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A brief review of the interplay
between In situ observations of
turbulence in space plasma and

laboratory experiments
(competences available in Italy)

To be pointed out: fruitful experience of common projects
between University of Calabria in Italy and scientists of the
Institute for Cosmic Researches, Russian Academy of Sciences.

1) INTAS project: 1998/2001 “Multiscale dynamical structuring in planetary
magnetotails”

2) INTAS project: 2007/2009 “Non Gaussian transport”

3) People - Marie Curie - 7FP - no. 269198 2011/2014 “Dissipative
structures and kinetic processes in the near Earth plasmas”



What actually “turbulence™ means

From (for example) Navier-Stokes
equations we can find two characteristic
1 / times for the two basic processes: a

convective (transfer) time and a diffusive
Ty ~ — Th ~ — (dissipative) time

‘ ‘ ‘ Py
D +undyu, = —0h P +vd]u,

o UL Their ratio, at the (largest) scale
R=—= L, is the Reynolds number

At the largest scale L the energy

U2 U2y injection rate (per unit mass) turns out
T2 to be R times greater than the energy
dissipation rate

72 /3 Turbulence is nothing but the way chosen
€L, ~ —— ~ = Rep by the fluid system to dissipate the excess
: energy injected at large scales.

Since dissipation is efficient only at very small scales, the system dissipates energy
by transferring it to small scales - nonlinear energy cascade.



Two-points correlation tensor: statistical predictability

Two-points differences separated by a
distance r are the main quantities we

Investigate.
They represent characteristic fluctuations

across eddies at the scale r.

Kr moment of two-points differences is
related to the energy spectra

<[u(x +r1)— u(x)]2> _ ZT E(k){l— sinkr}dk Assuming homogeneity the 2-th order
0

Gaussian process: the 2-th order moment suffices to fully determine
probability density functions (pdf). High-order moments are uniquely
defined from the 2-th order (in this sense energy spectra are interesting!)

High-order moments of two-points
differences represent probes for non- S () = <[U(X +r)— U(X)] n> ~ e
gaussian behaviour of fluctuations

-5/
Kolmogorov's standard turbulence: Q/n =n/3 = E(k) ~ k™"



Evidences of power spectrum for magnetic
fluctuations in the solar wind and Tokamak plasmas
can be attributed to fully developed turbulence
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How the presence of a turbulent energy cascade can be
evidenced? An exact Yaglom'’s relation for incompressible MHD
turbulent cascade

07" (.- . 5
ot T (Z V) Z° =-VP+W~Z The MHD equations in terms of
B Elsasser variables
7' =l+tb=0+B/\/4np
AZF = ZF(ah) = ZF () r; =i + 1 Two-points vector differences

From MHD equations, assuming local isotropy and homogeneity, in the limit of
vanishing dissipation, it can be derived an exact relation for the third-order
mixed moment (assuming turbulence be in the stationary state)

A THE YAGLOM’S RELATION
PN TFEIA 7E12y £ FOR TURBULENCE IS THE
‘xi\zﬁ |$Z-ﬁ: | >— _§f { ONLY RESULT OF
' TURBULENCE THAT IS BOTH

EXACT AND NONTRIVIAL.

T _ (H 7T (9 7T Energy dissipation rate
“ij = ‘(d"zi ) (9:Z; )> tensor per mass unit
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a) The well defined (negative) sign IS CRUCIAL = energy
cascade implies fluctuations with asymmetric PDFs
(irreversibility);

b) The third-order moment is different from zero >
turbulence MUST have some nongaussian features, at
least within the inertial range.

c) The third-order moment of fluctuations is related to the
energy dissipation rate, thus it can be used to estimate
this quantity;




The Yaglom relation is satisfied by most datasets of
Ulysses spacecraft (polar wind = high correlations!)

{_\Zﬂ_\zfi | 2) — i{,.-"rmﬁfir,— Although the presence of

| | 3 inhomogeneity and locall
anisotropy, the observed scale
collapse onto the Yaglom law
appears very robust
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The first REAL evidence that
(low frequency) solar wind can
be described in the framework
of MHD turbulence
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L. Sorriso-Valvo et al., PRL (2007)



Is the measured turbulent energy flux
enough for solar wind heating ?

Solar wind model - Adiabatic _4/3
expansion, temperature should decreases T (r) ~T
with helioscentric distance

~r S
Spacecraft measurements > T (r) ~ T

temperature decay is slower than .
expected from adiabatic expansion é: € [0711]

Estimate of the heating rate needed to heat the solar
wind (say to obtain the observed small radial cooling)

)

e (=2 (2 ) Yswkel(r)  carbone etal., PRL 2009
23 rm, R. Marino et al., ApJ (2008)



The measured turbulent energy flux iIs
enough for solar wind heating !

A comparison of the
radial evolution of
dissipation energy
rate calculated from
Yaglom law, with the
model of heating
(scaling exponent of
temperature decay
measured
independently from
Ulysses datasets)

Carbone et al., PRL 2009
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FIG. 3 (color online). Radial profile of the pseudoenergy trans-
fer rates obtained from the turbulent cascade rate through the
Yaglom relation, for both the compressive and the incompressive
case. The solid lines represent the radial profiles of the heating
rate required to obtain the observed temperature profile.



“Bursty turbulence” transport in
laboratory plasmas: a toy model

— ;
-=- =0.5em |

High density structures localized both in space
and time, observed by probes located at the
edge of plasma devices.

Conditional average of many blobs at different
radial position - asymmetric dipolar structure

A toy model for the 2D electrostatic E x B
convection in the drift approximation can
reproduce the main physics

O 72, —
£ F(u-Vin= f,, VY =w
Ow | vw=U/B
a +z X VY -Vw f_y

u=2zx Vo

fn represents plasma sources and losses
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Dipolar structure of bursts are easily
reproduced by the toy model
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Flux at the edge

Toy model

! T
012 F (a) J
0.1

0.08 H

I' ooet

004 H

| LA

1 &x10* 2 5% 0° asxot 4 500*
t

1—1('3’“? 9? IL) = nu, = —

n do

roe

T-10 tokamak

311,10" em s

(b)

uvj (| ‘WMWWW »TM w 1 M;\

700.8 701.2 701.6
t, ms




Interesting: A Yaglom’s law for
E x B bursty turbulence

. 1 (" i o o | ,
{ﬂnf.{ﬂ.nj‘}=—g dy\ u,| —+—|(An)" )y

Jo ar  or

y
4+ — ( dyv{AnAf)y.
tJo

The occurrence of this law (say the occurrence of a nonlinear
energy cascade) can be verified through laboratory

measurements of velocity and density fluctuations at two
points inside the device



Results from Reversed Field Pinch

Plasma generated for nuclear fusion, confined in a Reversed Field Pinch

configuration (RFX, Padova - Italy).
High amplitude fluctuations of magnetic field and floating potential measured at

the edge of the device.
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Reversed field pinch (RFX) measurements

A LeTTERS JournaL ExpLORING
THE FRONTICRS OF PHYSICS A pri] 2009

EPL, 86 (2009) 25001 www.epljournal .org
doi: 10.1209/0295-5075/86/25001

Yaglom law for electrostatic turbulence in laboratory
magnetized plasmas
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Despite both the Yaglom-law and the 5/3-spectrum are
observed, measurements show a strong departure from
the Kolmogorov's conjecture for higher-order moments

1) u along the sun-earth

Su(T) = (ult +7) —ul(t)]") ~ 7o (longitudinal) direction;

2.2 — 2) Taylor hypothesis to
20| —®—magnetic siow i transform length scales in
18 ]| % mogneficfast i time scales
| —%—velocity n
L6 j Kolmogorov law: n/3 7
14- —9 1 | The departure has
12 1 ] .
/. . been attributed to
" | |INTERMITTENCY
06 ] ] in fully developed
04 - . turbulence
A S A S S

Solar wind: Intermittency (measured as the distance of the scaling exponents
from n/3) is stronger for magnetic field than for velocity field. Scaling laws for
velocity field in the solar wind coincide with that observed in fluid flows



Wind tunnel experiments
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THIS DOES NOT IMPLY THAT THE
MAGNETIC FIELD IS A “PASSIVE
VECTOR": statistics cannot prove
just disprove

Strong jumps of magnetic
orientation are responsible for
the strong intermittency

Fluid flows: Intermittency
is stronger for passive scalar

Structure functions for the passive scalar
(ATPY = {([T'(t+7) = T(t)]")

A comparison with solar wind: Same
scaling laws for velocity, similar scaling
laws for passive scalar and magnetic field

Fast Wind at 0.9 AU
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Magnetic turbulence in Reversed Field Pinch

(RFX, Padua- Italy)

20 The departure
L | | | i from the linear
[ scaling exponents 7 ] scale increases
A Hhoet going towards the
Y« Z i wall
{' 10- & i
P i i
B -—&-- rfa=096 | 1
0.5- o g :Zg‘zz - Turbulence more
: sl BT oo intermittent near
I i the external wall
0.0 ' | | . ]
1 2 3 4 5 6
p Similar to edge

turbulence in
laboratory fluid flows
r/a — normalized distance



What is “intermittent” in turbulence

Velocity and magnetic differences at three different separation scales

T=8lsec T=81sec . I ’
7=11min T=11min
AU, AB, W\Mwwwwwww

T=23h

32.0 32.2 324 32.6 32.8 33.0
DoY 1976 - Helios 2 data

32. 3 32 4 32 6 32 8
DoY 1976 - Helios 2 data

1) Arandom signal at large separations;
2) Bursts of activity at smaller separations



Intermittency implies a departure from
global self-similarity

Stretched
exponential PDF
at small scales

Gaussian PDF
at large scales
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Probability of occurrence of
strongest events are higher
than a Gaussian

- Random events, with
phases highly correlated, are
present, they are an
unavoidable characteristic of
real turbulence.

4

Turbulence CANNOT be
described by a random
phase random process



Turbulence: intermittent “structures”
and background fluctuations

Intermittent “coherent” events within turbulence, on all
scales, can be isolated (for example) through wavelets.

Complete signal

!

. .

Gaussian background Isolated structures



Waiting times between structures

Laboratory plasma (RFX)

The times
MO TR e R AR 100 e
s ipSik AN ; ; between events
I W ] o | are distributed
a P N .
2§ Ly Tl according to a
) e v e ] power law
— 107} /N { o 1079
8 Ll i 3
5O %, 1 & PAf(AT) ~ At »
-8/ ] R —
= HOSE 000 e Bl > ) 107°
108 . The turbulent
~ 1071 E
8 i & . T 1074} energy cascade
[ () 3
S & r00.0 . generates
T = 3 3 | . .
10—4 L L L L us- ] 10_5 ool o vyl i Intermlttent
-6 -4 -2 0 2 4 8 10° 10! 10° 10® “ ”
= - coherent” events.

Interesting! the underlying cascade process is NON POISSONIAN,
that is the intermittent (more energetic) bursts are NOT
INDEPENDENT (memory) = Self-Organized-Criticality CANNOT
properly describe turbulence.



Solar Wind data share the same
characteristics
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Compressive structures

A (degrees) Magnetic field (7y)
)
T

o
I

What kind of intermittent structures In

solar wind
(identified through minimum variance)

ocity Fluctuat.

e
n
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=
(9]
|

Compress. Fluctuat. Vel

h:-gl
e 324.782 324.786 32479
Time (days)-

[e—y
|

C(v,B)
i

P Tangential
, o discontinuity (current

120.158 120.162 120.166

Time (days) S h e Et)



Magnetic structures in laboratory plasmas

RFX edge magnetic turbulence:
current sheets

Magnetic ‘teld Auctuations

t (us)
Current sheets are naturally S oa R o

produced as coherent, T f

| ,
sy 0 -0.2 o
} s B, ‘ s

Magretic field fuctiations {1

Intermittent structures by | | [ o]
. -0‘4—Lt°=5417 s o 0B, -O'H: y=24 . OB
the nonlinear turbulent & S e s
dynamics ON ALL SCALES ok T
: Eo.z—‘ 02 T
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Intermittent structures in laboratory
plasmas: floating potential

Structures are o shetumer-iows

identified as | 5

potential holes o1 e T
% 0.0;————_"c"————————‘*x_b:————i————;—.;' —————————— —g

Should these ozf 4 :

structures be .

related to e e '[5]' 5 T

disruptions?



Relationship between intermittent structures of edge
turbulence and disruptions of the plasma columns at the
center of RFX

r/a = 087 1 = 10 us

OO s

—100F

= L= :
w —R0D0 =
£ b

500 (1

~400 BE
_sopbEEE B iEmE  mEimm o LR
14 16 18

t[ms]

20

Time evolution of
floating potential at edge

Minima are related
to disruptions of the
magnetic structure
(at the center)

Appearance of
intermittent

structures in the
electrostatic
turbulence at the edge
of the plasma column
(vertical lines)

Interesting for control: Apparently coherent structures seems to be
responsible for disruptions (rather than the Gaussian background)



Anomalous transport due to non-Gaussian features

dx, Typical problem:

— =U ) .

dt ! Lagrangian evolution of test-
particles (or magnetic field

<‘Xi (t)—x. (0)‘2> _ th dt'<ui (X(t"))u, (X(o))> lines) in a “complex” medium

Anomalous diffusion is far from a trivial problem!
Diffusion is anomalous (non-Gaussian) when the central limit
theorem is broken. This leads to very restrictive conditions:

1) <u2> =oo = Levy flights (physically unrealistic infinite variance)
2) (u(x(z))u(x(0))) = ™7 with S <1(very strong Lagrangian correlations)

This kind of

5 _ o anomalous
<‘X(t) - x(0)| > ~t*  (inthelimit t — o) transport evidenced
ALSO in very simple
“laminar” flows due

2)v>1/2 = superdiffusion (particles make "long" jumps) to coherent

structures!

1)v <1/2 = subdiffusion (trappingin compressible fields)



Magnetic field lines diffusion with
turbulence modeling

Low level of fluctuations
favours the birth of
“large-scale structures”

Diffusion is ENHANCED when
turbulent fluctuations are WEAK
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FIG. 4. Poincare surfaces of section for Run 5 for different fluctuation FIG. 11 Values of the mean square displacements (Ax?) and of the coef-

levels. {a) SB/Bg=0.075; by SEB/By=0.15: (c) SB/By=02, id)

. ficients a, (¢=x,y) for Run 5 vs the field line length s, for small values of
SBIB,=04. :

the fluctuation levels.



E x B transport in numerical simulations of
Hasegawa-Mima equations and Electron-
Temperature-Gradient model

FIG. 2. Characteristic ¢¢ contours in the outboard x-y plane.

This snapshot was taken at the end of the ETG run shown in
Fig. 1. The figure is 256p, = 6dp,.

Turbulence generates coherent
structures (streamers, zonal

Contour plot of the vorticity w flows,..) which enhance transport
properties leading to anomalous
diffusion




Barriers for transport

Shear flows are able to
decorrelate turbulent eddies.

Believed mechanism:
stretching and distortion of
eddies lead to a decreasing of
coherence - turbulent
fluctuations are reduced

A simple equation in mind:

L-Mode: Linear Phase x107°
1
y 05
=
-
> 0
) -
1% ‘-
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N -05
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L-Mode. Nonlnear Phase x 10
W A
o //,: e l2
T R e M
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SOIRD A 2 0
1. r'e" $ N
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\ & e L,
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!
0.5
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Al-Mode: Nonlinear Phase x 1072
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- > -
- I Py
B \.' y

- - |
W et
'.'.’,'.
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absence of turbulent fluctuations = reduction of anomalous

transport



“Confining” turbulence ?

(e

Virir, 1) = (i /L) Zﬂnﬂf""cus[kn ‘T — w,l) ar - V
1 = Bo X 2
b, 1 . (b " dt BO
+ bye " sinfky T — @, 1) (2)
Test-particle simulations using a simple model for
electrostatic turbulence with coherent structures at
all dynamical scales:
1) Amplitudes a, and b, are related to the K  —k
imposed energy spectra. a’=h=—"1 (k)
2) Wave vectors have random directions and 2

amplitudes k,, = 2" k,
3) Time evolution is related to the eddy-turnover
time of turbulence.

o, = JKEK,)



Should phase-correlations be the main ingredient for
enhanced diffusion?

Particle flux ro <&Idriﬁ§0> _ <(&Jdrm)z>1/2<§02>ll

A barrier has been generated by externally \
randomizing the phases of the field ONLY
within a narrow strip at the border of the
integration domain - turbulence still exist
but coherent structures disappear.

Cross-correlation term

* Q(x,y) = strain? — vorticity?



Diffusive properties

<\x(t) _ x(0)\2> =Dt (in the limit t — oo)
1)v <1/2 = subdiffusion
2)v>1/2 = superdiffusion (particles can make "long" jumps)

10*
D, ~ 1073
Correlated phases 10%| ©
(weak superdiffusion) ,,.,jﬂ 1=0.5
)
oL
D.~10J0.1 = 19 Brownian
- - diffusion
1 ~0.68 1o-2L with a low
diffusion
Weak ) i’ coefficient
Superdiffusion with 107 o e L e
a high diffusion 10 o100 100 10

coefficient L
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Experiments on Castor Tokamak

A barrier have been generated by
biasing the electric field

with a weak perturbation on a region
near the external wall (Castor
Tokamak, Prague)

Control ring

Poloidal Angle (°)

Control obtained by biasing
PHASES of fluctuations rather
than amplitudes. Turbulence
still exists but transport is
reduced to a brownian-like
diffusive process.

100 200 300 400

100 200 300 400

Time [ps]

! before

0.5F

0 5 10 15 20

poloidal mode number



Reduction of the flux by symmetrization
similar to our simple model

Particle Flux during « open loop » PDF of the Particle Flux
1500 T T T T 300 T T T T
1000 - 250 4

200 .
— open loop

— turbulent phase
1501 .

100 -
50 -
1 R |

0
-1000 -500 0 500 1000 1500

500

0

=500

-1000
0

x 107

The positive bursts (towards the wall) still exist but a
backward flux (towards the plasma) is created.



Could a dissipative range be observed in
solar wind turbulence?

Mean-free-path > A =1013cm

Spacecrafts probe a collisionless plasma !
Dispersive properties become important

While large-scales (inertial range) in solar wind can be
described (more or less) within a fluid approach, dissipation
IS much more (perhaps completely) different.

NOTE: The presence of a Yaglom’s law, based on MHD where there is a V2
dissipative term, means that in solar wind large-scale turbulence is not
affected by the actual form assumed by the dissipation mechanism.



Cross-scale effects: Two ranges with different
spectral properties of magnetic fluctuations

1

L L f_5/3 1 Two distinct
£ . - “x\ f_7 /3 Eower laws:
N - . eyond the

‘e - 4 Alfvenic range
o 107t | 1 adispersive
% - b, { rangeis

10 | [ | observed.
] | l | )
1073 1072 10~" 10° 10'

Spacecraft-Frame Frequency [Hz]

Two competing scenarios introduced for their generation:
1) Whistler-mode turbulence - spectral break at proton inertial length
2) Kinetic alfven waves turbulence -> spectral break at proton gyroradius



Where does Alfvenic turbulence break
down In solar wind turbulence?

ST ST, While the characteristic
L sl E plasmaf_requ_en(:les
\ h evolve with distance
sl | _ from the Sun, the
spectral break looks to
15 be constant.
\ - Break neither related
1 i‘k ' to proton inertial length
%X nor to proton
e NG ' gyroradius
@ o @ § “Foe—a
ﬂﬂ 1 2 3 4 =
R{AU)

S. Perri et al., ApJL 2010



Observations of intermittency:
strong dependence of PDFs of normalized differences
with scale, analogous to usual turbulence

106— - . . . . . —
O. Alexandrova et o f6 Cluster
al., ApJ (2008) g 0
= 10°
- ;: 1072
muf & ] o+ Helios 1.00
Bl ®u 1 1076 o 1 =
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Further topics:

1) What physical mechanism replaces “dissipation” in a
collisionless plasma? Vlasov simulations show the
occurrence of strong bursts of high-requency (10-100 Hz) ion-
acoustic turbulent activity (not yet confirmed by observations).
2) Turbulence in the solar atmosphere: Observations show
the presence of power-law tails for velocity fluctuations in the
solar chromosphere, indicating that shock turbulence is at
work. Estimates of the energy dissipation rate (through a
Yaglom’s law) indicate that turbulence could perhaps be
enough for solar chromosphere heating.

3) High Reynolds number turbulence modeling: Turbulent
shell models are able to reproduce observations of turbulence
In solar wind, coronal loops and statistical features of
nanoflares identified as dissipative intermittent bursts within
turbulence.



Some few perspectives from an
experiment achieving ignition

Important and novel feature of a “burning plasma” is the presence of
a highly non thermal population (alpha-particles). Diffusive properties
of highly energetic particles in turbulence is a physical process not
yet adequately investigated.

1) The strong magnetic field can drives 2D turbulence thus generating
some inverse cascade. A unique possibility to investigate this physical
process in plasma turbulence (conjectures: different scaling laws,
absence of intermittency, ...)

2) Interplay between microturbulence and large-scale turbulence.
Enhancement of transport, generation of spectral breaks,...?

3) Highly energetic alpha-particles can interact with large-scale turbulence
(of the order of the alpha gyroradius). How turbulence can affect alpha-
transport ? Interesting also for turbulence in space plasmas

4) Could transport be suppressed through phase-randomization? Should
this be the dominant mechanism for the generation of a barrier in

“burning plasma”?



