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Outline

What anisotropy? (spectral and scale dependent anisotropy)
Why anisotropy ? (a semi-quantitative argument)

How anisotropy 1s driven ? (anisotropy ot the cascade)
Measurements 1n the solar wind, some surprises:

Special solar wind anisotropy (Maltese Cross) at different scales
Scale dependent anisotropy

Solar wind radial expansion: side effects

some explanations for the observed solar wind anisotropies
Why do we need multi-spacecraft ?

® an example by revising spectral anisotropy

e anisotropy of the cascade (the driver) revealed?



What kind of anisotropy? Spectral Anisotropy

Muller & Biskamp 2005, PRE
NO mean field WITH mean field

Uneven distribution of energy in the wavevector space

Oor

Uneven distribution of energy in the increment space

spectra
C(O=FT[E(k)]
300 C(£)= <Ui(X+£)Ui(X)>

SEF(0)=<lui(x+0)—ui(x)I?>

5 5 SF=2[C(0)-C({)]




What kind of anisotropy? Spectral Anisotropy

Muller & Biskamp 2005, PRE
NO mean field WITH mean field

Uneven distribution of energy in the wavevector space
or

Uneven distribution of energy in the increment space

spectra flipped SF
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Why Spectral Anisotropy?
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WITH mean field

Why Spectral Anisotropy?
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WITH mean field

Why Spectral Anisotropy?
it

Wave+Wave: negligible Hydro+Wave : quasi Hydro+Hydro: resonant
resonant

amplitude
amplitude

q spectrum develops preferentially along k |

Log[ gxi(z'K_L)] _

k" klI —
Ought0n+ 2004 Phys PoP BOE =



WITH mean field

Spectral Anisotropy

Spectral Anisotropy C({)=FT-|E(K)] Driver?
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Isotropic cascade

0,zF FBy-VzT +2z7 -VzT + VP =0 zT = du

evaluate the eq. at x and x+{,

multiply by Az*,

average 1n the volume and obtain equations for S+,
sum them so you get total energy S=St+S-

J

S =1/2[(|Az"]*) + (|AzT]?)]
e = /2 [(Si(0x2)?) + (Ti(0x2)?)]
Y =1/2 [(Az"|Az"|?) + (Az"|Az|*)]

db/+\/4mp /
: {

II-order Structure Function

Dissipation rate

I1I-order Structure Function

4 N
0;S+V,y Y = —4e + zyvg g Consgvation equation for [I-order Structure
function S (mean field 1s not here!)



Isotropic cascade

Isotropic => can study 1ts angular average (or a cut)

, FlllX>£
0pS + V- Y =—4e+ 20V} » dS/dt =—-V-Y —4et+2vV2S

dS/dt variation of energy
S contained 1n scales up to {

Flux : energy flux from
scales larger than {

A S

~ Diss : dissipation of energy contained in scales up to {

— 4e+2vV2S




Isotropic cascade
More popular representation
dS/dt +V-Y —2vV2S=—4¢

.10 F
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Isotropic cascade

More popular representation

dS/dt +v-Y —2vV28=—4¢

1.00F
3
.10
Ideally : when injection and V.01
dissipation are well separated - . 10 p 100
V- X =—de Cascade <=> VY

Politano Pouquet 1996 PRE \_ Y




z*(X)

Isotropic cascade et

4 )
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BtS + Vg - Y = —4e +2VV£S N N ’ n
. ) Az* (x, €) = 2% (x + £) — 2% (x)
1I-order Structure Function Divergence of the flux III-order Structure Function
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Isotropic cascade

S +V,- Y =—4e+ 21/V%S

\§ J

II-order Structure Function

Divergence of the flux
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Meaning of Y

s D
0;,S+ V- Y =—4e+20V}S WE DO NOT KNOW
- y
III-order Structure Function
Cl)= <u(x+0ui(x)>
¥ = 12 [(Ba A2 ) + (At Aa Y ()= Cmxrbux) SF=2[C(0)-C(D)]
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Anisotropic cascade

Anisotropy shows up 1n the
difference in |l and L ranges for

which V- Y=const

II-order Structure Function Divergence of the flux
-V-Y / 4¢
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Anisotropic cascade

Anisotropy shows up in the Y 1s difficult to interpret without
difference in Il and L ranges for knowing the surtaces of constant
which V- Y=const divergence
II-order Structure Function Divergence of the flux III-order Structure Function
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Hydrodynamics with Rotation

No rotation
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Hydrodynamics with Rotation

No rotation
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Solar Wind Measurement: Exploits Variability

Solar wind flows almost radially
(at least from 0.3 au)
Magnetic field follows a spiral
whose 1nclination depends on the
speed (faster, more radial)

On the ecliptic opposite sectors
cross each other due to mis-
alignment of magnetic and
rotation axis

Many samples to cover different
OBv
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Measure of anisotropy

Bo
Consider a timeseries 1n which j\) O \; vb@ @0\' : O t/t
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Wind Speed and Turbulence

S 1
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1 Fast, Hot, Rarefied

Slow, Cool, Dense




Wind Speed and Turbulence
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Anisotropy at smaller scale

Matthaeus Goldstein Roberts
1990



Anisotropy at smaller scale
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Anisotropy at smaller scale
. SN 3. N—
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Recover of
1sotropy at
small scales?
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Observed Anisotropy 1n the SW
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Measurement of Cascade

1996, days 104-113
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With Anisotropic Geometrical Model
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Scale Dependent Anisotropy

Compute anisotropy with repect to a scale Not a [I-order quantity!

dependent definition of mean magnetic field
T (B> =By




Scale Dependent Anisotropy

Compute anisotropy with repect to a scale Not a [I-order quantity!

dependent definition of mean magnetic field
T (B> =By

sampling direction

B >
‘ repeat for each point 1n space,
R accumulate statistics and
SB average to obtain

SE(Li,L11,012)




Structure Functions

Scale Dependent Anisotropy

NO mean field WITH mean field
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Scale Dependent Anisotropy

Scaling of SF(EH,EJ_I,EJ_Z)

Mallet et al 2016 T

J ‘
10°

11

NO mean field

WITH mean field

also w/o mean field

you get an
anisotropic scaling

Origin:
critical balance +
alignment

Boldyrev 2005 ApJ



Scale Dependent Anisotropy

)2 |eBlm)0<5z+ ,7'>

Statistical representation of turbulent eddies at different scales

G2

sheet-like
(not tube-like)
(621 )% ) =1.40

(2)

isotropic
<(5zf )° ) =15.98

0044 1
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smaller energies (smaller scales)
Mallet et al 2016




Diffterent small-scale structures
' SF

~

Filaments

Critical Balance
(Goldreich-Shirdar 1995)

Or

Critical Balance

& oV-0B alignement
(Boldyrev 2005, 2006)




Measurements 1n the SW

wandering of field lines allows measuring all directions

solar wind flow .

(B> y
2 r (B (
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o

Horbury+ 2008 PRL f 'f—Z
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Frequency (Hz)
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Ditferent Parallel and perpendicular scaling

(with power-law indexes matching theory)



Tr(P) (arb. units)
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Measurements 1n the SW
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The two perpendicular direction have the same scaling

tube -like structures at small scales
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