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The	  solar	  wind	  as	  the	  best	  natural	  laboratory	  to	  study	  turbulence	  

Alexandrova	  et	  al.,	  2013	  

Solar wind	  

MHD	  scales:	  iner0al	  
range	  ≈	  Kolmogorov	  

Sub-‐ion	  scales	  

Fluid turbulence	  

Dissipa0on	  
range	  ≈	  exp	  	  

o  Kolmogorov	  turbulence	  is	  observed	  at	  MHD	  scales	  
o  There	  exists	  a	  ‘break’	  close	  to	  ion	  scales	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  onset	  of	  dissipa0on	  range	  (e.g.	  

Leamon+’98,99,00;	  Smith’06)	  or	  star0ng	  point	  of	  another	  cascade	  (e.g	  Biskamp+’96;	  
Gal0er’06;	  Alexandrova+’08,13)?	  

o  All	  characteris0c	  0me	  (fci)	  and	  spa0al	  (ρi,	  λi)	  scales	  are	  observed	  close	  to	  the	  ‘spectral	  
break	  point’	  

o  End	  of	  the	  turbulent	  cascade?	  Dissipa0on	  scales?	  

iner0al	  
range	  

injec0on	  scale	  
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iner0al	  
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Fluid turbulence	  

NATURE OF  TURBULENCE    
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Mixture	  of	  linear	  waves	  	  	  	  	  	  	  	  	  	  or	  	  	  	  	  	  	  	  	  strong	  turbulence	  with	  intermiBent	  coherent	  structures?	  
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She	  al.,	  1991	  

In	  HD	  turbulence	  intermiZency	  
corresponds	  to	  the	  appearance	  

of	  coherent	  structures	  	  

o  IntermiZency:	  scale	  dependent	  	  
	  	  	  	  	  	  non	  Gaussianity	  of	  turbulent	  fluctua0ons	  	  	  	  
o  Coherent	  structures	  have	  	  
	  	  	  	  	  	  	  coupled	  phases	  over	  all	  scales	  
o  Role	  in	  dissipa0on?	  	  
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WIND	  at	  1AU	   ULYSSES	  at	  1.68AU	  

Rees	  et	  al.(2006)	  

Magnetic holes and Solitons 

1.	  Localized	  single	  impulse	  in	  magneQc	  	  field	  	  
	  	  	  	  magnitude	  and	  simultaneous	  changes	  in	  plasma	  density	  
2.	  PropagaQon	  perpendicular	  to	  the	  ambient	  magneQc	  field,	  with	  small	  velocity	  	  
	  

Turner	  et	  al	  (1977)	  	  
Baumgartel	  et	  al.	  (1999)	  	  
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Current sheets Veltri	  &	  Mangeney	  (1999)	  	  

Veltri	  et	  al.(2005)	  

ISEE	  

Perri	  et	  al.(2012)	  

STAFF/CLUSTER	  

1.   Incompressible,	  pressure	  
balanced,	  one-‐dimensional	  
structures	  	  

	  

2.   The	  component	  of	  maximum	  
variaQon	  changes	  sign	  and	  it	  
is	  perpendicular	  to	  the	  
background	  magneQc	  field	  	  
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B ≈ 8nT

V ≈ 360km / s

Tp ≈ Te ≈ 8eV

np ≈ ne ≈ 25cm−3
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2002-02-19, 00:00-03:00UT, Cluster
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Wi τ , t( ) = Bi t j( )ψ* t j − t( ) / τ"# $%
j=0

N−1

∑

ψ u( ) = π −1/4e−iω0ue−u
2 /2

Morlet	  wavelet	  transform	  

Farge,	  1992	  

I τ , t( ) =
W τ , t( )

2

W τ , t( )
2

t

o  Local	  IntermiZency	  Measure	  I(t,τ)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  localized	  events	  cover	  a	  scale	  range	  	  	  	  

2002-‐02-‐19,	  00:12-‐02:36UT,	  CLUSTER/FGM	  	  

log10 I //

log10 I⊥

INTERMITTENCY 
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TURBULENCE 
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o  Kolmogorov-‐like	  spectrum	  
o  Spectral	  break	  around	  0.3	  Hz	  

o  Increasing	  of	  compressible	  
fluctua0ons	  around	  ion	  
characteris0c	  scales	  

F// τ( ) =
!W// τ , t( )

4

!W// τ , t( )
2 2

o  F//	  is	  more	  or	  less	  constant	  
around	  ion	  characteris0c	  scales	  

f −1.7
f −2
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TURBULENCE 
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!W// τ , t( )
2 2
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Reconstruc0on	  of	  the	  signal	  in	  the	  
range	  [0.1,2]	  Hz	  ≈	  band	  pass	  filter	  

Farge,	  1992;	  He	  et	  al.,	  2012	  

δbi tn( ) = δ jδt1/2

Cδψ0 (0)

!Wi τ , t( )
τ 1/2j= j1

j2

∑

Around	  each	  selected	  peak	  
over	  the	  threshold	  

(energe0c	  events)	  we	  
perform	  a	  minimum	  
variance	  analysis	  
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λint/λmin	   θmax	   θnB	   θnV	   V0/VA	   Δr/λp	  

0.06	   5.1°	   88.4°	   61.6°	   -‐0.12±0.34	   6.6	  

βp	   Ap	   Ae	   VA	  (km/s)	   λp	  (km)	  

1.3	   1.57	   0.98	   33	   43.6	  

o  One-‐dimensional	  
structure	  

	  

o  Single	  impulse	  in	  
magne0c	  field	  
magnitude	  	  

o  Direc0on	  of	  maximum	  
varia0on	  along	  the	  local	  
mean	  magne0c	  field	  

o  An0-‐correla0on	  of	  
magne0c	  field	  and	  
electron	  density	  	  
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λint/λmin	   θmax	   θnB	   θnV	   V0/VA	   Δr/λp	  

0.02	   1.9°	   89.3°	   20.4°	   -‐0.32±1.52	   8.5	  

βp	   Ap	   Ae	   VA	  (km/s)	   λp	  (km)	  

3.2	   1.8	   0.98	   23.6	   41.5	  

o  One-‐dimensional	  
structure	  

	  

o  Single	  depression	  in	  
magne0c	  field	  
magnitude	  	  

o  Direc0on	  of	  maximum	  
varia0on	  along	  the	  local	  
mean	  magne0c	  field	  

o  An0-‐correla0on	  of	  
magne0c	  field	  and	  
electron	  density	  	  
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λint/λmin	   θmax	   θnB	   θnV	   V0/VA	   Δr/λp	  

0.02	   77.8°	   88.4°	   38.6°	   -‐0.15±1.13	   6.2	  

βp	   Ap	   Ae	   VA	  (km/s)	   λp	  (km)	  

2.48	   1.02	   0.98	   25.6	   42.2	  

o  One-‐dimensional	  
structure	  

	  

o  Gradient	  in	  magne0c	  
field	  magnitude	  	  

o  Direc0on	  of	  maximum	  
varia0on	  perpendicular	  
to	  the	  local	  mean	  
magne0c	  field	  

o  An0-‐correla0on	  of	  
magne0c	  field	  and	  
electron	  density	  	  
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θmax ≥ 65 emax ⊥ B0

θmax ≤ 25 emax / /B0

Alfvénic	  	  structures	  

Compressible	  	  structures	  

emax,	  eint,	  emin	  are	  the	  eigenvectors	  of	  maximal	  (λmax),	  intermediate	  (λint)	  and	  	  
minimal	  (λmin)	  variaQons,	  respecQvely.	  	  

θmax = arcos
B0
struc ⋅ êmax
B0
struc

"

#
$$

%

&
''

θmin = arcos
B0
struc ⋅ êmin
B0
struc

"

#
$$

%

&
''

emax	  

eint	  

emin	  
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For	  ≈1500	  coherent	  structures	  in	  the	  selected	  interval	  	  

λint / λmax ≤ 0.3

λint / λmax > 0.3

1D	  structures	  

2D	  structures	  



D1i ⋅
n
v
= Δt1i

i = 2,3, 4

D1i =Di −D1

Using	  Custer,	  it	  is	  possible	  to	  determine	  the	  velocity	  and	  the	  direc&on	  of	  propaga&on	  of	  a	  
locally	  planar	  structure	  moving	  with	  a	  constant	  speed	  in	  the	  satellite	  frame:	  

The	  &me	  delay	  is	  given	  by	  the	  maximum	  of	  	  	  

Rij τ( ) =
δBi t( ) ⋅δB j t +τ( )

δBi
2 δBj

2

The	  same	  event	  is	  observed	  by	  the	  
satellites	  Ci,	  Cj	  and	  Ck	  if	  the	  &me	  
delays	  Δtij=tj-‐ti	  sa&sfy	  the	  
compa&bility	  rela&on	  

Δtij = Δtik −Δtkj Δtij = −Δt ji
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o  For	  the	  six	  satellite	  pairs:	  the	  maxima	  are	  well	  defined	  and	  the	  
0me	  lags,	  corresponding	  to	  the	  maxima,	  give	  the	  0me	  delays	  

o  The	  0me	  delays	  verify	  the	  compa0bility	  rela0on	  
o  The	  assump0on	  of	  planarity	  is	  sa0sfied	  
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1.   The	  direcQon	  of	  
propagaQon	  is	  almost	  	  
perpendicular	  with	  
respect	  to	  the	  local	  
mean	  magneQc	  field	  

	  

2.   The	  structures	  are	  not	  
simply	  carried	  by	  the	  
wind	  	  

3.   The	  mean	  value	  of	  the	  
width	  is	  about	  3	  ion	  
inerQal	  length	  (dp)	  

Perrone,	  Alexandrova,	  Maksimovic	  et	  al.,	  in	  prepara[on	  (2015)	  

dp =
VA
Ωcp

For	  ≈400	  coherent	  structures	  in	  the	  selected	  interval	  	  

DIRECTION	  OF	  PROPAGATION	  

VELOCITY	  IN	  PLASMA	  FRAME	   SPATIAL	  SCALES	  
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compressible	  

alfvénic	  

Propaga&on	  almost	  	  
perpendicular	  to	  the	  local	  

mean	  magne&c	  field	  

Almost	  linear	  
dependence	  
between	  velocity	  
and	  ϑnV	  
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β>1	  and	  temperature	  
anisotropy	  >1	  

compressible	  

The	  most	  energe[c	  
events	  are	  compressible	  	  

alfvénic	  

More	  uniform	  
distribu[on	  for	  β	  and	  

for	  temperature	  
anisotropy	  	  



A	  mulQ-‐satellite	  analysis	  has	  been	  employed	  to	  study	  coherent	  structures	  close	  to	  
the	  ion	  spectral	  break	  in	  the	  solar	  wind	  turbulent	  cascade	  using	  CLUSTER	  data	  
	  
The	  method	  is	  based	  on	  Morlet	  wavelet	  decomposiQon	  of	  magneQc	  signal	  and	  a	  
successive	  reconstrucQon	  of	  magneQc	  fluctuaQons	  in	  the	  frequency	  range	  [0.1,	  2]	  Hz	  
	  

	  
	  -‐	   	  Different	  kind	  of	  coherent	  structures	  have	  been	  detected,	  from	  soliton-‐	  or	  

	  magneQc	  hole-‐like	  compressible	  structures	  to	  current	  sheet-‐like	  alfvénic	  
	  structures	  

-‐	   	  We	  observe	  that	  these	  structures	  propagate	  quasi-‐perpendicularly	  with	  respect	  
	  to	  the	  local	  mean	  magneQc	  field,	  with	  finite	  velocity	  in	  plasma	  reference	  frame	  
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o  What	  is	  the	  role	  of	  coherent	  structures	  in	  the	  dissipa0on?	  	  
	   	  Reconnec0on	  within	  current	  sheets?	  	  

	   	  Par0cle	  trapping/accelera0on	  within	  vor0ces?	  
…	  

Importance to detect and study 
coherent structures 
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Using	  Custer,	  it	  is	  possible	  to	  determine	  the	  current	  density:	  

µ0J =∇×B Ampere’s	  law	  

µ0
1
2
Jijk ΔR ji ×ΔR jk =

= B
ij
⋅ ΔRij + B ik

⋅ ΔRik + B jk
⋅ ΔR jk

Assuming	  the	  current	  density	  is	  a	  constant	  
in	  the	  whole	  surface	  and	  the	  magne&c	  
field	  changes	  very	  slowly	  

Factor	  quality:	  	   ∇⋅B /∇×B



Electron	  density	  is	  esQmated	  from	  the	  equilibrium	  floaQng	  potenQal	  of	  the	  satellite	  

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

ne φ(t)[ ] = ai10
biφ (t )

i=1

3

∑ =

=155.3⋅10−0.24φ (t ) − 6.8 ⋅10−0.083φ (t )

+0.87 ⋅100.078φ (t )

Bale	  et	  al.,	  2003	  
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