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Part I: Turbulence In space plasmas

. Plasmas in the Universe

. Space plasmas: Sun, Solar wind, Planetary

magnetospheres
. Why do we need to study plasma turbulence ?

. In-situ space instrumentation and related measurEme

. Multispacecraft data analysis techniques (e.g.kthe

filtering)




Turbulence in the Univers

Turbulence is ubiquitous in the Univers —It covers all scales, fro
guantum to cosmological ones!

Observed heating and particle
acceleration (i.e. jets) In
astrophysical objects are caused
by turbulence dissipation

Solar corona heating

Turbulence in
galaxies & nebulas




Accretion disks of black holes

[Hawley & Balbus, 2002 (simulations)] Articst’s view: NASA/JPL-Caltech

Matter spirals into the black hole, converting huge gravitational pote

energy into heat:
- Magnetorotational Instability (MRI) drives turbulence [Balbus, 1993

- Turbulence cascades nonlinearly to small scales
- Kinetic mechanisms damp turbulence and lead to plasma heating

Emitted radiations (e.g.-Xays) are function of the plasma heating




The Sun
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The Solar W|nd [Richardson & Paularena, 1995]

10°
— Tm3.77x10° R4

The solar wind plasma is generally: g

= Fully ionized (H, €)
= Non -relativistic (\{<<c), V~350-800 km/s
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‘?’ - Comment et ou le plasma et le champ magnéetique
R du vent solaire sont genéres dans la couronne ?

Le champs magnétique structure la couronne

Eclip orona Aug. 11,1999
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Sun-Earth coupling

SolarWind . - Magnetized planet

Magnetic field &
plasma particles

‘ Magnetospheré'

Magnetosheath | |




Planetary magnetospheres

Mercury
MESSENGER
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Turbulence In fusion devices

Performances limited by plasma turbulence

Strong pressure gradients
= Instabilities

Turbulence is the main [FEF N—— =
obstacle to plasma Xl ¥ b
CO nfl n e me nt “ j _ : Turbulent system

Radial heat transport

X

[—) Prediction & control of turbulent transport

A better understanding of
turbulent transpor® A better
control-> A longer
confinement




Any commonphysics ?
T.~1012K
B~1®nT

M100 galaxy 102 m

Eagle nebula 10® m

Performances limited by plasma turbulence

Strong pressure gradients
=s Instabilities

<

Turbulent system

&

Radial heat transport

:} Prediction & control of turbulent transport




Near-Earth space plasmas

Pressionthermique

Pressionmagnétique

Earth magnetosphere
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[Scheckochihin et al., ApJ, 200

Representative Parameters for Astrophysical Plasmas
B san sl S B — P ——

Parameler Solar wind Warm

Accretion flow Galaxy
at 1 AU ionized near Sgr A*'\¢
ISM®™

clusters

(cores) @

30 0.5 ) 6 x 10~2
y 8000 3 x 107
K000 . / nel
10~° 7 x 10~°
130

700
60
104 - 102

7 x 104

108 ~ 1017

2 x 108 4 x 1010 4 % 106
6 x 10° 10° 1015
1000 0.4 104
30 0.003 200

magnetosheath

bow shock £ - magnetopause

_‘“‘“‘-
Gﬁl - #H-W

| —

[Vaivads et al., Plasma Phys. Contr. Fus., 200¢




Remote sensinddistant plasmas)

Bernard Lyot Telescope at
Observatoire du Pic du

Bernard Lyot, the inventor of Midi (photo P. Petit

coronographghoto
Observatoire de Par)s




In-situ measurements (space plasmas)

Plasmas> A coupled system of equations

o.n,+0.(nu,)=0

nm,U, +nu . (ug) + Op, = -neE +u, xB)
on +0.(nu,)=0

nmo,u; +nu0.(u;) +0p, =ne(E +u, xB)

|deally , a space plasma physicist would like to measure:
- B & E: 3 components over a broad range of frequencies [DC, MHZz
-Nie, Vi, T In 3D at all energies (eV, MeV) and with high resolutio

1,e? l,e?




In-Situ measurements
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Instruments overview. fields (1)

Fluxgate magnetometer B
measurements in [DC, 1Hz] T et am s

Drive Voltage Driva Voltage

And the direction in which the
coil is wrapped around the bar
Is reversed

Magnetic field generated with no external field Magnetic field generated with external field

N

I I At
i | i - B ¢O A
Net field (red + blue) Net field (red + blue) | | e ext Exterrh magnetic

fiel-:] direction

Measurement
winding

Detected voltage Detected voltage




Instruments overview. fields (2)

Search-coll magnetometer (SCM){0.1Hz, ~1MHZz]

do

Lenz’s law (induced voltage): V. =-— NE =—J2mf NSy, Bcosd
' U effectivepermeabilit of thecore

A — A
L Re

nsj € - VC <~> C =/ V
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Instruments overview. fields (3)

Electric field: [DC, 1MHZ]

2002,/06/15 00:40-05:30

PEACE density (res: 4s) —
V.. density (res: 0.2s)

ne = Cl eXpVSC/CZ)

E21

Spacecraft potentidd,. S -
9 electron densrty]e -38 -36 -34 -32 =30 01:00 02:00 03:00 04:00 05:00

Spacecraft Potential [V] Time [UT]

Hadid et al., 2016b




Instruments overview. fields (4)

Onboard wave analyzers
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Instruments overview. particles (1) gepicoombo

(lon and electron) mass spectrometers

L
I 2t ) -

Angle selection

Energy selection

LEF MCP LEF

7. —
=gt |
= - - L
[}

Carbon foil — ¥
Departure of the
Time Of Flight
analysis _
End of the flight :
TOF gives the
m/q ratio
+15 kV
ST MCP ST




Output measurements :

'he nature of the particles (m/q)
"heir direction and energy/velocity

¥

= Velocity distribution function (VDF)

= Moments of the VDF .
density, velocity, temperature




Instruments overview. particles (2)

Particle Processing Unit (PPU)
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Back to turbulence: phenomenology
NS equation:
SOOI
0 dad
ool POk

FUY Yy
TOAPVITOhe @200
viscous scal

oV +F =-V..V - P + v I’V

AOC WL
53

“ Big whorls have little whorls
That feed on their velocity,
And little whorls have lesser whorls
And so on to viscosity”

Inertial range

Lewis Fry Richardson (1920)

| ourtesy of A. Celan

k
 Hydro: Scale invariance down to the dissipation scalg 1/k
* Collisionless Plasmas:Breaking of the scale invariance@t d, .

- Absence of the viscous dissipation scale 1/k




Matthaeus & Goldstein, {

Solar wind turbulence
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How to analyse space turbulence ?

Turbulence theories generally predigpatial spectrak41l (k°3); IK (k?3/7?),
Anisotropic MHD turbulencel(;°3),Whistler turbulencek="?), ...

Example of measured spectrain the S

06:14:40-06:25:00

But measurements provide
only temporal spectra
(generally with different ——
power laws at differe)

0.10 1.00 10.00 100.00

Frequency (Hz)

How to inferspatial spectrdrom temporalones measured in the
spacecraft frameB>~w, ;% = B>~k A k¥ ?




The spatioctemporal ambiguity (1)

Spacecraft measurements show highly variable phename
With 1 point measurement one cannot distinguish spdeete
from temporal effects

Monochromatic anE/\/\/\ )
t

Single Observer &
crossing the waveg




The spatioctemporal ambiguity (2)

A minimum of 4 spacecraft is needed to sample the 3 directions of ¢
(e.g., ESA/Cluster and NASA/MMS missions)

Monochromatic WavW )

Multipoint
measurements




The Taylor frozen-in flow assumption

In the solar wind (SW) the Taylor’s hypothesis can bedval
at MHD scales

High SW speeds: V ~600km/s >3 ,~50km/s=

wspacecra1 = plasm: KV =KV I<\/V

=Inferring thek-spectrum is possible with one sgacecraft

But only along one single direction




1. At MHD scales, even If the
Taylor assumption is valid, E
inferring 3Dk-spectra from B
an c»spectrum is impossibl

2. At sub-ion and electron o1 o0 F; ,10.00 10000
scales scales¢ can be large T

than \,, = TheTaylor’s 4 J |
hypothesis is invalid 'MHD scales  gup-ion scales

1 & 2 = Need to usenulti-spacecraft measurements anc
appropriate methods to infer 3D k-spectra




The k-filtering technique (1)

Goal: estimation of the spectral energy dens§ifgo,k) from
the multipoint measurements of a turbulent field

Method: it usesa filter bank approaclthe filter bank is
constructed to absorb all signals, except thosesponding
to plane waves with specified frequencand wave vecto
which pass unaffected.

By going through all frequencies and wave vectong, gets
an estimate of the wave-field energy distributifym,k)

[Pincon & Lefeuvre, 1991; Sahraoui et al., 2003)2®006; 2010; Narita et al., 201
Grison et al., 2005; Tjulin et al., 2005; Robertslet2012]




The k-filtering technigue (2)

k-filtering — notations

The wave field consists of L real quantities: Al(r, t)=

|A,(r 1)
(A[ﬁrl,,u:r)\
The Fourier transformed measurements Alas) A(r,, w)
. ) | —
from N spacecraft are put into one vector: ;
\A{J'N,(U}/

A spatial correlation matrix is defined: M(w)={A(w)A™(w))




The k-filtering technigue (3)
The k-filtering equation

Wave-field energy density distribution

II Alr;, w)

_ I.dll[r,r,]
? /K — 4 (w)= *4“'51"” A(r,1)=| 270
M(w)={A(w) 4™ (w)) A(ry, w) A (r,1)
Spatial correlation ~ Datafrom N Wave-field of
matrix different spacecraft L real quantities

Plw, k)=Tr :C(w,. k)™ (w, k}Hf;(k}M‘l(w)H(k}mu,. k) ™ (w, k'}}

Matrix to keep track of the
spacecraft positions

k.B=0

I, e"" L=L unit matrix

B =k xE -

Constraining matrix




The k-filtering technique (4)

Simple 1D example >< ~~~~~~~~

Two satellites (at x and x ) measuring one field quantity ®(x, ).

The wave field is given by: B(x, )=, (w)e™

The spatial correlation ozl @f| ! S

matrix is then: W)=l R N

This is not invertible, we must M=l (wrfl 1T e
. . (w)=|,(w) 2 )

thus add some incoherent noise: e U 1+4¢

-ikr.l
The H-matrix in this case is: Hlk}(e )
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The k-filtering technigue (5)

Simple 1D example

[Tjulin et al., 2005]

This gives (after some managable algebra):

Pl

£(2+¢)

=|¢p, (w) {

Added noise; 1%

'ﬂ

k

Note that the result is periodic in k!
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The k-filtering technique (6)

Spatial Aliasing effect: Two satellites|JEzy
cannot distinguish betwedn and
K, If : Ak.r .= 27/ (n=1,2, ...)

For ClusterAk = n, Ak, + n, Ak, + n; Ak,
with: Ak =(r 3,xr,)210V,

AK=(r 4,%r,,) 210V,

DK, = (1 4% 3) 20V

V=r,,.(ryxr,,) [Neubaur & Glassmerr,




END of Part |




PART Il: MHD scale turbulence

1. Theoretical models: HD, incompressible and compressible MHL
2. Turbulence at MHD scales in the solar wind
» Energy cascade rate: incompressible vs compressible mode
» Spatial anisotropy and scaling properties

3. Comparisons with magnetosheath turbulence




Incompressible HD turbulence

Kolmogorov's phenomenological theory

Andrei N. Kolmogorov (1941a)

The local structure of turbulence in incompressible
viscous fluid for very large Reynolds numbersf

By A N. KoLmoco ROV

The first hypothesis of similarity. For the locally isotropic turbulence ik
disiributions Pﬂl are uniquely determined by the quantities v and é

ors y® and of their
thew the distribution

laws F,, ave uniquely determined by the quantity ¢ and do not depend on v

I'he second hypothesis of similarity.¥ If the moduli of the vect
differences y™® — y® (where k # k') are large in comparison with A,

H,-v.":':' ~ (e
Sp(r) = {lu(e + 1) —u(@)] - 7}2) ~ i rd
E(k) = Clés k3

du+ (u-V)u=-Vp-

S,(1) =< &’ >=<[u(x +1) ~u(x]* >= -2 o

¢ Is the energy cascade (dissipation) rz

E(K)= u2~ k53



Incompressible MHD turbulence: equations
and phenomenolgy(1)

Incompressible
MHD equations




Incompressible MHD turbulence: third order
law and energycasade rate (2)

0.z ¥v,.0z" +z".0z" =-0p

Linear term k v,z Nonlinear term: k vz

. ] ] k_v _ "
Ratio of nonlinear to linear ternfpg=iasss X~1-> Critically
k//VA Balanced turbulence

Third order law

[Politano & Pouques

PRE, 1998 ]
] IS the cascade rate of t

pseudo-energies




Compressible isothermal MHD turbulence:
Equations

Compressible
MHD equations

|sothermal
closure

C.sound speed (constant)




Compressible MHD turbulence
solutions

Intermediate
mode

ode d'Alfvén-




Compressible isothermal MHD turbulence:
3'd order law and energycasade rate (3)

In the inertial zone we obtain (Banerjee & Galtier, PRE, 2013)

Usual flux term
e

y - .
—2e =1V, - < [%5[,31_} oz +§p§e] 5z" + Eﬁ{pz"'}-ﬁz"' +5pﬁe} 6z~ +d(e + %jﬁ(pz_ +pz+:]>

L S U G S
4<ﬂl‘¥" (pz e}+ﬁ.? (o'z E}+f"v (pz ve~:|+ﬂ?r (p'z e}>

-
Mew type of flux term

(V) [RE = 8= Bun’ wa) = 5+ ] )+ (V) [Re — E = Flom- ) = £ + )

+((V - va) [Ru = Rl + H' = Bp(v’ -va)]) + (V' - va') [Rls — R + H — 5p(v - va')])
o

E=p(v-v+vy-vy)/2+pe, E'=p'(v v +v,-v,)/2+p¢€;
Re=p(v-v +va-v)y)/2+pe. Re=(p'Vv -v+vj-vp)/2+pe
Ry=p(v-vy+v' -va)/2, Ry =p'(v - va+v-v))/2

— pyiony, H =ply sl B=2C [v:, 8/ — 2C5’2/VA’2




Additional assumptions:
» Neglect the source terms
> |sotropy |
> Uniform B [ ARG

Foia(l) = F1(€) + Fo(l) + F3(f)

<3 O(pz=) -0z~ |6z + 5 [0(pz™) - 0z | ¢;> ,

Fa(l)=(20pdedvy) ,

Fa(t) <25 [(l + —},) €+ E—:] O(prve }> : (8)




The SOIar Wlnd [Richardson & Paularena, 1995]

The solar wind plasma is generally:

— Tm3.77x10* R4

. R—'/.z.

= Fully ionized (H, €)

TEMPERATURE (K)

= Non -relativistic (\{<<c), V~350-800 km/s

adiak -L'Tr:\
R Y3 \\

A S

= Collisionless 10 20 30
DISTANCE FROM SUN (AU)

‘?’ - Comment et ou le plasma et le champ magnéetique
R du vent solaire sont genéres dans la couronne ?

Le champs magnétique structure la couronne
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Typical magnetic power spectruat 1AU

A~10° km
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Estimation of the energy cascade rate :

compressible vs incompressible MHD model (1)

2009-11-20 03:33- 04:08

III

P
il

HGSE
1111
SO —
o000
o000 0o
T v
Lol sarinadin e el Bl B fealss bl

<®&V> u 111.3

0%35 0340 0345 0350 0355  04:00  04:05
Time [UT]




Estimation of the energy cascade rate :

compressible vs incompressible MHD model (2)

Fast wind Slow wind
2011-01-09 14:26-15:01 2009-11-20 03:33-04:08
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Estimation of the energycascade rate : Cross

helicity and turbulent Mach number

Slow solar wind
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Spatial anisotropy

In MHD turbulence, the presence of a mean lagnetic field makes t
turbulence anisotropic at small scales [Montgomery et al., 1983]

|/L~1/10 | /L,~1/100

3D Electron -MHD
simulations [Meyrand &
Galtier, 2013]




Anisotropy and the critical balance
conjecture

The critical balance conjecture [Goldreich & SridH®95]:

Linear (Alfvén) time ~ nonlinear (turnover) time

— k//~ kDZ/B
See also [Boldyrev, ApJ,

2005] and [Galtier et al., Phys.
Plasmas, 2005]




Single satellite analyst® use of the Taylor assumption:
WKV g, KV

SW

VIIB 2 K=Ky assumes axisymmetr
VOB = k,=k, around B

>
)
©
=
o
5]
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Q.
)]

™ ° HB: 80 -90

N 6 010

W S 6, (degrees)
107 10

Frequency (Hz)

Oz, 20 = B?~ k, %= Partial evidence of the critical
balance [Horbury et al., PRL, 2008]
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Results confirmed by
Podesta, ApJ, 2009
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See also Chen et al.,
PRL, 201(
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The ESA/Cluster mission

The first multispacecraft mission: 4 identical satelites

Obijetives:

3D exploration of the Earth
magnetosphere boundaries
(magnetopause, bow shock,
magnetota) & SW

Mesurements of 3D quantities:
J=0xB, ...

Fundamental physics
turbulence, reconnection, particle
acceleration, ...

Different orbits and separations ¢10
10*km) depending on the scientific goal
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The k-filtering technique

Interferometric method: it provides, by
using a NL filter bank approach, an
optimum estimation ofhe 4D spectral
energy density?(wk) from simultaneous
multipoints measuremenfBincon &
Lefeuvre; Sahraoui et al., 03, 04, 06,
Narita et al., 03, 06,09]

We useP(wk) to calculate

3D w-k spectra= plasma mode identification e.g. Alfvén, whist

3D k-spectrganisotropies, scaling, ...)




Measurable spatial scales

: : [ >~._d~4000km
Given a spacecraft separation ~ :

only one decade of scalgd < A<
30dcan be correctly determined

" A, £/2d, otherwisespatial
aliasing occurs.

" .. £/30d,because larger
scale aresubjec to highei!

uncertainties MHD scales Sub-ion £
scales pe e

W, KV=>E o~k VA (V~500km/s)

sat max max

» d~10* km = MHD scales
» d~1F km = Sub-ion scales

* d~1 km= Electron scalesbyt not accessible with Cluster: d>100




1- MHD scale solar wind turbulence

B 0 ﬂ gov.nasa.gsfc.spdf.orb.OrbitViewer

-

File Options Tools Help Line Width: = 50 ': Re between gridlines: [

‘[_PJ@]Q' O, _time: [2006-03-19 20:30

Position of the Quartet
on March 19, 2006

Position
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Data overview
FGM data (CAA, ESA)
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1‘1.23Hz~2gi ,=0.9Hz~6f,

To compute reduced spectra we integrate over
1. allfrequencie,; LMQYRPILAUSLY
P(k,) = > P(k,.k, .k, )




Anisotropy of MHD turbulence along

B,and V,

. . . [Narita et al. , PRL, 201
Turbulence Is not axisymmetric

(around B)[see also Sahraoul,
PRL, 2006]

-
E.
X
~N
0
0
v
(=
1

2.0 . The anisotropy[{ B) is

1.9F

e e alongV,, 2> SW
0.5 | expansion effect[3aur &

5x1074 1.0x10°3

k [rod/km] Bieber, JGR, 1999]




Mirror mode turbulence

1000 T

k
-7/3

ORI o 107 o 07 o
E ";ﬁ e m‘m E :& -
g e . " E i
- 4 A -~ %
N 4g? k2 107 o N 402 &
(o] ciE Kﬂ;?” K;gm ‘éE ;ﬁ”
(v,n) ~104° g8 2 . 3 o
(v,B,) ~ 110° Jie % R S
1Dg) — 10°
(n,B,) ~ 81° L

Compressible, anisotropic and non-axisymmetric turbulence (&gng
the magnetopause nornrgland the flowv) [Sahraoui+, PRL,2006]



PART IlI:

Kinetic (suk-lon scale¢) turbulenc




Kinetic turbulence

1. Kinetic scales in the SW: Some hotly debated gaesis

Cluster observations

> The nature of the cascade or dissipation betmw

KAW? whistler? Other:

» The nature of the dissipation: wave-particle

Interactions? Current sheets/Reconnection?

2. Conclusions & perspectives (turbulence & thereitspace

missions)




I- Theoretical predictions on small scale turbulence

7 2,..'%7532
/
. ﬁhistler
. Fluid models (Hall-MHD) —> z /

\/
* Whistler turbulence (E-MHD): | Alfvén
(Biskampet al, 99, Galtier, 08) e

2k -5/2
B2—k_

* \Weak Turbulence of Hall-MHD
(Galtier, 06; Sahraoui et al., 07)

. Gyrokinetic theory: j<k,and
wW<<w, (Schekochihiret al.06;
Howeset al.,11)




Other numerical predictions on electronscale
turbulence

2D PIC simulations gave evidence of a power éassipation
range at p>1

noise level

=1 o] 1

10 10 10 H}i

Figure 4. Spectrum of magneticfluctuation|§B |?/ |B y|? in the parallel direction

. . . 2 7. .
kpaj- The noise level curve is in red. The power-law best fits are superimposed. Figure 5. Spectrum of magnetic fluctuationf5B|”/|Bo|” in the perpendicular

direction kpa . The noise level curve is in red. The powerlaw best fits are
superimposed.

[Camporeales & Burgess, ApJ, 20

(A color version of this iigure is available in the online journal.)




3D PIC simulations of whistler turbulence-4kat kd,>1

— RBun 2
—PBun 3

Chang & Gary, GRL 2011




First evidence of a cascade from MHD to

electron scale Iin the SW B, (FGM)

B2 (FGM)

B,? (STAFF)
B? (STAFF)

1. Two breakpoints
corresponding t@, andp,
are observed.

. Aclear evidence dcf new
inertial range ~ -2°
below o

. First evidence of a
dissipation range ~ 4
near the electron scalg,

pe  Ae
1 II 1 IIIIIIII 1 IIIIIIII '} IIIIIII 1 IIIIIIII 1 11

0.01 0.10 1.00 10.00100.00
frequency (Hz)

Sahraoui et al., PRL, 2009

STAFF-SC sensitivity floor



Whistler or KAW turbulence?

1. Large (MHD) scales (Lg;): strong FGM, STAFF-SC
correlation of Eand B in agreement and EFW data
Wlth E:'VXB 102_ T

Small scales (Lg;): steepening of B 100
and enhancement of ffowever,
strong noise in Hor f>5Hz) -

107*

— Good agreement with GK theory ¢
Kinetic Alfvén Wave turbulence

{1 I| ¥ T rrrrr]

1078

1078

0.01 0.170 1.00 10.00 100.00

Howeset al. [ | Ny, frequency (H2)
PRL, 11 ES38 - See also Bale et al.,
T PRL, 2005




Theoretical interpretation : KAW
turbulence

Linear Maxwell-Vlasov solution®,;~ 90°,3.~2.5, T/T~4

TheKinetic Alfvén Wave
solutionextendsdown
to kp.~1with w, <w;
[See also Podesta, ApJd, 2010

0.10 1.00 10.00 100.0
kpp

@ =KNk o /\/ﬁu +2/A+T,/T,)




E/B : KAW theory vs observations

@ =K Nk 1B +2/(1+T /T,)

r

E/B observations
E/B Vlasov

> Taylor hypothesis to transform the I s SR Iy
spectra from f (Hz) tox : ' S/

» Lorentz transformgg,~E,s+VxB

1. Large scale (x<1): 0E/0B~V,

2. Small scale (>1): OE/OB ~k!'!1 = Bg
In agreement with GK theory of
KAW turbulencedE2~k- 13 &
OB2~k-® = SE/OB~k _

10’

. The departure from linear scaling o e
(kp;[110) Is due to noise Iin Ey dat kp_
Sahraoui et al., PRL, 2009




Magnetic compressibility

. T [ 1lfl”|!l|’1_"

__ Additional evidence of KA
Fast magnetosonic at kpi>1

1.00

00 1000 [Kiyani+, ApJ, 2012; Podesta+,
i 2012]
[Sahraoui+, ApJ, 2012]




3D k-spectraat sub-proton scales of
SW turbulence

Conditions required: 20040110, 06h05-06h

1. Quiet SW: NO electron |
foreshock effects 1 T R [ ‘ ) «\
T A TN L ™ -'.h,u' | ,‘

Il

]
i T O | f u.(
b 1 | \ M
II'-"' L 4
) |_.v._|
N

il M

2. Shorter Cluster separatiorge
(~100km) tcanalyz«sut-
proton scales

Regular tetrahedron to infg
actual 3Dk-spectra : " .
[Sahraoui et al., JGR, 201 s

. High SNR of the STAFF
data to analyse HF (>10H
SW turbulence.

UT 06:00 06:30 06:45 07:00




3D k-spectra at subproton scales

20040110 (d~200km)

06:1 4 40-06: 25 007

We use thd-filtering technigue to
estimate the 4D spectral energy
densityP(wk)

" I T /73
|
o)
wn

1078}

—

e

N
(@]
[e)]
T
r 3

10719,
0.01

1l vl sl Ll L
0.10 10.00  100.00

We useP(wk) to calculate

3D w-k spectra

3D k-spectrganisotropies, scaling, .



Comparison with the Vlasov theory

Turbulence cascades B~2 T/T=3 85°<0,;<89°
following theKinetic 5
Alfvén mode (KAW)as

proposed in Sahraoui ¢
al., PRL, 2009

- Rules out the
cyclotron heating

- Heating by p-
Landau and e-Landau

resonances Limitation due to_th
Cluster separatio

[Sahraoui et al., PRL, 2010] (d~200km)




3D k-spectra at subion scales

1. Firstdirectevidence of the
breakpoint near the proto
gyroscale irk-spacghno
additional assumption, e.g
Taylor hypothesis, is used

. Strong steepening of the
spectra belovp, =2 A
Transition Rangeto
dispersive/electron casca

B? [nT2kin/rd]

0.01 0.10 1.00



Journey of the energy cascade through
scales

Dissipation via

Injection e-Landau damping

L 't"'"l LR | L LAY BLLLL oy
19 Eaigade il 1. Turbulence
[

10° DAl 2. e-Acceleration
10-2 L k45cascade - & Heating

N 4 k-7/3 1 _

m 107*F i 3. Reconnection

107°F - 1
i Transition Range: k#° 4
10-8 L Partial dissipation via : k|

p-Landau damping | Dissipation

range
0.01 0.1 1.0 10. IO  Another interpretation |
ko Meyrand & Galtier, 201




Dissipation through reconnection/current
sheets

Large scale laminar current sheet: reconnection carnr @l
the can be heated or accelerated (e..g. jets)

[Zhong+, NaturePhysic:, 2010

jet /‘_’_7 radio lobe
(relaxed

& galaxy Poynting flux state?)
0.15 Mpc (projected) lobe to lobe




Turbulent current sheets
[Lazarian & Vishniac,1999]

2D Hall-MHD simulation of
turbulence: evidence of a large

Magnetosphere

Nz g2V )\

1.9 2.0

[e.g., Retino+, Nature Physics, 2007]



Dissipation by wave-particle interaction or
via reconnectiorf?

Good correlation between Good correlation between enhan
enhanced Jand threshold of high shear B angles and the
linear kinetic instabilities threshold of linear instabilities !

log,o(T.) [K] log, (/)
555453525150494847 46 4.5 -01 -0.2 -0.3 -04 -05 06 -0.7 -0.8
EE S 2 S 000

Osman et al., PRLs, 2012a,b



Higher order statistics and intermittenc

8.2 Self-similar and intermittent random functions

1 .h |
Fig §.1. A portion of the graph of the Brownian motion curve. enlarged twice. :
illustrating its self-similanty.

Fig. 8.2 vil’ ircas i
g. 8.2, The Devil's staircase: an intermittent function.

Self-similar signal iIntermittent signal

[Frisch, 1995]




Higher order statistics and intermittency (2)

V2 DAY 186 - DAY 191, 1981
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2. Monfractality vsmultifractality in the
dispersive range:

e~4cm® B ~2

Va~50km s
=
[ %)
=
@
g
T.~103 eV |B|[~4 nT
— I "k L .
E | t L A A —
w \ ' ' | inertial range dissipation range
E‘E’ l‘.ﬂ,mll‘“ m ""l'f“ Fﬂ nﬂ I.H'ﬂ'l\ Hi J;!‘ | .,,.'Il. n,‘ll: M 8 gradient~-1.6 gradient~—2.8
; |' 1l Mo 1' ' i ,.'Ij1 |% .
"’ WI'M | Wl H’ "| N '-“‘* ﬂ" MY { ~0.3Hz
t ,:J ¥ i | b
t —Bx —By Bz —IBI F'\W\\" a
? 0 iy e ¥ S —~ 2 "~ .
E IN - H
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g | qu “-rr%; :"'\\4\
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888.10 00:20 00:30 00:40 00:50 0100 01:10 g STAFF-SC Bz \
30-Jan-2007 = -4 FGM By
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search—coll f,4-0-64Hz
. c noise level
[Kiyani et al., PRL, 2009] g
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14 §ub-proton SC&!IeS __MHD ch_l;e:s'._: Stuctures functions:
R (1) =[5 +1)-B)"
t

Scaling:

inertial range

while MHD-scales are | T eson

multifractal (intermittent) -
[See also Alexandrova et al., ApJ, 200k




Conclusions

The Cluster data helps understanding crucial problems of
astrophysical turbulence:
Its nature and anisotropies in A-space at MHD and sub-ion
scales
Its cascade and dissipation down to the electron gyroscale
p. = electron heating and/or acceleration by turbulence

Strong evidences of KAW turbulence (w<< w,, k,<<k-)=
Heating by e-p-Landau dampings (ho cyclotron heating)
Importance of kinetic physics in SW turbulence
Turbulence & dissipation are at the heart of the future
space missions: ESA/Solar Orbiter (2018), NASA/Solar
Probe Plus (2018), THOR (2026 ?)




Turbulence and the future space missions
- MAGNETOSPHERIC IMULHISCALE
A SOLARSTERREST RIAL PROBE
4 NASA satellites, launch 2015
Higher resolution instrumentations
Small separations (~10km)

Equatorial orbites

NG THE MYSTERIES OF
A 'ETIC RECONNECTION




= Need ofmulti-
scalemeasureme
with appropriate
spacecraft
separations

Naritaet al PRL;,
2010

10*
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e

@=esa. .

b
‘Solar Orbiter
Exploring the Sun-Heliosphere Connection

Launch 2017
Distance : 0.28 AU

In-situ measurements & remote sens




Mational Sseronatics amd
Space Admioistration

Crodidard Space Flight Center
Gieenbelt. Maryland 20771

Launch 2019
Distance : ~0.03 AU

In-situ measurements & remote sens

-

Solar Probe
Plus
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