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Outline

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

How anisotropy 1s driven ? (anisotropy of 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 ?

e an example by revising spectral anisotropy

e anisotropy of the cascade (the driver) revealed?

Exapanding
Box Model
mirabilia



Observed Anisotropy 1n the SW

Assume Axisymmetry around B°

- 2D
| __ 05
| 5
L @ o 00
1, E E(1)
| 0> \ 10-4 10-3 10-2 10-1
-0.5 0.0 0.5
rl(10q°cm)
1.0
~ DLAB
- M\ ’g > 210-5 4 510-3
C@j »2 0.0 5 10-
j- \; -0.5 * RN
N 1.0 P
B BT e -1.0 -0.5 00 05 1.0 N — —
Matthaeus Goldstein : 1 (107 em) @atthaeus +900Dasso +05(@g +19
Roberts 1990 Dasso et al 2005 Wang Tu He 2019 — —

SILAB i1n fast wind

Maltese cross . . Isotropic
2D 1n slow wind b



Cascade anisotropy

Cascade = The Flux of energy through scales
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The Expanding Box Model

Grappin Velli Mangeney 1993 PRL, Grappin & Velli 1996 JGR

time<=> Distance R=R°+Vwt

Volume 1is transported by the constant
radial wind flow

Usual MHD timescales New expansion timescale

tNL=LO/ 611 teXp:RO /VSW
ta=L"/Va




The Expanding Box Model

Grappin Velli Mangeney 1993 PRL, Grappin & Velli 1996 JGR

time<=> Distance R=R°+Vut

Volume 1is transported by the constant
radial wind flow

Usual MHD timescales New expansion timescale

tNL=LO/ 611 teXp=RO /VSW
ta=L"/Va

Volume expands

: - C L, 1ncreases Anisotropic
Transform to cartesian coordinates only in directions 1 .P
(neglect curvature effects) ‘o the radial (k. decreases)  Stretching
— Conservation of u, ~1/R .
;) Selective
~ | U=Uce Mass flux uj~const D
Foy ecay
i L Angular Momentum B ~1/R (B turms as in

Magnetic Flux Bi~1/R? Parker Spiral)



Expanding Box in a couple of Movies

movies on a separate GIF




Expanding Box in a couple of Movies
structures elongated along B” and along R




Anisotropy: a new aX1s of symmetry

Dong+ 2014 AplJ
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Slow And Fast wind anisotropy

AXiS BO Montagud-Camps+ 2020 ApJ

Slow Wind
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An Explanation for the Maltese Cross
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An Explanatlon for the Maltese Cross

Slow Wlnd

2D

At any
. angle of B°

radial sampling direction E



An Explanatlon for the Maltese Cross

Slow Wlnd

2D

At any
angle of B®
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Cascade Anisotropy
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Cascade Anisotropy

-V- Y/4e IS0
. 0.02 ' 0.02 (7
without
. 0.01 Q.01
Expansion
(or small T 0.00 L1 o.00
expansion
P ) —~0.01 —0.01
AZEN
I . —~0.02 _a.nol LN
u —0.02—0.01 0.00 0.01 0.02 —0.02—0.01 0.00 0.01 0.02 _0.07—-0.01 0.00 0.01 0.02
(R {r (R

Q

P y=T
O0=45 V- Y/dg
110 f _ 0 10 B

= o | o
0.05F 0.05F :
. | : : Cascade
With i : : . .
: {1 0.00f {1 0.00}] _ 1S not strictly
Expansion | | ; to B
—0.05F —0.05F : 1 to
—0.100 —o10ll LA T /l
~0.10-0.05 0,00 0.05 0.10 ~0.10—0.05 0.00 0.05 0.1Q

(R (r




without

Expansion

(or small
expansion)

7=N
A

&
&/’//4% yET
Oso=45
1,10 [

x=R 0 _
0.05f

With i
. L o.00f
Expansion |

—0.05F

—0.10 1
_0.10—0.05 0,00 0.05 0.10

Cascade Anisotropy

-V- Y/4¢g

0.02

(R

—0.02 &
—-0.02—-0.01 0.0Q ©.01 0.0Z2

0.10Q]

L 0.00}
—0.05F

_0.10-...1 a1 PR L L
—-0.10-0.05 0.0Q ©.05 0.1C

0.05F

:

r

—(0.02 1 . Sp——
—0.02-0.01 0.00 0.01 0,02

Q.10
0.05:-
{r 0.00F
—o,osf-

—0.101
_0.10—0.05 N N0 0.05 0.10

((;ISO

lllllllllllllllll

................

br

The isotropic
prescription
Fails to capture
anisotropy of
the cascade



Scale dependent anisotropy

Simulations Solar Wind Observations
3 different scaling for €, £.1, £,> 2 different scaling for £, and (€1, €12)
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Scale dependent anisotropy
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Selective decay in EBM Simulations

Dong, Verdini, Grappin, Apl 2014 | B (1 AU)
In the Solar wind field lines Qg

0B/B°~1

Slective Decay

B, ~1/R
B~1/R?

(B>

Field lines tend to flatten in the
plane perpendicular to the radial

Bias on the Local Mean Field
statistics when sampling along R



EBM

Simulations

Verdini & Grappin 2015 ApJL

Solar Wind
Observations

Chen+ 2012 ApJL
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Scale Dependent Anisotropy in EBM

EBM simulations Solar Wind Observations
2 different scaling for ; and (€.1, €,2) 2 different scaling for {; and (€.1, £.2)
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Scale Dependent Anisotropy in EBM

EBM simulations Solar Wind Observations
2 different scaling for i and (€1, £.2) 2 different-scaling for {j and (€1, £.2)
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Scale Dependent Anisotropy in EBM

Sampling along R Sampling along T
as 1n observations as 1n simulations w/o expantion
(a) run B, increments alorugfgi (b) run B, increments alor@;fv
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Scale Dependent Anisotropy in EBM

Sampling along R Sampling along T
as 1n observations as 1n simulations w/o expantion
(a) run B, increments alorugfgi (b) run B, increments alor@;fv
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Spectral Anisotropy: 1sotropy @ small scale
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Spectral Anisotropy: 1sotropy @ small scale
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Spectral Anisotropy: 1sotropy @ small scale
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Observed Anisotropy in the SW
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Observed Anisotropy in the SW
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Summary - Conclusions

Anisotropy, Cascade, Statistical Eddy Shape 1n the solar wind can be reproduced reasonably
well in numerical simulations (sometimes expansion 1s a necessary ingredient)

Anisotropy 1s ruled by two axis of symmetry, B® (turning) and R, their relative importance
depends on scale (not 1n a trivial way)

Limitations of s/c data analysis

Only the anisotropy w.r.t. B® can be captured, while that w.r.t. to R can only be guessed indirectly
Bias the statistics of spectral anisotropy (because of corrrelation among Vsw, 0B, Opy

Bias the statistics of scale dependent anisotrpy (eddy shape) because of selective decay of B

Multi point measurement tecniques (LPDE, but also simpler reconstruction of the 3D
autocorrelation are necessary to reveal when and at which scale B® dominates over R and 1f
and when Slow and Fast stream differ in their anisotropy and cascade



