi v [(3/2) (PB(V)/,uOmpnp)/A]z. — 0 when V4 — 0

Vasquez Smith Hanulton MacBnide Leamon 2007




Matching phenomenology and observations

Vasquez Smith Hamulton MacBride Leamon 2007
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*]K phenomenology better matches "observed" heating rate,
*but temperature scaling not very good

Data from ACE mussion 1998-2002

NB Good correlation of theoretical heating rates with temperature
comes from good correlation of turbulent amplitude with temperature (Grappin Mangeney

Marsch 1990)




Grappin 1956

[11 Anisotropy

Anisotropy of MHD turbulence with mean field
POOR NL coupling parallel to B° (weakening by phase variations)
Strauss 1976, Montgomery Turner 1981, Shebalin Matthaeus Montgomery 1983

=> Spectrum should be mainly perpendicular to B°
<=> Autocorrelation should be mainly // to B°

kJ_A

expected spectrum

re
A

expected autocorrelation

r//




Autocorrelation = 1sotropic !

autocorrelation <o6Bir") 0Bi(r'+r)>
Units of 10° km (average: [3 min, 2 hours]

Conclusion
1 component NO'1 dominant at small scales

*Standard interpretation:

// component = linear waves (present
from start)

1 component = turbulent component

OB auto-correlation (units 10° km)

// component
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lkyl [rad/km]

lkyl [rod/km]

3D spectrum still more exotic (using k-filtering)

2D culs of energy spectrum 4o this period of slow wind, the B® axis

E [nT? . .
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Separating fast and slow wind
(again assuming B® axisymmetry)

OB auto-correlation (uniis 10° km)
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What the wind does to spatial structures

1. Expansion of the wind transtorms // structures into L => k, into k/,
NB Here "//" <=>//¢ ,"L " <=>"1¢"

2. nonlinear coupling L to radial are reduced/delayed
3. Close enough to Sun, B° = radial, hence // to ér <=> // to B°

=> Expansion favours isotropization of spectrum

(l) 1=() 'L"‘:’*m/
Loy eeenT
Sun ’ ../M t>0 U=err
T

1.5D and 2.5D MHD: Grappin Vellr Mangeney 1993, Grappin Vellr 1996
Also (Hybrid): Hellinger et al 2003, 2005




Is there enough time ?
y \ y Magnetic field B® becomes

_ more transverse because of
BO

5" flux conservation
K\ t>0 K
-

X ) ‘.. H X
Radial direction '

Wave vectors k become
more radial

Characteristic times
Time for cascade perp to B°®: NI

Time for expansion: tex,=(divU)! = R/(2U)
=> ] Day at 1AU, 0.1 Day at 0.1 AU

=> Fxpansion important (texp < tn1) only at large scales

BUT Alfvénic turbulence in fast wind has large effective tni. because z-<<z+*
=> explains why // spectrum can dominate in fast wind

* Dobrowolny Mangeney Veltri 1980, Grappin Frisch Pouguet Léorat 1952
Grappin Velli Mangeney 1991




Summary

1. Scaling

*Observed average scaling (V-slope=3/2, B-slope=5/3) ditters from MHD
stmulations

*Hot streams show flatter spectra, with strong expansion effect

2. Heating

*Heating SLOW compared to K41 prediction

*But good match of IK heating might be coincidence, as dominant B spectrum not
follows IK scaling

3. Anisotropy
* shows // component that might be made of linear waves,
* but also might result from strong expansion etfects + NL

Conclusion:

*Standard Kolmogorov cascade NO'T" a good model: SW turbulence 1s a slow process,
comparable to 1K cascade

sexpansion probably plays a significant role (together with Alfvénicity)

edirect 3D MHD simulations with expanding box model (Grappin Vells Mangeney
1993) are needed




