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Solar wind turbulent spectrum of magnetic 
fluctuations at MHD-Ion-Electron scales 

[Alexandrova, Chen, Sorriso-
Valvo, Bale, Horbury,  

2013 Space Science Rev.] 

Solar Wind Turbulence and the Role of Ion Instabilities

Fig. 9 7 solar wind spectra,
analyzed in Alexandrova et al.
(2009, 2010) under different
plasma conditions as a function
of the wave-vector k⊥
perpendicular to the magnetic
field. The spectra are superposed
with a normalization factor E0 at
scales smaller than all ion scales:
one observes divergence of the
spectra in the transition range
around the ion scales kρi and kλi

As we have discussed above, the transition to kinetic Alfvén turbulence happens at the
ion gyroradius ρi scale (Schekochihin et al. 2009; Boldyrev et al. 2012), while the dispersive
Hall effect becomes important at the ion inertial length λi . Results of Leamon et al. (2000)
and Bourouaine et al. (2012) indicate, therefore, that the Hall effect may be responsible for
the ion spectral break. Note that Bourouaine et al. (2012) analyzed Helios data only within
fast solar wind streams with βi < 1, i.e. when λi > ρi .11 It is quite natural that the largest
characteristic scale (or the smallest characteristic wave number) affects the spectrum first
(Spangler and Gwinn 1990). It will be interesting to verify these results for slow solar wind
streams and high βi regimes.

Just above the break frequency, f > fb , the spectra are quite variable. Smith et al. (2006)
show that within a narrow frequency range [0.4–0.8] Hz, the spectral index α varies between
−4 and −2. This result was obtained using ACE/FGM measurements. However, one should
be very careful while analyzing FGM data at frequencies higher than the ion break (i.e.
at f > 0.3 Hz), where the digitalization noise becomes important (Lepping et al. 1995;
Smith et al. 1998; Balogh et al. 2001). For example, in Fig. 7 the Cluster/FGM spectrum
deviates from the STAFF spectrum at f ≥ 0.7 Hz.12

Figure 9 shows several combined spectra, with Cluster/FGM data at low frequencies
and Cluster/STAFF data at f > fb . The spectra are shown as a function of the wave-vector
k⊥13. The spectra are superposed at k⊥ > kρi

, kλi
, i.e. at scales smaller than all ion scales:

while at these small scales all spectra follow the same law, around ion scales kρi
and kλi

(named here a transition range) one observes a divergence of the spectra. The origin of this
divergence is not completely clear. It is possible that ion damping (e.g. Denskat et al. 1983;
Sahraoui et al. 2010), a competition between the convective and Hall terms (Kiyani et al.

11Ion plasma beta can be expressed in terms of ion scales: βi = 2µ0nkBTi/B
2 = ρ2

i /λ2
i .

12The digitalization noise at Cluster/FGM and at ACE/FGM is nearly the same, see Smith et al. (1998),
Balogh et al. (2001).
13Cluster stays in the free solar wind not connected to the Earth’s bow-shock, while the flow-to-field angle,
θBV , is quasi-perpendicular. Therefore, only k⊥ wave vectors are well resolved.
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1.  Nature of turbulent fluctuations : waves or strong turbulence? 
2.  What is going on close to ion and electron scales? 
3.  Which plasma scale is responsible for the ion break? 
4.  Which plasma scale plays the role of the dissipation scale?  
5.  Physical mechanisms?  



Which ion scale is responsible for the break? 

fci = ⌦ci/2⇡ ; ⌦ci = eB/mic

[Alexandrova et al., 2013] 

⇢i =
V?i

⌦ci
; �i =

c

!pi
=

VA

⌦ci

  
§  All characteristic time and spatial ion scales are observed close to the 
spectral break point…  
§  How can we distinguish between different scales? 
§  Important in order to understand which physical mechanisms “break the 
spectrum” (e.g., if it is fci => damping of Alfven waves).  

In frequency spectrum, these scales  
appear at Doppler shifted frequencies: 
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Which ion scale is responsible for the break? 

[Alexandrova et al., 2013] 

  
§  Leamon et al. 2000 : λi 
§  Perri et al. 2010 : any of the scale/
combination of scales  
§  Bourouaine et al. 2012: λi 
§  Alex S. : ρi 
§  Bruno et al. 2014: resonant k of 
parallel Alfven waves 
§  Chen et al. 2014: beta dependent.  
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⇒  The largest characteristic ion scale “breaks” 
turbulent spectrum [Chen et al. 2014].  



All scales correlates well with fb…  

Red: high βp > 1 
Blue: low βp < 0.2 
Black: all data 

[Sonny Lion, 6 years of STEREO/MAG  data] 



Break at ion scales: permanent feature ? 
 

[Leamon et al,1998] 

§  Sometimes: we observe a clear spectral “break” [Leamon et al. 1998]. 
§  However, usually the break is not visible and we define it as an 
intersection of 2 power-laws [most of other references + simulations]. 

[Bourouaine et al. 2012] 



Ion spectral break is NOT a permanent feature  

Let’s study time evolution of turbulent fluctuations 
(polarization and phase coherence) at different scales 
around the “ion break”.  

§  There exist spectra without a break [Bruno et al. 2014; Smith et al. 2006]… 
§  People are still not agree on physical mechanism/scale of the break…  
§  May be there is no ONE frequency/phenomena which defines this transition ?  



Example of a well defined break-case:  
The time interval studied in [Leamon et al,1998], with V=690km/s, Tperp/T||=1.8, β=0.5 

§  Fourier (wavelet) spectra: mean characteristic of turbulence, no 
information on homogeneity of fluctuations.  
§  Time-frequency (time-scale) analysis with wavelets allows us to see 
the ‘texture’ of turbulence.   



  

Phase coherence
● Definition: 

– Coherence is a measure of the variability of time differences 
between two time series.

– Two signals are considered coherent if they maintain a fixed 
phase relationship.

Markus Siegel, Tobias H. Donner 
& Andreas K. Engel

Nature Reviews Neuroscience 
13, 121-134 (February 2012)

  

Reference frame

● Magnetic reference 
frame:

 Separation of parallel 
and perpendicular 
fluctuations



Both wave events and coherent structures have
a characteristic scale close to fb. Our goal now is
to see if any of these physical processes influence
the spectrum at ion scales.

4. Phase filtering

To determine whether coherent processes as
quasi-monochromatic waves and/or coherent struc-
tures affect the ionic transition, we propose to
perform a filtering in order to separate the con-
tribution of each one to the total spectrum. Two
signals are said coherent if they maintain a fixed
phase relationship. We use the Wavelet Trans-
form Coherence (WTC see Grinsted et al. 2004)
to separate the coherent areas of the interval. The
WTC highlights local phase lock behavior and
indicates the local correlation between the time
series in the time-frequency space. The coherence
coefficient Rxy(f, t) of the WTC is obtained using
the CWT of two signals:

R2
xy(f, t) =

|S(fWx(f, t)W ∗
y (f, t))|

2

S(f |Wx(f, t)|2) · S(f |Wy(f, t)|2)
(4)

where S is a smoothing operator defined
by S(W (f, t)) = Sfreq(Stime(W (f, t))) with

Sfreq(W (f, t)) = W (f, t)c−t2f2/2
1 the smoothing

operator over frequencies and Stime(W (f, t)) =
W (f, t)c2Π(0.6/f) over time. c1 and c2 are nu-
merically determined normalization constants (see
Grinsted et al. 2004) and Π the rectangular func-
tion. The factor of 0.6 is the empirically deter-
mined scale decorrelation length for the Morlet
wavelet (Torence and Compo, 1998). By defini-
tion Rxy(f, t) is between 0 (no coherence) and 1
(full coherence).

Then we use the fact that coherent events have
different magnetic topology. Ion cyclotron waves
are plane waves propagating parallel to the mean
magnetic field and mainly fluctuate in the perpen-
dicular plane, δB⊥ ≫ δB∥ as shown in Figure 4.
While coherent structures such as current sheet
are aligned with B⃗0 (see structures in Figure 5).
As a consequence, the study of phase coherence in
the plane perpendicular to B⃗0 can reveal the pres-
ence of waves, while the same technique applied in
a parallel to B⃗0 plane highlights observe coherent
structures.

To keep an equivalent number of events after fil-
tering and obtain a spectrum with statistical prop-
erties close to the one of Figure 2, we consider for
the rest of the study the total interval of Figure
1, i.e. the central interval (1 h) plus 30 min on
each side. Figure 6 represents the phase coher-
ence maps as function of time and frequency. The
top panel of Figure 6 corresponds to the study in
P⊥ = (e⃗x, e⃗y), a plane perpendicular to B⃗0. While
the bottom panel corresponds to P∥ = (e⃗z, e⃗x), a

plane parallel to B⃗0.

In P⊥, coherent areas are essentially in fre-
quency range close to or higher than fb, whereas
in P∥ coherent areas extend over almost all the fre-
quencies and end on frequencies close to or above
fb.

The statistical significance level of the WTC
is determined using 100 realizations of surrogate
time series for each component. These surrogate
series are constructed from the original data for
which we randomize the phases as done by Hada
et al. 2003/koga et al. 2003. To remove the max-
imum of fortuitous coherence between two com-
ponent (i, j), we define a significance threshold
Rthreshold

ij set according to the mean

R
random

ij (f, t) =
1

100

100
!

k=1

R(k)
ij (f, t) (5)

and the standard deviation

σrandom
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#
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(R(k)
ij (f, t)−R

random

ij (f, t))2

(6)
of the WTC of the 100 surrogate datasets.

Rthreshold
ij = R

random

ij + 2σrandom
ij (7)

If Rthreshold
ij > 1, we take Rthreshold

ij = 1 be-
cause R can not be greater than 1.

The filtering is done using the coherent map
of Figure 6 by selecting coherent areas over the
threshold Rthreshold

ij on the break frequency. The
set of coherent time T c

ij in the plane Pij =
(e⃗i, e⃗j) is defined as the time set t which verifies
Rij(fb, t) ≥ Rthreshold

ij (fb, t). The complementary
set, T nc

ij , corresponds to the non-coherent times in
the same plane. The total coherent/non-coherent
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[Wavelet Transform Cohernecy (WTC), Grinsted et al. 2004, NPG ] 

Phase coherence Rij(freq,time) 

Using Morlet wavelet transform, we can calculate phase 
coherence as a function of time and frequency: 



Phase coupling in the perpendicular to B plane 

Coherence ~ 1: Alfven Ion Cyclotrone waves with k|| and ω ∼ ωci, particle 
measurements on Wind indicate favorable conditions for the instability 

Tperp/T||=3-4 [Lion et al, 2015, submitted to APJ]. 



Phase coupling in the parallel to B plane 

Current sheet 
~Alfven vortex 
(1st direct 
observation at ion 
scales in the SW) 

[Lion et al, 2015, 
submitted to APJ] 



Phase coherence at break scale 
Rij(fb,time) 

Using Rij(fb) and 2-sigma threshold of the random phase signal, we can 
calculate spectra of each turbulent component =>    
-  ‘non-coherent’ spectrum (red) has no break (looks like spectra in 

simulations J) 
-  ‘Coherent’ spectrum (blue) has a break and steep power-law at f>fb 



Mean coherence (~ flatness) as a function of 
frequency 

§  We observe ranges of scales, where coherent events dominate 
§  In the Pperp plane: waves signatures cover a narrow frequency range around fb. 
§  In P||, coherent structures cover nearly 2 decades and ‘stops’ at fb. 
§  Local slopes show that coherent structures have flatter spectrum in the inertial 
range than the total spectrum and at f>fb, the spectrum has -4 index, while non-
coherent spectrum is not so steep.    



Spectral properties of Alfvén vortices 

a-1 a-1 

•  Spectral knee at k=a-1 ; power law spectra above it  
•  Monopole ⇒ δB2~k-4 (due to discontinuity of the current) 
•  Dipole ⇒ δB2~k-6 (due to discont. of the current derivative) 

[Alexandrova 2008,NPG] 

Vortex radius a=1 
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Fig. 2. The surface of the current J above the vortex plane (x, ⇧)

and the contours of the potential A (that coincide here with the field

lines) in this plane for the monopolar structure with the radius of

localization a=1 and angle �=0.

where � and u can be zero only simultaneously. Its current

density J is a linear function of A��x inside a circle of ra-

dius a and vanishes outside
�

J = �k2(A � �x � c), r < a

J = 0, r ⌃ a
(21)

where k and c are constants. This solution is
⇥
⌅

⇤
A = A0(J0(kr) � J0(ka)) � 2�x

kr

J1(kr)

J0(ka)
+ �x, r < a

A = a2 �x
r2

, r ⌃ a.
(22)

Here A0 is a constant amplitude, J0 and J1 are the Bessel

functions of 0th and 1st order respectively, r=
⌥

x2+⇧2 is

the radial variable in the plane of the vortex.

The continuity of the solution (22) in r=a requires that

the parameter k and the radius a be coupled by the following

dispersion relation

J1(ka) = 0. (23)

This relation ensures the continuity of the magnetic field

B✏=(Bx, B⇧)=(⌘⇧A, �⌘xA) in r=a as well as a vanishing

divergence of B✏ everywhere.
Going back to the 3-D problem we must respect the fol-

lowing conditions: since ⌘z�✏ has to be satisfied, the an-
gle must be small, �⌥⌘z/✏⌥�. Similarly, the velocity u

must be also small in order to satisfy the condition ⌘t�◆ci ,

i.e. u⌥⌘t /◆ci⌥�. In principle, ⌥ is arbitrary, but of the order

of 1.

The Alfvén vortex solution (22) is the analogue of the in-

compressible unmagnetized hydrodynamic vortex solution,

and as in hydrodynamics, we distinguish here to types of vor-

tices: monopole and dipole.

The monopolar vortex solution correspond to the case with

�=0 (u=0), i.e., when the projection of the mean field to

Fig. 3. The same as Fig. 2 but for the bipolar vortex structure with

a=1, �=5⇤, here the current and field lines are symmetric with
respect to the line x=0 as far as the amplitude of the monopolar
part of the vortex is chosen to be A0=0.

the vortex plane is zero. This vortex is at rest in the plasma

frame. It corresponds to a field-aligned force-free current

localized within a circle of the radius a
�

A = A0(J0(kr) � J0(ka)), r < a

A = 0, r ⌃ a.
(24)

The monopole has the current J and the field lines as is

shown in Fig. 2. The contours of its magnetic field com-

ponents are shown in Fig. 4 (upper panels).

As soon as � �=0 (u�=0), the general solution (22) describes
the dipolar vortex. It is not stationary in the plasma as

the monopole, but propagates with velocity u along the ⇧-

direction, the direction of the mean field projection on the

vortex plane. The current of the dipolar vortex and its field

lines are presented in Fig. 3. Here the amplitude of monopo-

lar part A0 is chosen to be zero, otherwise A, J and the mag-

netic field lines are no more symmetric with respect to the

vortex center. The contours of its magnetic field components

are shown in Fig. 4 (lower panels).

Thus monopolar and dipolar vortices are topologically dif-

ferent and there is no continuous transition between them.

These differences reflect themselves in the Fourier spectra of

these two vortex types.

3.2 Power spectra of monopole and dipole

Suppose now that a magnetic probe moves in space, along

the x-axis with a constant velocity and a distance of closest

approach to the vortex axis ⇧. Figure 5 (upper panels) shows

the “measured” Bx-profiles of monopole and dipole vortex

structures, for ⇧=�0.2a. The lower panels of Fig. 5 show
the power spectral densities (PSD) of these signals calculated

via Fourier (solid lines) and via the Morlet Wavelet Trans-

forms (empty circles). The power spectra of both, monopole

and dipole, have a knee around the wave vector k = 1,

Nonlin. Processes Geophys., 15, 95–108, 2008 www.nonlin-processes-geophys.net/15/95/2008/

102 O. Alexandrova: Solar wind vs magnetosheath turbulence

Fig. 2. The surface of the current J above the vortex plane (x, ⇧)

and the contours of the potential A (that coincide here with the field

lines) in this plane for the monopolar structure with the radius of

localization a=1 and angle �=0.

where � and u can be zero only simultaneously. Its current

density J is a linear function of A��x inside a circle of ra-

dius a and vanishes outside
�

J = �k2(A � �x � c), r < a

J = 0, r ⌃ a
(21)

where k and c are constants. This solution is
⇥
⌅

⇤
A = A0(J0(kr) � J0(ka)) � 2�x

kr

J1(kr)

J0(ka)
+ �x, r < a

A = a2 �x
r2

, r ⌃ a.
(22)

Here A0 is a constant amplitude, J0 and J1 are the Bessel

functions of 0th and 1st order respectively, r=
⌥

x2+⇧2 is

the radial variable in the plane of the vortex.

The continuity of the solution (22) in r=a requires that

the parameter k and the radius a be coupled by the following

dispersion relation

J1(ka) = 0. (23)

This relation ensures the continuity of the magnetic field

B✏=(Bx, B⇧)=(⌘⇧A, �⌘xA) in r=a as well as a vanishing

divergence of B✏ everywhere.
Going back to the 3-D problem we must respect the fol-

lowing conditions: since ⌘z�✏ has to be satisfied, the an-
gle must be small, �⌥⌘z/✏⌥�. Similarly, the velocity u

must be also small in order to satisfy the condition ⌘t�◆ci ,

i.e. u⌥⌘t /◆ci⌥�. In principle, ⌥ is arbitrary, but of the order

of 1.

The Alfvén vortex solution (22) is the analogue of the in-

compressible unmagnetized hydrodynamic vortex solution,

and as in hydrodynamics, we distinguish here to types of vor-

tices: monopole and dipole.

The monopolar vortex solution correspond to the case with

�=0 (u=0), i.e., when the projection of the mean field to

Fig. 3. The same as Fig. 2 but for the bipolar vortex structure with

a=1, �=5⇤, here the current and field lines are symmetric with
respect to the line x=0 as far as the amplitude of the monopolar
part of the vortex is chosen to be A0=0.

the vortex plane is zero. This vortex is at rest in the plasma

frame. It corresponds to a field-aligned force-free current

localized within a circle of the radius a
�

A = A0(J0(kr) � J0(ka)), r < a

A = 0, r ⌃ a.
(24)

The monopole has the current J and the field lines as is

shown in Fig. 2. The contours of its magnetic field com-

ponents are shown in Fig. 4 (upper panels).

As soon as � �=0 (u�=0), the general solution (22) describes
the dipolar vortex. It is not stationary in the plasma as

the monopole, but propagates with velocity u along the ⇧-

direction, the direction of the mean field projection on the

vortex plane. The current of the dipolar vortex and its field

lines are presented in Fig. 3. Here the amplitude of monopo-

lar part A0 is chosen to be zero, otherwise A, J and the mag-

netic field lines are no more symmetric with respect to the

vortex center. The contours of its magnetic field components

are shown in Fig. 4 (lower panels).

Thus monopolar and dipolar vortices are topologically dif-

ferent and there is no continuous transition between them.

These differences reflect themselves in the Fourier spectra of

these two vortex types.

3.2 Power spectra of monopole and dipole

Suppose now that a magnetic probe moves in space, along

the x-axis with a constant velocity and a distance of closest

approach to the vortex axis ⇧. Figure 5 (upper panels) shows

the “measured” Bx-profiles of monopole and dipole vortex

structures, for ⇧=�0.2a. The lower panels of Fig. 5 show
the power spectral densities (PSD) of these signals calculated

via Fourier (solid lines) and via the Morlet Wavelet Trans-

forms (empty circles). The power spectra of both, monopole

and dipole, have a knee around the wave vector k = 1,

Nonlin. Processes Geophys., 15, 95–108, 2008 www.nonlin-processes-geophys.net/15/95/2008/

O. Alexandrova: Solar wind vs magnetosheath turbulence 101

can correspond to a mirror mode. At the same time, within

the range of the Alfvén vortices [0.5, 2.0]Hz, S✓/S decreases
to a negligibly small value 0.03, reflecting the incompress-

ible nature of the vortices. It seems that the appearance of

the Alfvén vortices in a finite beta plasma (here ⇥⌥1) makes
it incompressible within the vortices. A statistical study over

⌥30 magnetosheath samples shows (i) a systematic decrease
of S✓/S within the spectral knee range, and (ii) Alfvén vor-
tices are observed for not too large ⇥, ⇥<3 (Alexandrova et

al., in preparation4).

3 The Alfvén vortex and its spectral properties

The Alfvén vortices are multi-scale nonlinear structures and

one may wonder how they can influence the turbulent spec-

trum (M. Berthomier, private communication, 2006), even

outside the observed spectral “knee”.

In this section, we begin by a short review of the main

theoretical features of the model of incompressible Alfvén

vortex (Petviashvili and Pokhotelov, 1992; Kadomtsev and

Pogutse, 1974), since it is not so well known in the space

physics community. Second, we analyze the spectra of two

topologically independent vortex solutions, monopole and

dipole. Finally, we discuss the spectral properties of a pe-

riodic vortex network.

3.1 Alfvén vortex solutions

The Alfvén vortex is one of the non-linear solutions of the

ideal incompressible MHD equations. It is characterized by

magnetic field and velocity fluctuations mostly perpendicular

to the unperturbed magnetic fieldB0 (taken here as parallel to

the z direction), ⌅Bz�⌅B✏ and ⌅Vz�⌅V✏; they have a slow
time dependence, ⌘t�◆ci , and their space variations verify

⌘z�✏. Their amplitude �⌥⌅B✏/B0 is assumed to be small

although finite, 0<�<1 and they satisfy the following scaling

relations:

⌘z

✏
⌥ ⌘t

VA✏
⌥ ⌅Bz

⌅B✏
⌥ ⌅Vz

⌅V✏
⌥ ⌅B✏

B0
⌥ ⌅V✏

VA
⌥ �. (6)

The transverse fluctuations can then be described by two

scalar functions, the parallel component of the vector poten-

tial Az and a flux function ↵

⌅B✏ = Az ⇥ z, ⌅V✏ = z⇥ ↵ (7)

(in the following the symbol ⌅ will be omitted).

For the scalar variables Az and ↵ the MHD equations

 (⌘t + V · )V = �p + 1

4�
( ⇥ B) ⇥ B (8)

⌘tB =  ⇥ (V⇥ B) (9)

 · V = 0 ;  · B = 0 (10)

4Alexandrova, PhD thesis, 2005.

reduce to two non-linear scalar equations (Kadomtsev and

Pogutse, 1974; Strauss, 1976; Petviashvili and Pokhotelov,

1992), the conservation of the momentum along z

⌘t2
✏↵+{↵, 2

✏↵}= 1

4� 
{Az, 2

✏Az}�
B0

4� 
⌘z2

✏Az (11)

and the Maxwell-Faraday equation in the plane perpendicu-

lar to z

⌘tAz + B0⌘z↵ + {↵, Az} = 0. (12)

Here the notation {., .} corresponds to the Poisson bracket (or
the Jacobian)

{a, b}=⌘xa⌘yb�⌘ya⌘xb⌅(a⇥b)·z.
These equations can be written in dimensionless form,

using new variables t=◆ci t , r✏ = r✏/ i , z=z/(c/�pi),

 = / 0, ⇣=↵/( 2i ◆ci), A=AzVA/(B0 
2
i ◆ci)

dt2
✏⇣ = {A, J } � ⌘zJ (13)

dtA + ⌘z⇣ = 0 (14)

where J=2
✏A is the longitudinal current and

dt⌅⌘t+V✏·✏.

The Alfvén vortices are solutions which are localized in a

plane nearly perpendicular to z and propagate with a speed

u in this plane while conserving their shape. Choosing the

variables in the vortex plane x and ⇧, with

⇧ = y + �z � ut, � = tan(�), (15)

� being the angle between the normal to the plane (x, ⇧)

and B0, we arrive to a two dimensional problem. In the new

variables (x, ⇧) the Eqs. (13) and (14) become

{⇣ � ux, 2
✏(⇣ � ux)} = {A � �x, J } (16)

{⇣ � ux, A � �x} = 0 (17)

with the new Poisson bracket {a, b}=⌘xa⌘⇧b�⌘⇧a⌘xb.

Equation (17) means that (⇣�ux) and (A��x) are depen-

dent on one another:

A � �x = f (⇣ � ux) (18)

so that Eq. (16) leads to an equation for (⇣�ux)

2
✏(⇣ � ux) = f �(⇣ � ux)J + f1(⇣ � ux), (19)

containing two arbitrary functions, f and f1. There is, there-

fore, an infinite number of solutions of the system (16) and

(17) in the form of vortices.

Among this infinite set of solutions, the simplest Alfvén

vortex solution is localized in a circle of the radius a in the

plane (x, ⇧), and decays at infinity as a power law. It satisfies

a generalized Alfvén relation

⇣ = ⌥A, with ⌥ = u

�
(20)

www.nonlin-processes-geophys.net/15/95/2008/ Nonlin. Processes Geophys., 15, 95–108, 2008

[Petviashvilli & Pokhotelov, 1992] 



Solar wind spectrum around ion scales with well 
defined break 

It consists of 
- Alfven Ion Cyclotron waves (20 %) 
- Coherent structures (40 %) 
- Non coherent signal (40 %), which can 
be described by   

⇒ The total observed spectrum depends 
on the contribution (percentage) of each 
event 
 
⇒ Visible ‘power-law’ scaling at  high 
frequencies of -4: spectrum of Alfven 
vortices  

EB ⇠ f�3/2 exp(�f/f0), f0 = 0.3Hz

[Lion et al, 2015, submitted to APJ] 



SW spectrum around ion scales 
(based on fast wind interval analysis) 

§  Ion ‘break’ fb is not related to ONE physical phenomenon but it is 
due to a superposition of waves and coherent structures.  
§  So, it is normal, that we can not find ONE physical scale of the 
break… J  
§  In the absence of waves and structures, spectrum will be a 
smooth transition following a ~‘HD dissipation law’ (~simulations).  
§  Steep spectrum at f>fb, that follows ~-4, is not a cascade, but a 
spectrum of Alfven vortices (discontinuity of the current on the 
vortex boundaries). Other components of turbulence being 
damped?  Gary & Smith [2009] : dissipation of fast m/sonic mode.  

§  More generally, our results may explain spectral variability at ion 
scales.   



Nature of turbulent fluctuations 
around ion scales in the slow wind? 



Slow SW example without a 
clear break…  Coherent structures in solar wind 5
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Fig. 2.— Panel (a): Total (S, solid line) and compressible (Sk,
dot-dashed line) power spectrum densities. The horizontal blue-
dotted line indicates the SNR=3. The insert in panel (a) shows the
compensed spectrum S⇤f+1.69 Panel (b): Ratio between compress-
ible and total spectra of magnetic field fluctuations (Sk/S), where
the horizontal blue-dotted line refers to the isotropic case. Panel
(c): Flatness for compressible (dot-dashed line) and Alfvénic (dot-
ted line) magnetic fluctuations (Fk), where the value of the flatness
for a standard normal distribution (horizontal blue-dotted line) is
given as reference. The vertical red-solid lines, in all plots, indicate
the maximum resolved frequency for the spectra (f

max

= 2.5 Hz).

fore in the spectrum it appears at 10�4 nT2/Hz
for one-component spectrum. So, for the total
PSD, S

noise

= 3 · 10�4 nT2/Hz. We fix the maxi-
mum resolved frequency for the spectra at f

max

' 2.5 Hz
(vertical red-solid line), that corresponds to the signal
to noise ratio (SNR) for one-component spectrum
equal to 3 (and for the total spectrum, equal to
9), see the horizontal blue-dotted line. Therefore, in
the kinetic range, we can study frequency range
f = [0.3, 2.5] Hz, that is nearly one decade. Within
this range, the total PSD becomes steeper, with a spec-
tral slope of ' �2. It is in agreement with recent
results of Bruno et al. 2014 for slow solar wind

spectra.
The PSD of the compressible fluctuations

Sk(⌧) =
2�t

N

N�1X

j=0

|Wk(⌧, tj)|2 (10)

is shown by dash-dotted line in Figure 2(a). It
follows S(f) in the MHD range of scales. A small
increase of compressible energy around 0.25 Hz
corresponds to the satellite spin, visible in the
Morlet scalogram (Figure 1(i)) as a horizontal
band around ⌧ = 4 s.
Figure 2(b) shows the level of compressibility

of magnetic turbulent fluctuations as a function
of frequency, defined as Sk(f)/S(f). The horizontal
blue-dotted line indicates the isotropic case Sk = 1/3S.
The level of compressible fluctuations starts to increase

at the end of the MHD range and continues around pro-
ton characteristic scales as was already observed by
(Alexandrova et al. 2008, Kiyani et al. 2013).
In our study, unfortunately, we have no informa-
tion on sub-ion scales compressibility, because the
maximal frequency is very close (but higher) than
the highest ion characteristic frequency (f

�p

).
However, with our data we can study in details
frequency range round all ion scales, i.e. [0.1, 2] Hz
(see vertical black-dashed lines), where the increase of
compressibility is observed.
Figure 2(c) shows the fourth order moment of com-

pressible (dot-dashed line) and Alfvénic (dotted line)
magnetic fluctuations, defined as

Fk,?(⌧) =
h ˜Wk,?(⌧, t)

4i
h ˜Wk,?(⌧, t)2i2

, (11)

where W̃ is the real part of the wavelet coe�cients. The
value for the flatness of a standard normal distribution
is 3, that is indicated in the plot by an horizontal blue-
dotted line. The study of solar wind turbulence sug-
gests that the intermittency increases when considering
smaller and smaller scales or, equivalently, higher and
higher frequencies, starting from MHD scales (Bruno et
al. 2003). In our case, we are not able to catch non-
Gaussian contributions at large scales because of the lim-
ited length of the data set (⇠ 2 hours). However, we
observe that, at the end of the MHD range, both curves
of flatness depart from the value of flatness of the
normal distribution. Note, that here, we calculate
flatness of Alfvénic fluctuations using the defini-
tion (7). If we project �b in the mean field frame
(with the mean field defined as a mean over the
total interval of study), we can calculate flatness
of two perpendicular components. We find that
the flatness F? shown in Figure 2(c), corresponds
to the median of the two perpendicular components.
Between the proton characteristic scales, flat-

ness of compressible fluctuations, Fk(f), becomes
more or less constant while the flatness of trans-
verse fluctuations F?(f) reaches its maximum at
⇠ 0.4 � 0.5 Hz and then starts to decreas. An-
other local maximum of F? is observed around
0.02 Hz, that is about 0.2f

cp

, i.e. the frequency
where Alfvén Ion cyclotron waves can be insta-

The same time interval as in Bale et al. 2005 

Coherent structures in solar wind 3

tion method for intermittent coherent events is presented
and di↵erent coherent structures are given as examples,
and in Section 4 we show the results of statistical studies,
using one- and multi-satellite approaches.

2. STUDIED TIME INTERVAL

The present study is based on ‘in situ’ measurements of
the Cluster mission in an interval of time (February 19th,
2002) when the spacecraft was at apogee of its trajectory,
and in pure solar wind plasma. The same interval of three
hours (00:00-03:00 UT) has been analyzed by Bale et al.
(2005) and by Kellogg & Horbury (2005).
Di↵erent plasma experiments on board Cluster space-

craft have been considered in order to characterize the
observed solar wind stream. In particular, we consider
high-resolution magnetic field data given by the fluxgate
magnetometers (FGM) on Cluster 1, with a sampling
time of 22 Hz (Balogh et al. 2001). Proton data have been
obtained from the Hot Ion Analyser (HIA) sensor of the
Cluster Ion Spectrometry (CIS) experiment on Cluster 1

with a resolution of 4 seconds (Rème et al. 2001). For
what concerns electrons, two di↵erent experiments have
been taken into account: Plasma Electron and Current
Experiment (PEACE) on Cluster 2 for the temperature
(no well-resolved PEACE data on Cluster 1 are available
for the present interval) with a resolution of 4 seconds
(Szita et al. 2005) and Waves of High Frequency and
Sounder for Probing of the Electron Density by Relax-
ation (WHISPER) on Cluster 1 with a resolution of 1.5
seconds (Décréau et al. 2001).
An overview of the considered time interval is summa-

rized in Figure 1. Panels (a) and (b) show the magni-
tude of magnetic and velocity fields, respectively, where
the bulk velocity in the spacecraft frame has been cor-
rected for the ⇠ 30 km/s aberration produced by the or-
bital speed of the spacecraft and Earth around the Sun.
The correction consists in subtracting ⇠ 30 km/s from
y

GSE

component, because the y

GSE

axis is anti-parallel
to the direction of Earth’s motion. The present data set
is representative of a slow solar wind, characterized by
a mean velocity of about 360 km/s and a mean mag-
netic field magnitude of about 9 nT. In panel (c), the
temporal evolution of the angle between magnetic and
velocity fields, ✓

BV

, is displayed. ✓

BV

varies from 125�

to 55�, that corresponds to a variation in the azimuth
of the magnetic field from �50� to 120� (not shown).
This magnetic field reversal is observed around 01:48 UT.
May be it worth to show the azimuth? To be discussed

with Catherine.

Figure 1, panels (d) and (e), present the den-
sity and the temperature, for protons (blue dots) and
electrons (red dots), respectively. The two populations
have about the same mean value for the total temper-
ature. The large fluctuations in the proton tempera-
ture are essentially due to the digitalization in energy,
that for protons is

p
m

i

/m

e

times worse than for elec-
trons (I. Dandouras, Private Communication 2015). The
mean plasma density is about 25-30 cm�3 before
02:45 UT and drops to about 10 cm�3 after this
time. This density jump coincides with the jumps
in temperature, in magnetic field magnitude and
in magnetic field rotation (not shown), indicating
a change of the solar wind stream. In this study
we focus on the time interval 00:12-02:36 UT (be-

Fig. 1.— Overview of the solar wind for the time interval 00:00-
03:00 UT on February 19th, 2002 from Cluster mission. From top
to bottom: magnetic B (a) and velocity V (b) fields, angle between
magnetic and velocity fields ✓

BV

(c), proton (blue line) and elec-
tron (red line) densities n (d), total temperature T (e) and plasma
beta � (f). Characteristic lengths for protons L

p

(g) and electrons
L
e

(h) have been derived: Larmor radius ⇢
i

(dark lines) and inertial
length �

i

(light lines), where i = p, e. Finally, logarithmic contour
plots of the Local Intermittency Measure I(⌧, t) of the parallel (i)
and perpendicular (l) magnetic field fluctuations (see the text for
details) are shown in semi-log scale, where the curve-black lines in-
dicate the cone of influence for wavelet transform. The same color
bar has been used for both contours, where the minimum value
(⇠ �5) is given in black, the maximum (⇠ 2) in red and the value
0 is in yellow. Di↵erent plasma experiments have been taken into
account on board Cluster 1, except for the electron temperature
for which Cluster 2 has been used (no well-resolved PEACE data
on Cluster 1 for the present interval). Vertical dashed lines show
the time interval 00:12-02:36 UT of almost homogeneous solar wind
plasma, considered for the present analysis.
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Fig. 3.— Panel (a): Temporal evolution of the reconstructed
compressible magnetic fluctuations normalized to the mean mag-
netic field �b/B0. Panel (b): Probability distribution function
(PDF) of reconstructed fluctuations (black-solid line) and the cor-
responding Gaussian fit (black-dashed line). The vertical red-solid
lines indicate the position of 3 standard deviations of the Gaus-
sian fit. This value represents the threshold that each event has to
exceed in order to be considered as an intermittent event. Panel
(c): Zoom of the compressible energy to explain how our selection
method for intermittent events works. The blue-solid line is an
envelope of the reconstructed energy, the dashed-lines show how to
define the width of a coherent structure, and the red stars indicate
the maximum of the energetic events.

ble. (However, AIC waves are outside of scope of
the present paper.) The observed fluctuating be-
havior of Flatness reflects non-homogeneous dis-
tribution of turbulent fluctuations, as observed at
Morlet wavelet scalogramms of Figure 1.
In the following, we will focus on range of scales

just around ion scales, [0.1, 2] Hz (denoted in Figure
2 by vertical black-dashed lines), that corresponds to a
time scale range �⌧ = [0.5, 10] s.

3. IDENTIFICATION OF INTERMITTENT EVENTS

The magnetic field fluctuations, in the particular scale
range �⌧ , can be defined using a band pass filter
based on the wavelet transform (Torrence & Combo

1998; He et al. 2012; Roberts et al. 2013) :

�b

i

(t) =
�j�t

1/2

C

�

 0(0)

j2X

j=j1

W̃
i

(⌧
j

, t)

⌧

1/2
j

, (12)

where j is the scale index and �j is the constant step
in scales; the factor  0(0) = ⇡

1/4 and the value of the
constant C

�

, that is derived from the reconstruction of
a � function using Morlet wavelet, is 0.776 (Torrence &
Combo 1998). Here we use ⌧(j1) = 0.5 s and ⌧(j2) =
10 s to study scales (and frequencies) around ion
scales.
As we have seen in Figure 2(b), at scales around

ion scales, compressibility increases. Let us con-
sider these compressible fluctuations, which we
denote �b. Figure 3(a) displays the time evolution
of �b defined by eq. (12) with Wk, and normal-
ized to the mean magnetic field over the whole time
interval under study, �b/B0. The PDF of �b, nor-
malized to its own standard deviation �(�b), is shown in
panel (b) (black-solid line) and it is compared to the cor-
responding Gaussian fit (black-dashed line): the present
non-Gaussian tails are characteristic of some intermit-
tency or inhomogeneity of the turbulence (Frisch 1995).
The vertical red-solid lines indicate the position of 3 stan-
dard deviations of the Gaussian fit, that include 99.7 %
of the Gaussian contribution. All the events that ex-
ceed this limit participate to the non-Gaussian part of
the PDF. This value will be used as a threshold to select
non-Gaussian compressible intermittent events.
Figure 3(c) shows a zoom of �b2(t), about 1 minute of

2 hours (black-solid line). An envelope of the energy
of magnetic fluctuations is indicated by the blue-solid
line and defined as the smooth curve outlining the ex-
tremes of the oscillating signal. The corresponding
threshold in the energy (�b2 =? nT2) is shown by
the horizontal red-solid line. The maxima of the
energy of the intermittent events over this thresh-
old are marked by red stars. We define the width
of an event �⇠

0
as the time range between the two

minima of the envelope, containing a maximum
of the energy over the threshold. Then the char-
acteristic temporal scale of an event, �⇠, can be
defined as the width at half height (intersection
of the black-dashed lines, in panel (c)).
During one minute time interval show in Fig-

ure 3(c) one observed 3 intermittent events, for
the whole time interval under study we get about
600 events. Characteristic time scale of these
events varies in the range �⇠ 2 [0.1, 10] s and the
width �⇠

0 2 [?, ?] s.
Five examples of the detected intermittent

events of di↵erent nature are shown in Figures 4-
8. In each of these figures, for the durations
(2�3)�⇠

0
, panel (a) displays magnetic fluctuations

�b

i

, i = x, y, z defined by eq. (12), in the reference
frame, which takes into account the directions of
the local mean magnetic field b

0

and flow veloc-
ity v

0

within each structure time scale �⇠
0
(time

between two vertical dashed lines): z is aligned
with the local b

0

(blue lines), x is aligned with
v
0

in the plane perpendicular to b
0

(black lines)
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Fig. 3.— Panel (a): Temporal evolution of the reconstructed
compressible magnetic fluctuations normalized to the mean mag-
netic field �b/B0. Panel (b): Probability distribution function
(PDF) of reconstructed fluctuations (black-solid line) and the cor-
responding Gaussian fit (black-dashed line). The vertical red-solid
lines indicate the position of 3 standard deviations of the Gaus-
sian fit. This value represents the threshold that each event has to
exceed in order to be considered as an intermittent event. Panel
(c): Zoom of the compressible energy to explain how our selection
method for intermittent events works. The blue-solid line is an
envelope of the reconstructed energy, the dashed-lines show how to
define the width of a coherent structure, and the red stars indicate
the maximum of the energetic events.

ble. (However, AIC waves are outside of scope of
the present paper.) The observed fluctuating be-
havior of Flatness reflects non-homogeneous dis-
tribution of turbulent fluctuations, as observed at
Morlet wavelet scalogramms of Figure 1.
In the following, we will focus on range of scales

just around ion scales, [0.1, 2] Hz (denoted in Figure
2 by vertical black-dashed lines), that corresponds to a
time scale range �⌧ = [0.5, 10] s.

3. IDENTIFICATION OF INTERMITTENT EVENTS

The magnetic field fluctuations, in the particular scale
range �⌧ , can be defined using a band pass filter
based on the wavelet transform (Torrence & Combo

1998; He et al. 2012; Roberts et al. 2013) :

�b

i

(t) =
�j�t

1/2

C

�

 0(0)

j2X

j=j1

W̃
i

(⌧
j

, t)

⌧

1/2
j

, (12)

where j is the scale index and �j is the constant step
in scales; the factor  0(0) = ⇡

1/4 and the value of the
constant C

�

, that is derived from the reconstruction of
a � function using Morlet wavelet, is 0.776 (Torrence &
Combo 1998). Here we use ⌧(j1) = 0.5 s and ⌧(j2) =
10 s to study scales (and frequencies) around ion
scales.
As we have seen in Figure 2(b), at scales around

ion scales, compressibility increases. Let us con-
sider these compressible fluctuations, which we
denote �b. Figure 3(a) displays the time evolution
of �b defined by eq. (12) with Wk, and normal-
ized to the mean magnetic field over the whole time
interval under study, �b/B0. The PDF of �b, nor-
malized to its own standard deviation �(�b), is shown in
panel (b) (black-solid line) and it is compared to the cor-
responding Gaussian fit (black-dashed line): the present
non-Gaussian tails are characteristic of some intermit-
tency or inhomogeneity of the turbulence (Frisch 1995).
The vertical red-solid lines indicate the position of 3 stan-
dard deviations of the Gaussian fit, that include 99.7 %
of the Gaussian contribution. All the events that ex-
ceed this limit participate to the non-Gaussian part of
the PDF. This value will be used as a threshold to select
non-Gaussian compressible intermittent events.
Figure 3(c) shows a zoom of �b2(t), about 1 minute of

2 hours (black-solid line). An envelope of the energy
of magnetic fluctuations is indicated by the blue-solid
line and defined as the smooth curve outlining the ex-
tremes of the oscillating signal. The corresponding
threshold in the energy (�b2 =? nT2) is shown by
the horizontal red-solid line. The maxima of the
energy of the intermittent events over this thresh-
old are marked by red stars. We define the width
of an event �⇠

0
as the time range between the two

minima of the envelope, containing a maximum
of the energy over the threshold. Then the char-
acteristic temporal scale of an event, �⇠, can be
defined as the width at half height (intersection
of the black-dashed lines, in panel (c)).
During one minute time interval show in Fig-

ure 3(c) one observed 3 intermittent events, for
the whole time interval under study we get about
600 events. Characteristic time scale of these
events varies in the range �⇠ 2 [0.1, 10] s and the
width �⇠

0 2 [?, ?] s.
Five examples of the detected intermittent

events of di↵erent nature are shown in Figures 4-
8. In each of these figures, for the durations
(2�3)�⇠

0
, panel (a) displays magnetic fluctuations

�b

i

, i = x, y, z defined by eq. (12), in the reference
frame, which takes into account the directions of
the local mean magnetic field b

0

and flow veloc-
ity v

0

within each structure time scale �⇠
0
(time

between two vertical dashed lines): z is aligned
with the local b

0

(blue lines), x is aligned with
v
0

in the plane perpendicular to b
0

(black lines)
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Fig. 2.— Panel (a): Total (S, solid line) and compressible (Sk,
dot-dashed line) power spectrum densities. The horizontal blue-
dotted line indicates the SNR=3. The insert in panel (a) shows the
compensed spectrum S⇤f+1.69 Panel (b): Ratio between compress-
ible and total spectra of magnetic field fluctuations (Sk/S), where
the horizontal blue-dotted line refers to the isotropic case. Panel
(c): Flatness for compressible (dot-dashed line) and Alfvénic (dot-
ted line) magnetic fluctuations (Fk), where the value of the flatness
for a standard normal distribution (horizontal blue-dotted line) is
given as reference. The vertical red-solid lines, in all plots, indicate
the maximum resolved frequency for the spectra (f

max

= 2.5 Hz).

fore in the spectrum it appears at 10�4 nT2/Hz
for one-component spectrum. So, for the total
PSD, S

noise

= 3 · 10�4 nT2/Hz. We fix the maxi-
mum resolved frequency for the spectra at f

max

' 2.5 Hz
(vertical red-solid line), that corresponds to the signal
to noise ratio (SNR) for one-component spectrum
equal to 3 (and for the total spectrum, equal to
9), see the horizontal blue-dotted line. Therefore, in
the kinetic range, we can study frequency range
f = [0.3, 2.5] Hz, that is nearly one decade. Within
this range, the total PSD becomes steeper, with a spec-
tral slope of ' �2. It is in agreement with recent
results of Bruno et al. 2014 for slow solar wind

spectra.
The PSD of the compressible fluctuations

Sk(⌧) =
2�t

N

N�1X

j=0

|Wk(⌧, tj)|2 (10)

is shown by dash-dotted line in Figure 2(a). It
follows S(f) in the MHD range of scales. A small
increase of compressible energy around 0.25 Hz
corresponds to the satellite spin, visible in the
Morlet scalogram (Figure 1(i)) as a horizontal
band around ⌧ = 4 s.
Figure 2(b) shows the level of compressibility

of magnetic turbulent fluctuations as a function
of frequency, defined as Sk(f)/S(f). The horizontal
blue-dotted line indicates the isotropic case Sk = 1/3S.
The level of compressible fluctuations starts to increase

at the end of the MHD range and continues around pro-
ton characteristic scales as was already observed by
(Alexandrova et al. 2008, Kiyani et al. 2013).
In our study, unfortunately, we have no informa-
tion on sub-ion scales compressibility, because the
maximal frequency is very close (but higher) than
the highest ion characteristic frequency (f

�p

).
However, with our data we can study in details
frequency range round all ion scales, i.e. [0.1, 2] Hz
(see vertical black-dashed lines), where the increase of
compressibility is observed.
Figure 2(c) shows the fourth order moment of com-

pressible (dot-dashed line) and Alfvénic (dotted line)
magnetic fluctuations, defined as

Fk,?(⌧) =
h ˜Wk,?(⌧, t)

4i
h ˜Wk,?(⌧, t)2i2

, (11)

where W̃ is the real part of the wavelet coe�cients. The
value for the flatness of a standard normal distribution
is 3, that is indicated in the plot by an horizontal blue-
dotted line. The study of solar wind turbulence sug-
gests that the intermittency increases when considering
smaller and smaller scales or, equivalently, higher and
higher frequencies, starting from MHD scales (Bruno et
al. 2003). In our case, we are not able to catch non-
Gaussian contributions at large scales because of the lim-
ited length of the data set (⇠ 2 hours). However, we
observe that, at the end of the MHD range, both curves
of flatness depart from the value of flatness of the
normal distribution. Note, that here, we calculate
flatness of Alfvénic fluctuations using the defini-
tion (7). If we project �b in the mean field frame
(with the mean field defined as a mean over the
total interval of study), we can calculate flatness
of two perpendicular components. We find that
the flatness F? shown in Figure 2(c), corresponds
to the median of the two perpendicular components.
Between the proton characteristic scales, flat-

ness of compressible fluctuations, Fk(f), becomes
more or less constant while the flatness of trans-
verse fluctuations F?(f) reaches its maximum at
⇠ 0.4 � 0.5 Hz and then starts to decreas. An-
other local maximum of F? is observed around
0.02 Hz, that is about 0.2f

cp

, i.e. the frequency
where Alfvén Ion cyclotron waves can be insta-

Magnetic fluctuations around ion scales  

=> ~ 600 intermittent events over the threshould (within 2h interval).  
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Fig. 4.— Example of magnetic hole-like structure, centered in
01:22:57.5 UT. One-dimensional compressible structure, character-
ized by a decrease in the ambient magnetic field observed by the
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. Panel (b): modulus of
the original magnetic signal. Panel (c): Electron density obtained
by the spacecraft potential. Panel (d): Temperature evaluated by
assuming pressure balance, with the constant pressure value ob-
served in the upstream region. Panel (e): Modulus and components
in the variance frame of the current, obtained by the curlometer

technique. The vertical black-dashed lines indicate the �⇠
0
of the

structure.
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Compressible coherent structures: holes and humps   

[Perrone et al., 2015, to be submitted soon] 
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As we have discussed above, the total pressure
P = nekTe + npkTp + Pmag (with Pmag = B2/2µ0)
over the analyzed time interval is nearly constant.
This allows us to assume a pressure balance dur-
ing each event. So, we can obtain the evolution
of the temperature, with a resolution comparable to ne

measurements. We estimate P in the upstream
region of each event. Then, taking np = ne (quasi-
neutrality) the total particles temperature can be
written as

Tp + Te =
P − Pmag

nekB
. (13)

In our case, Tp ≃ Te, so we can consider a mean
particles temperature T = (Tp + Te)/2 to charac-
terize the intermittente events. The behavior of T
during the 5 events is shown in panels (d) of Figures 4-
8.

Finally, panel (e) in Figures 4-8 displays the evolution
of the current density, calculated using the 4 Clus-
ter satellites using the curlometer technique (Dunlop
et al. 1988, 2002). The three components are in
the BV –frame as δb in panels (a), the modulus
is shown by dashed line. The curlometer tech-
nique works well in our case, as far as the 4 satel-
lites are inside the same event during most of the
time of the width of the structure ∆τ

′

. Factor
Q = divB/curlB is usually used as a quality fac-
tor of the calculation of gradients. In our case it
is very good (Q ≪ 1 within ∆τ

′

). Note however,
that divB and curlB include different gradients,
so it is difficult to say, if Q can indeed plays a

role of a quality factor [Gerard Chanteur, private
communication, 2015].

The five intermittent events, shown in Fig-
ures 4-8 are well localized in time and have regu-
lar magnetic field profiles. We can identify them
as coherent structures.

The first two examples of coherent structures
look like magnetic hole (Figure 4) and a solitary
impulse in the ambient magnetic field (Figure 5). Both
of them are strongly compressible (the maximal
variation is δbz) and they are characterized by a
decrease of density, i.e. like in fast mode for the
magnetic hole and like in slow mode in the case
of magnetic soliton like structure. In the case
of a hole, under the assumption of the pressure
balance, one observes an increase of the partic-
ules temperature T . In the case of the soliton
like structure: T reaches its local minimum in the
centrum of the structure, but on its boundaries,
ones observes increase of the temperature. Cur-
rent density J is strictly perpendicular to b0 in
the case of the hole, however, for magnetic soli-
ton like structure, J is oblique with respect to
b0. In terms of plasma parameters: the magnetic
hole is observed for a very high local plasma beta
βp ≃ 5, however, magnetic soliton is observed for
a moderate plasma beta βp = 1.2. The time lo-
calisation is different as well: magnetic soliton is
nearly twice larger. In terms of normalized spa-
tial scales, magnetic hole is ∼ 2ρp and soliton-like
structure is ∼ 5ρp. Both structures propagate in
the plane perpendicular to b0 (see black arrows in
the bottom panels for the direction of the normal
of the structures and blue arrows for the orien-
tation of b0): if magnetic hole is nearly aligned
with the solar wind flow speed in this plane (red
arrows, ΘnV⊥

= 3◦ ± 3◦), magnetic soliton propa-
gates obliquely to it (ΘnV⊥

= 55◦±15◦). Minimum
variance analysis applied for these structures con-
firms that we already see from the figures: an
angle between the direction of the maximal vari-
ation emax and b0, θmax, is small in the case of
the hole, ≃ 2.5◦, and more oblique in the case of
the soliton, with θmax ≃ 15◦. The the minimum
variance emin is strictly perpendicular to b0 for
the magnetic hole and nearly perpendicular for
the soliton like structure, (θmin ≃ 83◦). These
two structures are also differ by the values of the
local proton temperature anisotropy A = T⊥/T∥:
within the magnetic hole A = 2.4, while within
the soliton the protons are nearly isotropic.

Another example of a compressible coherent
structure is shown in Figure 6. Here, one ob-
serves a decrease of the magnetic field modulus
|B|, while ne and T increase. These are the prop-
erties of the slow shock wave. The normal of
this shock is also quasi-perpendicular to b0. So,
the plane of the shock contains b0. The timing
method (described below), gives us the velocity
of the propagation of the shock in the plasma rest
frame V =??.

Figure 7 shows an example of coherent structure
that looks like a current sheet. A rotation in the max-
imum variance direction, perpendicular to b0 (θmax ≃

Tp ' Te

T =
Tp + Te

2

P = nek(Te + Tp) + Pmag

P = Const

Tp ' Te

T =
Tp + Te

2

In our case: 

Mean temperature: 

Total pressure: 

We can estimate T 
variations assuming 
constant pressure: 

Mag. hole example Mag. soliton 
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Fig. 6.— Example of current sheet, centered in 01:07:37.8 UT.
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max

, ê
int

, ê
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of the
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7.9
8.0
8.1
8.2
8.3
8.4
8.5

B
 [
n
T

]

C1
C2
C3
C4

∆r= 324.9km, ρp=   36.8km, βp= 0.9

     

-2

-1

0

1

2

δb
i [

n
T

]

x
y
z

     
27.0

27.5

28.0

28.5

29.0

n
e
 [
cm

-3
]

     
11.0
11.2
11.4
11.6
11.8
12.0
12.2
12.4

T
 [
e
V

]

-4 -2 0 2 4
time [sec]

-15
-10
-5
0
5

10
15

J 
[n

A
/m

2
]

(a)

(b)

(c)

(d)

(e)

-200-100 0 100 200
x [km]

-200

-100

0

100

200
y 

[k
m

]

C1

C2

C3

C4

-200-100 0 100 200
x [km]

-200

-100

0

100

200

z 
[k

m
] C1C2

C3

C4

Fig. 7.— Example of current sheet, centered in 01:07:37.8 UT.
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max

, ê
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Slow shock and Current Sheet examples 

[Perrone et al., 2015, to be submitted soon] 

Current sheet example Slow shock example 
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Fig. 9.— Statistical analysis for the observed coherent structures
in the variance frame (600 selected coherent structures in black and
74 coherent structures, studied using the multi-satellite analysis, in
red). Left panels: Histograms for the intermediate (a) and mini-
mum (b) eigenvalues, normalized to the maximum eigenvalue and
for the ratio between �

min

and �
int

(c). Right panels: Histograms
for the orientation of fluctuations with respect to the local mag-
netic field, in particular for the maximum (d), intermediate (e) and
minimum (f) direction of variation.

and y close the right-hand referenece frame (red
lines). Di↵erent line styles correspond to di↵er-
ent satellites of Cluster. The time of each satellite is
shifted taking into account the time delays with respect
to Cluster1 (C1).
In Figures 4-8(b), the large scale magnetic field ob-

served by the four satellites is shown without tak-
ing into account the time delays between the
satellites. From this representation, one can see,
that for example, for the 1st event (Figure 4),
satellite C2, see the event first, then, C3 and C4
see the same signal nearly at the same time and
C1 is the last to observes the signal. It is in agree-

ment with the direction of the normal of the structure

and satellites configuration, shown in the bottom. – Is it

true?

Panel (c) in Figures 4-8, shows the behavior of
the electron density n

e

fluctuations, evaluated us-
ing the satellite potential on C1 (Pedersen 1995;
Pedersen et al. 2001; Bale et al. 2003). These

An example of an Alfven vortex-like structure 

Topology and propagation of ~100 
structures:   

[Perrone et al., 2015, to be submitted soon] 

Alfven vortex like structure 
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Fig. 13.— Distribution of the velocity of the structures in the
plasma frame, V0, normalized to the Alfvén speed, V

A

, (green dot-
dashed line), to the speed for fast modes, V

F

, (black solid line) and
to the proton thermal speed, V

th

, (blue dashed line). The present
distribution takes into account only the structures with ⇣ > 0.85
(see text for details).

the plasma frame, we have to project velocity of the so-
lar wind also along the normal. However, it is possible
that the angle between the local solar wind speed and
the normal is large (in the extreme case, they can be
perpendicular) and, in these situations, some artifacts
can be introduced in the determination of V0.
In order to check erroneous results in the calculation

of V0, we define the parameter, ⇣:

⇣ =
v
sw

· n
v

sw

, (21)

where v

sw

is the modulus of the local mean solar wind
speed. When n and v

sw

are parallel (antiparallel),
⇣ = 1(�1), while if they are perpendicular ⇣ = 0. To
remove the artifacts in the determination of V0, in Figure
13, we show the distribution of V0 only for the structures
for which |⇣| > 0.85. Under this condition, we recover
32 structures, out of 74. Di↵erent normalizations have
been taken into account, with the characteristic velocities
evaluated in the relative upstream region for each struc-
ture; in particular, we consider the Alfvén speed (V

A

) as
green dot-dashed line, the speed for the fast modes (V

F

)
as black solid line, and the proton thermal speed (V

th

)
as blue dashed line. The distributions show that, regard-
less of the chosen normalization, the structures propagate
preferentially downstream. Moreover, the most suitable
normalization for the velocity is V

F

, for which the dis-
tribution of V0 shows a sharp peak around �V

F

(black
solid line). Instead, the distribution of V0/Vth

displays
a broader peak between -4 and 0 (blue dashed line). Fi-
nally, no clear distribution is found for V0/VA

, meaning

Fig. 14.— Bi-dimensional (a) and three-dimensional (b) geome-
tries for the structures.

that the Alfvén speed is not the proper quantity to de-
scribe the physics of the present structures. It is worth
to point out that few examples of very fast structures
(in the tail of the distributions) are also observed, prob-
ably due to the weakness of the selection method for non
isolated structures.

5. SUMMARY AND CONCLUSIONS

In this paper, we have discussed the identification of
di↵erent coherent structures close to the proton spectral
break in the solar wind turbulent cascade, by means of
a wavelet automatic selection method. For our study
we have chosen an interval of time, characterized by a
strong density and constant total pressure. Although
the selected 2 hours of stream are almost homogeneous
in density, the corresponding magnetic field is not homo-
geneous but it quickly changes, meaning that the satellite
explores regions of solar wind from di↵erent flux tubes.
Therefore no clear correlations between the di↵erent pa-
rameters for the selected structures can be discussed.
The only chance to characterize in detail the di↵erent de-
tected structures is to study each of them singularly. The
detailed study of the di↵erent families and their theoret-
ical interpretation will be the object of our future works.
However, all the interval is characteristic of a stream with
�

p

� 1. Peaks in �

p

are observed in correspondence of
strong modification of the magnetic field.
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Fig. 11.— Distribution of the angle between the normal of the
structures and the local mean magnetic field, θnB , in black solid
line). The distribution of θmin (red dashed line) is given for com-
parison.

is given by d∆tij , while the error on the ordinate axis is
given by the determination of the normal direction. The
red-solid line represents the linear fit, whose slope gives
an estimation of the structure speed, which in this case
is V = 331.6± 14.4 km/s.

Summarizing, the timing method keeps validity if the
following conditions are satisfied: (i) the four satellites
observe the same events and the compatibility relation
(Eq. 17) for the time delays is satisfied for all triplets of
satellites; (ii) the maxima of the correlation function Rij

(Eq. 15) and the corresponding time delays are well de-
fined; (iii) the structures are locally planar with constant
speed. These conditions are verified by 74 structures (out
of 600) and only for these structures it is possible to have
information by the multi-satellite analysis.

4.2. Results

The statistical analysis for these structures for the
minimum reference frame is shown in Figure 9 as red
dashed lines. The same behavior of the distribution
for all selected structures is found, meaning that the
74 structures, studied with the multi-satellite analysis,
are a representative subfamily of the 600 selected struc-
tures. In particular, in panel (a) the distribution of
λint/λmax gives evidence that most of the structures are
one-dimensional; few examples of two-dimensional struc-
tures are also recovered. However, panel (c) shows that
λmin can be larger than 0.5 λint, then êint and êmin

are very uncertain. The results of the variance direc-
tions with respect to b0 are shown in panels (d)-(f). We
have found that 22% of the 74 structures can be classi-
fied as compressible structures (θmax < 25◦), while the
46% as Alfvénic structures (θmax > 65◦). However, the
almost uniform distribution of θint indicates that com-
pressible and Alfvénic fluctuations are not independent.
Finally, the distribution of θmin, almost perpendicular
to b0, gives a first indication of the direction of propa-
gation. Anyway, due to the uncertainty in the definition
of the direction of minimum variance (λint ≃ λmin), a
multi-satellite approach is essential.

The information about the direction of the normal (n)
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Fig. 12.— Distributions of the velocity along the normal V (panel
a) in the satellite plasma frame and of the spatial scale ∆r (panel
b), normalized to λp (black solid line) and ρp (red dashed line).

for each structure, evaluated using the timing method,
with respect to the local magnetic field (b0) can be writ-
ten as

θnB = arccos

!
"

"

"

"

b0 · n

b0

"

"

"

"

#

(18)

and it is displayed in Figure 11 by a black solid line. The
distribution of θmin (red dashed line), already shown in
Figure 9(f), is also given for comparison. It is a clear
result that the distribution of θnB is peaked at ∼ 90◦,
meaning that the normal of the structures is quasi-
perpendicular to the local magnetic field (k⊥ ≫ k∥). On
the other hand, although also the distribution of θmin
is peaked around ∼ 80◦ , it is broader than the distri-
bution for θnB, covering also the small angles. As we
have already discussed, the results for the intermediate
and minimum directions of variance could not be reliable
(Knetter et al. 2004).

Panel (a) of Figure 12 shows the distribution of the
velocity of the structures, V , along the normal, in the
satellite frame. The structure can have typical velocity
between 200 and 300 km/s, but some faster structures
are also observed (tail of the distribution). Moreover,
knowing the time scale of each structure, ∆τ , and its
velocity, V , assumed constant, the spatial size, along the
normal, can be also estimated as

∆r = V∆τ . (19)

The distribution of the spatial scale, ∆r, normalized to
λp (black solid line) and ρp (red dashed line), is shown in
panel (b) of Figure 12. The typical scales for the studied
structures are around 5-10 proton characteristic lengths
(∼ 250 km), where these characteristic lengths have been
evaluated as mean values inside each structure.

4.2.1. Structure velocity in plasma frame

Once V has been estimated by multi-point measure-
ments, it is possible to determine the velocity, V0, for
each coherent event in the plasma frame, along the nor-
mal direction:

V0 = V − vsw · n (20)

where vsw is the local mean speed of the solar wind.
Although this is a very simple calculation, it can hide

some problems. The velocity of the structures, V , de-
termined by the timing, is not exactly the velocity of
propagation, but rather its projection along the normal.
Therefore, to evaluate the velocity of the structure in
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Fig. 13.— Distribution of the velocity of the structures in the
plasma frame, V0, normalized to the Alfvén speed, VA, (green dot-
dashed line), to the speed for fast modes, VF , (black solid line) and
to the proton thermal speed, Vth, (blue dashed line). The present
distribution takes into account only the structures with ζ > 0.85
(see text for details).

the plasma frame, we have to project velocity of the so-
lar wind also along the normal. However, it is possible
that the angle between the local solar wind speed and
the norma, θnV , is large (in the extreme case, the two
vectors can be perpendicular) and, in these situations,
large errors can be introduced in the determination of
V0. In particular, the error on V0 can be written as

dV0 = dV + dvsw cos θnV + vsw sin θnV dθnV , (21)

where dV is the error from the timing method (see Sec-
tion 4.1), dvsw is the error for the HIA solar wind ve-
locity measurements (about 5% of the bulk velocity)
(Paschmann et al. 1998), while dθnV includes the an-
gular error for the solar wind velocity vector, that is of
about 5◦ (Rème et al. 1997), and the error on the normal
determination (see Section 4.6 in Vogt et al. (2008)). The
angular error of n depends on the type of observed struc-
ture and has a distribution of cone of uncertainty peaked
around 5◦, with minimum and maximum values of about
1.5◦ and 18◦, respectively. A rough estimate of Eq. 21
shows that, even though dV is small, the other two terms
can be large with respect to the value of θnV . The two
limit cases are: (i) θnV ≃ 0◦ means dV0 ∼ dvsw ∼ VA; (ii)
θnV ≃ 90◦ gives dV0 ∼ vswdθnV ∼ 2VA (for dθnV ∼ 10◦).
All the other cases are a combination of the different con-
tributions.

Figure 13 shows the results for the velocity of the struc-
tures in the plasma frame. In particular, in panel (a) we
have represented V0, in increasing order, for all the 109
structures, taking into account the error of Eq. 21 within
the error bars. Although the majority of the structures
(about 70%) can be considered, in the limit of the errors,
convected by the wind, the remaining part of the struc-

Fig. 14.— Bi-dimensional (a) and three-dimensional (b) geome-
tries for the structures.

tures presents significant velocities different from zero.
Panel (b) displays the distribution of V0, normalized to
different characteristic velocities evaluated in the rela-
tive upstream region for each structure. In particular,
we consider the speed for the fast modes (VF ) as black
solid line, Alfvén speed (VA) as red dashed line, and the
proton thermal speed (Vth) as blue dot-dashed line. Re-
gardless of the chosen normalization, one can observe
that the distributions have two distinct peaks, one of
which is centered in zero, meaning that these structures
are convected by the solar wind. Moreover, the second
peaks lies in the negative part of the distribution. The
most suitable normalization for the velocity is VF , for
which a sharp peak is found around −VF (black solid
line). Broader distributions are observed for V0/Vth and
V0/VA, meaning that Alfvén and proton thermal speeds
are not the proper quantities to describe the physics of
the present structures.

5. SUMMARY AND CONCLUSIONS

In this paper, we have discussed the identification of
different coherent structures close to the proton spectral
break in the solar wind turbulent cascade, by means of
a wavelet automatic selection method. For our study
we have chosen an interval of time, characterized by a
strong density and constant total pressure. Although
the selected 2 hours of stream are almost homogeneous
in density, the corresponding magnetic field is not homo-

§  Only 100 structures of 600 can be analysed by 
4 satellites and V, n and V0 can be estimated.  

§  Convected structures or propagating with Vfast 
§  Interpretation: NL mirror structures ? 

Compressible Alfvén vortices?   

[Perrone et al., 2015, to be submitted soon] 

V being structures speed in the satellite 
frame (from 4 sat. measurements) 
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Fig. 13.— Distribution of the velocity of the structures in the
plasma frame, V0, normalized to the Alfvén speed, V

A

, (green dot-
dashed line), to the speed for fast modes, V

F

, (black solid line) and
to the proton thermal speed, V

th

, (blue dashed line). The present
distribution takes into account only the structures with ⇣ > 0.85
(see text for details).

the plasma frame, we have to project velocity of the so-
lar wind also along the normal. However, it is possible
that the angle between the local solar wind speed and
the normal is large (in the extreme case, they can be
perpendicular) and, in these situations, some artifacts
can be introduced in the determination of V0.
In order to check erroneous results in the calculation

of V0, we define the parameter, ⇣:

⇣ =
v
sw

· n
v

sw

, (21)

where v

sw

is the modulus of the local mean solar wind
speed. When n and v

sw

are parallel (antiparallel),
⇣ = 1(�1), while if they are perpendicular ⇣ = 0. To
remove the artifacts in the determination of V0, in Figure
13, we show the distribution of V0 only for the structures
for which |⇣| > 0.85. Under this condition, we recover
32 structures, out of 74. Di↵erent normalizations have
been taken into account, with the characteristic velocities
evaluated in the relative upstream region for each struc-
ture; in particular, we consider the Alfvén speed (V

A

) as
green dot-dashed line, the speed for the fast modes (V

F

)
as black solid line, and the proton thermal speed (V

th

)
as blue dashed line. The distributions show that, regard-
less of the chosen normalization, the structures propagate
preferentially downstream. Moreover, the most suitable
normalization for the velocity is V

F

, for which the dis-
tribution of V0 shows a sharp peak around �V

F

(black
solid line). Instead, the distribution of V0/Vth

displays
a broader peak between -4 and 0 (blue dashed line). Fi-
nally, no clear distribution is found for V0/VA

, meaning

Fig. 14.— Bi-dimensional (a) and three-dimensional (b) geome-
tries for the structures.

that the Alfvén speed is not the proper quantity to de-
scribe the physics of the present structures. It is worth
to point out that few examples of very fast structures
(in the tail of the distributions) are also observed, prob-
ably due to the weakness of the selection method for non
isolated structures.

5. SUMMARY AND CONCLUSIONS

In this paper, we have discussed the identification of
di↵erent coherent structures close to the proton spectral
break in the solar wind turbulent cascade, by means of
a wavelet automatic selection method. For our study
we have chosen an interval of time, characterized by a
strong density and constant total pressure. Although
the selected 2 hours of stream are almost homogeneous
in density, the corresponding magnetic field is not homo-
geneous but it quickly changes, meaning that the satellite
explores regions of solar wind from di↵erent flux tubes.
Therefore no clear correlations between the di↵erent pa-
rameters for the selected structures can be discussed.
The only chance to characterize in detail the di↵erent de-
tected structures is to study each of them singularly. The
detailed study of the di↵erent families and their theoret-
ical interpretation will be the object of our future works.
However, all the interval is characteristic of a stream with
�

p

� 1. Peaks in �

p

are observed in correspondence of
strong modification of the magnetic field.
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the plasma frame, we have to project velocity of the so-
lar wind also along the normal. However, it is possible
that the angle between the local solar wind speed and
the normal is large (in the extreme case, they can be
perpendicular) and, in these situations, some artifacts
can be introduced in the determination of V0.
In order to check erroneous results in the calculation

of V0, we define the parameter, ⇣:

⇣ =
v
sw

· n
v

sw

, (21)

where v

sw

is the modulus of the local mean solar wind
speed. When n and v

sw

are parallel (antiparallel),
⇣ = 1(�1), while if they are perpendicular ⇣ = 0. To
remove the artifacts in the determination of V0, in Figure
13, we show the distribution of V0 only for the structures
for which |⇣| > 0.85. Under this condition, we recover
32 structures, out of 74. Di↵erent normalizations have
been taken into account, with the characteristic velocities
evaluated in the relative upstream region for each struc-
ture; in particular, we consider the Alfvén speed (V

A

) as
green dot-dashed line, the speed for the fast modes (V

F

)
as black solid line, and the proton thermal speed (V

th

)
as blue dashed line. The distributions show that, regard-
less of the chosen normalization, the structures propagate
preferentially downstream. Moreover, the most suitable
normalization for the velocity is V

F

, for which the dis-
tribution of V0 shows a sharp peak around �V

F

(black
solid line). Instead, the distribution of V0/Vth

displays
a broader peak between -4 and 0 (blue dashed line). Fi-
nally, no clear distribution is found for V0/VA

, meaning
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tries for the structures.

that the Alfvén speed is not the proper quantity to de-
scribe the physics of the present structures. It is worth
to point out that few examples of very fast structures
(in the tail of the distributions) are also observed, prob-
ably due to the weakness of the selection method for non
isolated structures.

5. SUMMARY AND CONCLUSIONS

In this paper, we have discussed the identification of
di↵erent coherent structures close to the proton spectral
break in the solar wind turbulent cascade, by means of
a wavelet automatic selection method. For our study
we have chosen an interval of time, characterized by a
strong density and constant total pressure. Although
the selected 2 hours of stream are almost homogeneous
in density, the corresponding magnetic field is not homo-
geneous but it quickly changes, meaning that the satellite
explores regions of solar wind from di↵erent flux tubes.
Therefore no clear correlations between the di↵erent pa-
rameters for the selected structures can be discussed.
The only chance to characterize in detail the di↵erent de-
tected structures is to study each of them singularly. The
detailed study of the di↵erent families and their theoret-
ical interpretation will be the object of our future works.
However, all the interval is characteristic of a stream with
�

p

� 1. Peaks in �

p

are observed in correspondence of
strong modification of the magnetic field.
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Fig. 2.— Panel (a): Total (S, solid line) and compressible (Sk,
dot-dashed line) power spectrum densities. The horizontal blue-
dotted line indicates the SNR=3. The insert in panel (a) shows the
compensed spectrum S⇤f+1.69 Panel (b): Ratio between compress-
ible and total spectra of magnetic field fluctuations (Sk/S), where
the horizontal blue-dotted line refers to the isotropic case. Panel
(c): Flatness for compressible (dot-dashed line) and Alfvénic (dot-
ted line) magnetic fluctuations (Fk), where the value of the flatness
for a standard normal distribution (horizontal blue-dotted line) is
given as reference. The vertical red-solid lines, in all plots, indicate
the maximum resolved frequency for the spectra (f

max

= 2.5 Hz).

fore in the spectrum it appears at 10�4 nT2/Hz
for one-component spectrum. So, for the total
PSD, S

noise

= 3 · 10�4 nT2/Hz. We fix the maxi-
mum resolved frequency for the spectra at f

max

' 2.5 Hz
(vertical red-solid line), that corresponds to the signal
to noise ratio (SNR) for one-component spectrum
equal to 3 (and for the total spectrum, equal to
9), see the horizontal blue-dotted line. Therefore, in
the kinetic range, we can study frequency range
f = [0.3, 2.5] Hz, that is nearly one decade. Within
this range, the total PSD becomes steeper, with a spec-
tral slope of ' �2. It is in agreement with recent
results of Bruno et al. 2014 for slow solar wind

spectra.
The PSD of the compressible fluctuations

Sk(⌧) =
2�t

N

N�1X

j=0

|Wk(⌧, tj)|2 (10)

is shown by dash-dotted line in Figure 2(a). It
follows S(f) in the MHD range of scales. A small
increase of compressible energy around 0.25 Hz
corresponds to the satellite spin, visible in the
Morlet scalogram (Figure 1(i)) as a horizontal
band around ⌧ = 4 s.
Figure 2(b) shows the level of compressibility

of magnetic turbulent fluctuations as a function
of frequency, defined as Sk(f)/S(f). The horizontal
blue-dotted line indicates the isotropic case Sk = 1/3S.
The level of compressible fluctuations starts to increase

at the end of the MHD range and continues around pro-
ton characteristic scales as was already observed by
(Alexandrova et al. 2008, Kiyani et al. 2013).
In our study, unfortunately, we have no informa-
tion on sub-ion scales compressibility, because the
maximal frequency is very close (but higher) than
the highest ion characteristic frequency (f

�p

).
However, with our data we can study in details
frequency range round all ion scales, i.e. [0.1, 2] Hz
(see vertical black-dashed lines), where the increase of
compressibility is observed.
Figure 2(c) shows the fourth order moment of com-

pressible (dot-dashed line) and Alfvénic (dotted line)
magnetic fluctuations, defined as

Fk,?(⌧) =
h ˜Wk,?(⌧, t)

4i
h ˜Wk,?(⌧, t)2i2

, (11)

where W̃ is the real part of the wavelet coe�cients. The
value for the flatness of a standard normal distribution
is 3, that is indicated in the plot by an horizontal blue-
dotted line. The study of solar wind turbulence sug-
gests that the intermittency increases when considering
smaller and smaller scales or, equivalently, higher and
higher frequencies, starting from MHD scales (Bruno et
al. 2003). In our case, we are not able to catch non-
Gaussian contributions at large scales because of the lim-
ited length of the data set (⇠ 2 hours). However, we
observe that, at the end of the MHD range, both curves
of flatness depart from the value of flatness of the
normal distribution. Note, that here, we calculate
flatness of Alfvénic fluctuations using the defini-
tion (7). If we project �b in the mean field frame
(with the mean field defined as a mean over the
total interval of study), we can calculate flatness
of two perpendicular components. We find that
the flatness F? shown in Figure 2(c), corresponds
to the median of the two perpendicular components.
Between the proton characteristic scales, flat-

ness of compressible fluctuations, Fk(f), becomes
more or less constant while the flatness of trans-
verse fluctuations F?(f) reaches its maximum at
⇠ 0.4 � 0.5 Hz and then starts to decreas. An-
other local maximum of F? is observed around
0.02 Hz, that is about 0.2f

cp

, i.e. the frequency
where Alfvén Ion cyclotron waves can be insta-

Conclusions on slow SW around ion scales 

Ion scales are filled with compressible 
coherent structures in form of 
§  Magnetic holes (βp~5) 
§  Magnetic solitons (βp~1.5)  
§  Slow shock (1 example, βp~2) 
§  Current sheets with δBperp>>δB|| (βp~0.5) 
§  Alfven vortex like structures with δBperp>>δB|| 

(βp~1.5) 
§  Compressible vortex like structures with 

δBperp~δB|| 

•  Nature of coherent structures ~ wind type and plasma parameters 
•  Larger statistical study is needed under different SW conditions… 
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plasma frame, V0, normalized to the Alfvén speed, V
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dashed line), to the speed for fast modes, V
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to the proton thermal speed, V
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, (blue dashed line). The present
distribution takes into account only the structures with ⇣ > 0.85
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the plasma frame, we have to project velocity of the so-
lar wind also along the normal. However, it is possible
that the angle between the local solar wind speed and
the normal is large (in the extreme case, they can be
perpendicular) and, in these situations, some artifacts
can be introduced in the determination of V0.
In order to check erroneous results in the calculation

of V0, we define the parameter, ⇣:

⇣ =
v
sw

· n
v

sw

, (21)

where v

sw

is the modulus of the local mean solar wind
speed. When n and v

sw

are parallel (antiparallel),
⇣ = 1(�1), while if they are perpendicular ⇣ = 0. To
remove the artifacts in the determination of V0, in Figure
13, we show the distribution of V0 only for the structures
for which |⇣| > 0.85. Under this condition, we recover
32 structures, out of 74. Di↵erent normalizations have
been taken into account, with the characteristic velocities
evaluated in the relative upstream region for each struc-
ture; in particular, we consider the Alfvén speed (V

A

) as
green dot-dashed line, the speed for the fast modes (V

F

)
as black solid line, and the proton thermal speed (V

th

)
as blue dashed line. The distributions show that, regard-
less of the chosen normalization, the structures propagate
preferentially downstream. Moreover, the most suitable
normalization for the velocity is V

F

, for which the dis-
tribution of V0 shows a sharp peak around �V

F

(black
solid line). Instead, the distribution of V0/Vth

displays
a broader peak between -4 and 0 (blue dashed line). Fi-
nally, no clear distribution is found for V0/VA

, meaning

Fig. 14.— Bi-dimensional (a) and three-dimensional (b) geome-
tries for the structures.

that the Alfvén speed is not the proper quantity to de-
scribe the physics of the present structures. It is worth
to point out that few examples of very fast structures
(in the tail of the distributions) are also observed, prob-
ably due to the weakness of the selection method for non
isolated structures.

5. SUMMARY AND CONCLUSIONS

In this paper, we have discussed the identification of
di↵erent coherent structures close to the proton spectral
break in the solar wind turbulent cascade, by means of
a wavelet automatic selection method. For our study
we have chosen an interval of time, characterized by a
strong density and constant total pressure. Although
the selected 2 hours of stream are almost homogeneous
in density, the corresponding magnetic field is not homo-
geneous but it quickly changes, meaning that the satellite
explores regions of solar wind from di↵erent flux tubes.
Therefore no clear correlations between the di↵erent pa-
rameters for the selected structures can be discussed.
The only chance to characterize in detail the di↵erent de-
tected structures is to study each of them singularly. The
detailed study of the di↵erent families and their theoret-
ical interpretation will be the object of our future works.
However, all the interval is characteristic of a stream with
�

p

� 1. Peaks in �

p

are observed in correspondence of
strong modification of the magnetic field.
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the plasma frame, we have to project velocity of the so-
lar wind also along the normal. However, it is possible
that the angle between the local solar wind speed and
the normal is large (in the extreme case, they can be
perpendicular) and, in these situations, some artifacts
can be introduced in the determination of V0.
In order to check erroneous results in the calculation

of V0, we define the parameter, ⇣:
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where v
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is the modulus of the local mean solar wind
speed. When n and v

sw

are parallel (antiparallel),
⇣ = 1(�1), while if they are perpendicular ⇣ = 0. To
remove the artifacts in the determination of V0, in Figure
13, we show the distribution of V0 only for the structures
for which |⇣| > 0.85. Under this condition, we recover
32 structures, out of 74. Di↵erent normalizations have
been taken into account, with the characteristic velocities
evaluated in the relative upstream region for each struc-
ture; in particular, we consider the Alfvén speed (V
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) as
green dot-dashed line, the speed for the fast modes (V
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less of the chosen normalization, the structures propagate
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normalization for the velocity is V
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, for which the dis-
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, meaning
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that the Alfvén speed is not the proper quantity to de-
scribe the physics of the present structures. It is worth
to point out that few examples of very fast structures
(in the tail of the distributions) are also observed, prob-
ably due to the weakness of the selection method for non
isolated structures.

5. SUMMARY AND CONCLUSIONS

In this paper, we have discussed the identification of
di↵erent coherent structures close to the proton spectral
break in the solar wind turbulent cascade, by means of
a wavelet automatic selection method. For our study
we have chosen an interval of time, characterized by a
strong density and constant total pressure. Although
the selected 2 hours of stream are almost homogeneous
in density, the corresponding magnetic field is not homo-
geneous but it quickly changes, meaning that the satellite
explores regions of solar wind from di↵erent flux tubes.
Therefore no clear correlations between the di↵erent pa-
rameters for the selected structures can be discussed.
The only chance to characterize in detail the di↵erent de-
tected structures is to study each of them singularly. The
detailed study of the di↵erent families and their theoret-
ical interpretation will be the object of our future works.
However, all the interval is characteristic of a stream with
�

p

� 1. Peaks in �

p

are observed in correspondence of
strong modification of the magnetic field.



 What is going on at electron scales? 
 

§  Helios measurements in the SW 
§  Cluster measurements in the Earth’s 

magnetosheath, foreshock and SW 
 

foreshock 

magnetosheath 

SW 



Helios Measurements  (Denskat et al. 1983) 

§  Magnetic field measurments within solar 
wind between 0.3 and 1.0 AU 

§  Helios 2 fluxgate and search coil 
magnetometer 

§  Measurements within f=2.4 x 10-5 to 470 
Hz (at 0.3 AU) 

§  Slope of spectra ~1.7 approx constant 
within 4x10-3 Hz to 2 Hz.  

§  Spectral break around gap between 2 
Hz and 4.7 Hz 

§  Displacement of power spectral density 
between 2 Hz and 4.7 Hz probably due 
to damping of Alfven waves near the 
proton and alpha-particle cyclotron 
frequencies 

§  For f > 4.7 Hz spectral indicies in the 
range of ~3 are observed. 



 Cluster measurements at electron scales 
 

•  Cluster mission : the most sensitive instrumentation (mag. 
spectrum up to 400 Hz). 

•  Cluster is devoted to magnetospheric research => spend 
short time intervals in the solar wind/orbit. 

�(emin,B0) < 15�

Ellipticity=1  circular RH 

Cluster/Whisper:  

Cluster/STAFF-SA:  



From MHD to electron scales (Cluster 
observations) 

Solar wind [Alexandrova et al.,2009] 

Magnetosheath [Alexandrova et al.,2008] 

Foreshock [Sahraoui et al.,2009] 

Different spectral 
features come from 
different polarisation 

of δB ‘behind spectra’  



Polarization of δB and spectral shape 
1. Cluster/Whisper measures electric field fluctuations around the plasma 
frequency (check for bow-shock connection) 
2. Cluster/STAFF-SA products: magnetic fluctuations within the (8Hz,4kHz) 
range, polarization and propagation direction 

�(emin,B0) < 15�

Ellipticity=1  circular RH 

SW2 foreshock SW1 

SW2 

SW1 

§  Polarized fluctuations => spectra with bumps 
§  Non-polarized fluctuations => permanent (or background) turbulence 
§  Permanent turbulence + sporadic polarized fluctuations => 
“intermediate” spectral shape (breaks, small bumps, …)   



Polarized fluctuations: k||-whistler waves   
(spectra with bumps, knees, breaks…) 

�⇥
xy

= ⇥
y

� ⇥
x

= 90� ! RH

Parallel whistlers with RH-polarization 

[Lacombe et al. 2014, APJ] 



2004-04-18, 11h40 

§  The spectral bump at f<fce is observed by both, STAFF-SC and SA; 
§  it corresponds to coherent wave-packets of whistlers (RH 
polarization): 

Cluster/STAFF-SC+SA 

Waveforms 
(example of Cluster/STAFF-SC) 

�⇥
xy

= ⇥
y

� ⇥
x

= 90� ! RH



Example of sporadic whistlers in the SW  

[Sahraoui et al., 2013] 

Phase difference in the plane perp to B0 
around 90o is a signature of whistlers: 

Background turbulence + sporadic whistler waves  
=> spectral break/knee at the frequency of whistlers 

�⇥
xy

= ⇥
y

� ⇥
x

= 90� ! RH



Example of magnetosheath whistlers 

[Huang et al., 2014] 

-  We consider a part of the time interval of the spectrum from [Huang et al., 2014].  
-  The observed spectral knee at electron scales is due to whistler waves. 
-  The slope of -7 is just the whistler bump.  
-  The four spectra shown by Huang et al. [2014] display spectral breaks due to 
whistlers.  



When do we observe whistler waves in the SW? 

Whistlers are more visible when the background turbulence has 
low intensity. 

§  The whistlers are only observed for low proton thermal pressure nkTp and for low Vsw.  
§  Indeed, the level of background turbulence is proportional to nkTp, and as well to Vsw 
(stronger Doppler shift for higher Vsw). 
§  So, the whistlers are probably “occulted” by the strong turbulence at high nkTp and 
high Vsw. 

[Alexandrova et al. 2013, SSR] 

[Lacombe et al. 2014, APJ] 



Role of the electron heat flux 

|Qe|>3.5 µW/m2 

[Maksimovic et al. 2005] 

Qe =
Z

m

2
UU2f(v)d3v, U = v� < v >

Electron heat flux, Qe, is a measure of the asymmetry of the electron 
distribution function f(ve). In the solar wind it is present for f(ve||).   

Case study: We find that whistlers grow with increasing of Qe.  
Generally: necessary condition |Qe|>3.5 µW/m2 



Instability related to the electron heat flux 

Qe =
Z

m

2
UU2f(v)d3v,

U = v� < v >

Q
max

=
3
2
m

e

n
e

v3

Whistlers (diamonds) are observed at 
the threshold for the whistler heat flux 
instability (dashed line, Gary et al.,99) 

The whistler heat flux instability contributes to the regulation of 
the electron heat flux, at least for βe>3 at 1 AU. 

[Lacombe et al. 2014, APJ] 



Electron T-anisotropy instabilities? 

[Gary et al. 1999, JGR] 

[Lacombe et al. 2014, APJ] 



Role of Coulomb e-e collisions 

No whistlers for mean free path < 0.5 AU 

Lfp=Vth_e/freq_coll_e_e 
 

Ae ~ R Ne Te
-3/2/Vsw 

Ae: number of collisions 
between 0.5 and 1 AU 

 
R [km] = 1 AU 

 

(Necessary but not sufficient condition…)  

[Lacombe et al. 2014, APJ] 
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FIG. 9.— Black crosses: electron properties for 149 events without whistler waves. The red (blue) diamonds are the 16 (3) intervals with intense (weak)
whistler waves. (a) Q

e

versus T

e?/T

ek. (b) T

e?/T

ek versus b
ek; the upper dashed line gives an anisotropy threshold for the whistler anisotropy instability; the

lower (dashed and dotted) lines give the thresholds for firehose instabilities (see text). (c) Q

e

versus b
ek. (d) Q

e

/1.5N

e

k

B

T

e

V

th,e versus b
ek; the dashed line 1/b0.8

ek
(Gary et al. 1999) is the threshold condition Q

e

/Q

max

corresponding to a growth rate g = 0.01w
ci

for the whistler heat flux instability; the dotted line 0.5/b0.8
ek

gives the upper bound of most of our data set, parallel to the threshold condition.

FIG. 10.— For 168 intervals of 10 minutes. The red (blue) diamonds are the 16 (3) intervals with intense (weak) whistler waves. Black symbols indicate the
intervals without whistlers: squares for the intervals downstream of interplanetary shocks, crosses for the other intervals. (a) Scatter plot of the electron collisional
age A

e

and the mean free path L

f p

: a necessary condition for the presence of whistler waves is L

f p

> 0.5 AU. (b) Scatter plot of the proton thermal pressure P

thp

and the heat flux Q

e

: two necessary conditions for the visibility or presence of whistler waves are P

thp

< 0.04nPa and Q

e

> 3.5µW/m

2.
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Conclusions on sw whistlers 

 
§  ~10% of spectra have bumps : intervals contain quasi-
circular RH whistlers with Q-parallel wave vectors.  

§  Necessary conditions of appearance of whistlers (but 
not sufficient):  

-  background turbulence low enough (nkTp< 0.4 nPascal)   
-  heat flux >3.5 microW/m2 
-  magnetic field rotation (can be very small) 
-  m.f.p. > 0.5 AU  

[Lacombe et al., 2014, APJ]. 
   

Statistical study of magnetic spectra at kinetic scales 
measured by Cluster/STAFF-SC and STAFF-SA in the 
solar wind shows: 



Solar wind turbulence without whistler waves 

�(emin,B0) < 15�

Ellipticity=1  circular RH 

SW2 foreshock SW1 

SW2 

SW1 

 

§  Let us consider now non-polarized fluctuations ~ 
permanent (or background) turbulence 



[Alexandrova et al. 2009, PRL; 
Alexandrova, Chen, Sorriso-Valvo, Bale, Horbury, 2013, SSR] 

Mmmmm
mmmmm
mmmmm
mmmmm
mmmmm

m 
 

MHD Ion 
scales 

Electron 
scales 

§  7 examples of different solar wind conditions =>    
§  MHD and kinetic range: general behaviour  
§  Variability around ion scales (discussed above) 
§  End of the cascade? Dissipation scales? 

Solar wind turbulence without whistler waves 



Universal Kolmogorov’s function: 
Frisch, Turbulence: the legacy of Kolmogorov, 1996 

E(k)⇥d/�
2 = F (k⇥d)

`d: dissipation scale

⌘: viscosity

In HD turbulence, this normalization collapses spectra 
measured under different conditions. 



Universal Kolmogorov’s function: 

§  Assumption: η=Const 
§  kρi & kλi - normalizations are not efficient for collapse 
§  kρe normalization bring the spectra close to each other.  

[Alexandrova et al., 2009, PRL] `d ⇠ ⇢e

Dissipation scale? 

with dissipation scale ⇤d = ⇥i,e,�i,e

Let us try to apply this kind of normalization for sw spectra and for 
different candidates for the dissipation scale ld:   



Spectral level (P0) and plasma parameters 

  P0-factor depends on 
§  Mean magnetic field 

(cyclotron periods) 
§  Dynamical and thermal 

(not shown) pressures 
§  Electron Larmor radius 



What does it mean that turbulence level P0 is 
related to a particular scale? 

In fluids, dissipation scale depends on the 
energy transfer rate :  

Kolmogorov: 

For a fixed k: 

In the solar wind: ρe is fixed by plasma parameters and can not be 
adjusted as a function of the energy transfer rate (ε) as in fluids…  
Or, it is ε that is defined by ρe ?  

v2

Ld
� �

v

L2
d

, ⇥�1 � v

Ld
� �

L2
d

, v � �

Ld

Ld ⇠ ��1/4

§  Not all the “injected” energy goes in the turbulence cascade? Only the 
part that can be “dissipated” at ρe?  
§  The turbulence energy partially dissipates at injection scale?  
§  Non-local interactions within the cascade in the solar wind? 
§  Dispersive effects? (private discussion with T. Passot et P. L. Sulem) 

P0 ⇠ �2/3 ⇠ L�8/3
d



Large statistical studies  
[Alexandrova et al. 2012; Sahraoui et al. 2013] 

A12: 100 spectra (of 10 minutes) 
without whistlers, under different 
SW conditions (5 years of 
Cluster in normal mode).  

S13: 610 spectra (of 10 seconds) 
with probably sometimes sporadic 
whistlers (10 years of Cluster in 
burst mode). 

The Astrophysical Journal, 777:15 (11pp), 2013 November 1 Sahraoui et al.
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Figure 4. Examples of the magnetic energy spectra measured in the free SW showing a clear spectral break near the Taylor-shifted electron scales fde (green) and fρe

(red; vertical dashed lines). The double-power-law model is used to fit the spectra.
(A color version of this figure is available in the online journal.)

foreshock electrons may generate a “bump” in the magnetic
spectra at that scale, similar to the one shown in Figure 3(a) in
Sahraoui et al. (2009), but it is not clear how they could generate
a spectral break followed by a steep power-law spectrum as
shown in Figure 3(b) of Sahraoui et al. (2009). In any case,
the results shown here, which were obtained from SW data that
contained no foreshock electrons, clearly prove that the spectral
break cannot be attributed to foreshock electrons and most
likely results from the nonlinear dynamics of the plasma itself.
This indeed has been observed in two-dimensional and three-
dimensional PIC simulations (Camporeale & Burgess 2011;
Chang et al. 2011; Gary et al. 2012), predicted by existing
theories on SW turbulence (Schekochihin et al. 2009; Meyrand
& Galtier 2010) and observed also in magnetosheath turbulence
(Huang et al. 2013).

A comparison in Figure 3(c) of the computed magnetic energy
spectrum with the fitting models discussed in Section 3 shows
that the double-power-law model fits the data better as it captures
the observed spectral break. The exponential model is shown not
to correctly reproduce the scaling in the range kρe ∼ [0.1, 1],
contrary to the result reported in Alexandrova et al. (2009).6
The disagreement with the observations of Alexandrova et al.
(2009) can be explained by the lack of universality of turbulence
at electron scales, or by the caveats discussed in Section 5.
The rapid decay of the exponential model and its failure to
fit the spectra in the scale range ∼ [0.1, 1]kρe may have been
the reason that led to correcting it by a power-law function to
sustain the cascade down to kρe ∼ 1 (Alexandrova et al. 2012),
which better reflects SW observations. In that study, it was
also shown that 30% (out of 100) of the analyzed STAFF-SA
spectra agreed with the double-power-law (or the break) model
used here. From Figure 3(c), one can furthermore see that
the hybrid and the asymptotic-double-power-law fail to fit
the spectral break and the neighboring frequencies, but they
reproduce the overall shape of the spectrum, in particular the
asymptotic-double-power-law. Nevertheless, these two models

6 For the exponential model in Figure 3(c), we fit the frequency range
[0.1, 1]fb = [2.5, 25] Hz, which corresponds to the scale range
kρe ∼ [0.08, 0.8] with the measured parameters Vflow ∼ 400 km s−1,
ρi ∼ 125 km and Ti/Te ∼ 2.

are very close to each other; significant differences appear only
at high frequency where the noise floor of the instrument is
reached. From this, one concludes that, given that the highest
S/N values available from the Cluster/SCM data in the SW
are at best similar to that of Figure 3, it is unrealistic to expect
that one will be able to distinguish between these two models
in SW observations. However, the double-power-law model can
be distinguished from the two other (curved) models provided
that the spectral break can be observed, and, as discussed in
Section 5, that requires particular care as such a break is easy
to smooth out. For these reasons, we choose to keep only
the double-power-law model in our statistical survey to fit the
measured magnetic energy spectra.

Among the total 610 spectra (computed over 10 s) found to
have S/N > 10 at f = 30 Hz, 461 (75%) were found to show
a break at electron scales. Two other examples of those spectra
are plotted in Figure 4. They show very similar features to the
spectrum of Figure 3(c). The remaining 25% of the spectra either
do not show clear breaks, among them those corresponding to
fast SW (V ! 800) where the electron breaks would be shifted
to high frequency (!180 Hz) and are thus not accessible to the
STAFF-SC, or they show bumps at electron scales. These events
are disregarded.

The histograms of the obtained slopes are given in Figure 5.
We can see that the slopes of the spectra in the dispersive
range (i.e., [fρi

, fρe
]) cover the range ∼ [−2.5,−3.1] with

a peak at ∼ −2.8. These values are close to those predicted
by existing theoretical and numerical simulations (Camporeale
& Burgess 2011; Chang et al. 2011; Howes et al. 2011b;
Boldyrev & Perez 2012) and to the observations reported in
Alexandrova et al. (2012). The spectra below fρe

are, however,
steeper with slopes distributed in the range ∼[−3.5,−5.5]
and a peak at ∼−4, which are in general agreement with the
predictions from the two-dimensional and three-dimensional
PIC simulations (Camporeale & Burgess 2011; Chang et al.
2011; Gary et al. 2012) and with the results of the break model
reported in Alexandrova et al. (2012). This broad distribution
suggests the lack of universality of turbulence at electron
scales as compared to that in the inertial range. A similar
study has been performed on magnetosheath turbulence where

5



Spectral shape and ‘dissipation’ scale 
 

Far dissipation range spectrum in neutral fluids [Chen, et al., 1993, PRL] : 

[Alexandrova et al., 2012, APJ] 

E(k) = Ak��
exp(�k/kd)

§  Spectral index varie between 2.2 and 3, mean = 2.63 
§  BUT: it is dependent on dissipation scale 
§  Dissipation scale is better correlated with e-Larmor radius.   

The Astrophysical Journal, 760:121 (6pp), 2012 December 1 Alexandrova et al.

(a) (b)

(d)(c)

Figure 3. Results of the fitting with the exp model for the 100 observed spectra:
(a) histograms on the spectral index α; (b) cutoff scale ℓd as a function of α;
(c) ℓd as a function of the electron Larmor radius ρe; and (d) ℓd as a function of
the electron inertial length λe .

of STAFF-SC measurements. Red stars display the STAFF-
SA data for the same time period. (In this plot we keep the
three first poorly calibrated data points; one can see them
around k = 0.1 km−1 and compare with the result of the
interpolation in Figure 1.) The error bars are estimated from
the variance over 10 minutes of the PSD at each frequency
(Alexandrova et al. 2010). This spectrum is valid up to ≃400 Hz,
which gives us the maximum wavevector k ∼ 4 km−1 (while
1/ρe ≃ 1 km−1). This is the smallest scale ever measured with
a good sensitivity at 1 AU in the solar wind. The exp model (1)
fitting is shown by the black solid line. The parameters of the
fit in this case are α = 2.70 ± 0.15 and ℓd = 0.90 ± 0.25 km,
while ρe = 0.95 ± 0.05 km.

Figure 3 summarizes the results of the fitting for the 100
spectra. Panel (a) shows the histogram of the spectral index,
α = 2.63 ± 0.15, the error being the standard deviation of the
mean. Note that ⟨α⟩ ≃ 8/3. It appears that the variations of α
and ℓd are not independent since the dispersion in α is due to
the variations of the cutoff scale ℓd as observed in Figure 3(b).
A linear fit gives ℓd (km) = 12.9–4.4α, and so

α = 2.9 − ℓd/4.4, (2)

i.e., if ℓd was small, α would be approximatively equal to 2.9, a
value close to the one found by Alexandrova et al. (2009).

On the other hand, the variations of ℓd are related to the
variations of the electron Larmor radius, ℓd ∼ 1.35ρe, as shown
in Figure 3(c), with a relatively high correlation coefficient of
0.70. Figure 3(d) shows a positive but much weaker correlation
of 0.34 between the dissipation scale ℓd and the electron inertia
length λe.

The results presented in Figure 3 suggest that within the
framework of the exponential model there is only one free
parameter, the amplitude of the turbulent spectra, A, and the
observed spectra can be described approximately by

E(k⊥) ≃ Ak
−8/3
⊥ exp(−k⊥ρe). (3)

Figure 4. Upper panel: 107 superposed solar wind spectra, the 100 spectra in the
kinetic range analyzed in this paper and the 7 spectra covering fluid and kinetic
scales from Alexandrova et al. (2009), the constant being E0 ∈ [0.4, 95]. All
spectra have the signal-to-noise ratio greater than 3, as in Figure 1. The blue line
indicates ∝ k

−5/3
⊥ and the red line shows ∝ k

−8/3
⊥ exp(−k⊥ρe), which represents

well all the spectra. Bottom panel: the diamonds show 100 compensated spectra
E(k⊥ρe) · F (k⊥ρe), with F (k⊥ρe) = (k⊥ρe)8/3 exp(k⊥ρe), for k⊥ρe ! 0.03.
The solid line denotes the most intense compensated spectrum.
(A color version of this figure is available in the online journal.)

We verify this point in Figure 4, where we superpose the 100
spectra analyzed here with the 7 spectra covering fluid and
kinetic scales from Alexandrova et al. (2009). The spectra are
shifted vertically by a parameter E0 (a relative spectral level),
in the same way as in Figure 2 of Alexandrova et al. (2009).
The superposition of the 107 spectra is nice, which indicates the
generality of the turbulent spectrum E(k⊥) in the solar wind:
it follows ∝ k

−5/3
⊥ at MHD scales and ∝ k

−8/3
⊥ exp(−k⊥ρe)

at scales smaller than the ion kinetic scales λi and ρi (i.e.,
kρe ! 0.03). The bottom panel shows the 100 spectra E(k⊥ρe)
compensated by a function F = (k⊥ρe)8/3 exp(k⊥ρe) for kρe !
0.03: the resulting spectra are flat, indicating that the exp model
with one free parameter describes well all the turbulent spectra in
the solar wind at these scales and is valid for nearly two decades
in wavenumbers. Note that a damping length ℓd variation of
more than 20% with respect to the mean ρe values results in a
strong departure of the compensated spectra.

The amplitude A of the turbulent spectra (related to the
parameter E0) is found to be correlated with the ion thermal
pressures nkTi, as within the MHD range of turbulence (Grappin
et al. 1990), and with the ion temperature anisotropy Ti⊥/Ti∥
(not shown). Other plasma parameters seem to be less important,
but still it is impossible to exclude completely the influence of
the magnetic and kinetic energies in the solar wind (paper in
preparation).

3.2. Break Model

Is there another simple model which represents well the
observations with a small number of free parameters? Let us
compare the turbulent spectra within the electron inertial and

3



Spectral shape: alternative approach   
[Alexandrova et al., 2012, APJ] 

[Alexandrova et al., 2012, APJ] 

[Sahraoui et al., 2013, APJ] 

Agreement in spectral index values 
in 2 studies: small dispersion for α1 
and high dispersion for α2. 
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(a)

(b)

(d)(c)

Figure 5. Same format as Figure 3, but for the parameters of the break model
determined from the fitting with 30 spectra, i.e., (a) histograms on the spectral
indices, (b) break scale ℓb as a function of α1 (open circles) and α2 (filled
circles), (c) ℓb as a function of the electron Larmor radius ρe , and (d) ℓb as a
function of the electron inertial length λe .

dissipation ranges (i.e., scales smaller than ρi and λi) with the
double power law or break model

Ẽ(k⊥) = A1k
−α1
⊥ (1 − H (k⊥ − kb)) + A2k

−α2
⊥ H (k⊥ − kb), (4)

H (k⊥ − kb) being the Heaviside function, kb the wavenumber
of the break scale ℓb = 1/kb, A1,2 the amplitudes of the two
power-law functions with spectral indices α1,2 on both sides
of kb. This model has five free parameters. Note that Equation (4)
is not differentiable for k = kb. Near kb the turbulent level has
to be the same on both sides. Thus, kb can be determined by the
four other parameters of the model,

log10 kb = log10(A1/A2)
α1 − α2

. (5)

Iterations to find the model parameters with condition (5)
converge to different results, depending on the initial kb.
Therefore, minimizing the error of the fit over kb is needed,
so that finally the model has still five free parameters.

We apply this break model to the 100 observed spectra within
the same k⊥-range as was done for the exp model. Despite the
fact that the break model has more free parameters than the
exponential model, we find that it can be applied only to
30 spectra; for the 70 other spectra there is no solution with
condition (5) verified, indicating the absence of a clear break
point, or, for a part of these spectra, not enough data points to
isolate the second power law.

Figure 5 summarizes the parameters of the break model
determined from the fitting of the 30 spectra. For these spectra,
the condition (5) is verified. Panel (a) shows histograms of
the spectral indices: the mean values are α1 = 2.86 ± 0.08,
α2 = 3.91 ± 0.29. Note the narrow dispersion of the spectral
index α1. It is close to α, when ℓd is negligible (see Equation (2))
so confirming the spectrum between ion and electron scales
found by Alexandrova et al. (2009). So we can fix one of the
parameters of the model. The second exponent α2 has a large

Figure 6. Example of an observed spectrum (lower black line) compared with
E(k) ∼ k−2.7 exp(−kℓd ) (red dashed line), with ℓ−1

d marked by a red diamond;
the error of the fit is △2

exp = 1.8 × 10−3 (nT4 km2). The same spectrum,
shifted by a factor 102 and compared with E(k) ∼ k−2.8 below the break
shown by a blue diamond, and with ∼k−4.0 above it (blue dashed line); here,
△2

break = 1.9 × 10−3 (nT4 km2). Ion and electron characteristic scales are
marked by arrows; a vertical dotted line indicates the beginning of the k-domain
where the fits are performed. The inset shows histograms of the fitting errors,
△2

exp (red, for 100 spectra) and △2
break (blue, for 30 spectra).

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

dispersion, not found to be controlled by any plasma parameter.
The values of the spectral indices are correlated to the position
of the break scale ℓb (see panel (b)). Figure 5(c) shows ℓb

as a function of ρe. No correlation is observed. Figure 5(d)
shows ℓb as a function of λe: the correlation is positive but
weak (≃ 0.43). From the comparison of the observed turbulence
spectra at plasma kinetic scales with the break model, one may
conclude that this model has one fixed parameter, another is
fixed by the condition (5), the other three parameters are free,
not found to be determined by plasma parameters.

It is important to note that the errors of the fit of the break and
exp models are of the same order. Figure 6 shows an example of
a solar wind spectrum (black lines) fitted with both models, with
the least mean square distance between the observed spectra and
the fit, △2, given in the caption; the insert shows histograms of
△2

exp (red) for 100 spectra and △2
break (blue) for 30 spectra: the

same mean values of the histograms are observed. This leaves us
free to choose the model, based on other criteria than goodness
of the fit, namely, on the number of degrees of freedom of the
model and on the number of described cases.

4. DISCUSSION AND CONCLUSION

The exp model E(k⊥) = Ak
−8/3
⊥ exp(−k⊥ρe) proposed in this

study provides a single algebraic description of the solar wind
spectrum at scales smaller than the ion characteristic scales, λi

and ρi , and going beyond the electron scales (i.e., within the
electron inertial and dissipation ranges). This model describes
well the totality of the observed spectra and has only one free
parameter—the amplitude A of the spectrum. The amplitude
seems to be a function of the ion thermal pressure and the ion
temperature anisotropy in the solar wind. However, it is difficult
to exclude the role of the magnetic and kinetic energies: more
work is needed to determine the exact relationship between the
amplitude of the turbulent spectrum and the energy budget in
the solar wind.

4
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(a)

(b)

(d)(c)

Figure 5. Same format as Figure 3, but for the parameters of the break model
determined from the fitting with 30 spectra, i.e., (a) histograms on the spectral
indices, (b) break scale ℓb as a function of α1 (open circles) and α2 (filled
circles), (c) ℓb as a function of the electron Larmor radius ρe , and (d) ℓb as a
function of the electron inertial length λe .

dissipation ranges (i.e., scales smaller than ρi and λi) with the
double power law or break model

Ẽ(k⊥) = A1k
−α1
⊥ (1 − H (k⊥ − kb)) + A2k

−α2
⊥ H (k⊥ − kb), (4)

H (k⊥ − kb) being the Heaviside function, kb the wavenumber
of the break scale ℓb = 1/kb, A1,2 the amplitudes of the two
power-law functions with spectral indices α1,2 on both sides
of kb. This model has five free parameters. Note that Equation (4)
is not differentiable for k = kb. Near kb the turbulent level has
to be the same on both sides. Thus, kb can be determined by the
four other parameters of the model,

log10 kb = log10(A1/A2)
α1 − α2

. (5)

Iterations to find the model parameters with condition (5)
converge to different results, depending on the initial kb.
Therefore, minimizing the error of the fit over kb is needed,
so that finally the model has still five free parameters.

We apply this break model to the 100 observed spectra within
the same k⊥-range as was done for the exp model. Despite the
fact that the break model has more free parameters than the
exponential model, we find that it can be applied only to
30 spectra; for the 70 other spectra there is no solution with
condition (5) verified, indicating the absence of a clear break
point, or, for a part of these spectra, not enough data points to
isolate the second power law.

Figure 5 summarizes the parameters of the break model
determined from the fitting of the 30 spectra. For these spectra,
the condition (5) is verified. Panel (a) shows histograms of
the spectral indices: the mean values are α1 = 2.86 ± 0.08,
α2 = 3.91 ± 0.29. Note the narrow dispersion of the spectral
index α1. It is close to α, when ℓd is negligible (see Equation (2))
so confirming the spectrum between ion and electron scales
found by Alexandrova et al. (2009). So we can fix one of the
parameters of the model. The second exponent α2 has a large

Figure 6. Example of an observed spectrum (lower black line) compared with
E(k) ∼ k−2.7 exp(−kℓd ) (red dashed line), with ℓ−1

d marked by a red diamond;
the error of the fit is △2

exp = 1.8 × 10−3 (nT4 km2). The same spectrum,
shifted by a factor 102 and compared with E(k) ∼ k−2.8 below the break
shown by a blue diamond, and with ∼k−4.0 above it (blue dashed line); here,
△2

break = 1.9 × 10−3 (nT4 km2). Ion and electron characteristic scales are
marked by arrows; a vertical dotted line indicates the beginning of the k-domain
where the fits are performed. The inset shows histograms of the fitting errors,
△2

exp (red, for 100 spectra) and △2
break (blue, for 30 spectra).

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

dispersion, not found to be controlled by any plasma parameter.
The values of the spectral indices are correlated to the position
of the break scale ℓb (see panel (b)). Figure 5(c) shows ℓb

as a function of ρe. No correlation is observed. Figure 5(d)
shows ℓb as a function of λe: the correlation is positive but
weak (≃ 0.43). From the comparison of the observed turbulence
spectra at plasma kinetic scales with the break model, one may
conclude that this model has one fixed parameter, another is
fixed by the condition (5), the other three parameters are free,
not found to be determined by plasma parameters.

It is important to note that the errors of the fit of the break and
exp models are of the same order. Figure 6 shows an example of
a solar wind spectrum (black lines) fitted with both models, with
the least mean square distance between the observed spectra and
the fit, △2, given in the caption; the insert shows histograms of
△2

exp (red) for 100 spectra and △2
break (blue) for 30 spectra: the

same mean values of the histograms are observed. This leaves us
free to choose the model, based on other criteria than goodness
of the fit, namely, on the number of degrees of freedom of the
model and on the number of described cases.

4. DISCUSSION AND CONCLUSION

The exp model E(k⊥) = Ak
−8/3
⊥ exp(−k⊥ρe) proposed in this

study provides a single algebraic description of the solar wind
spectrum at scales smaller than the ion characteristic scales, λi

and ρi , and going beyond the electron scales (i.e., within the
electron inertial and dissipation ranges). This model describes
well the totality of the observed spectra and has only one free
parameter—the amplitude A of the spectrum. The amplitude
seems to be a function of the ion thermal pressure and the ion
temperature anisotropy in the solar wind. However, it is difficult
to exclude the role of the magnetic and kinetic energies: more
work is needed to determine the exact relationship between the
amplitude of the turbulent spectrum and the energy budget in
the solar wind.
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Figure 5. Histograms of the slopes resulting from a double-power-law fits of
the scales below (left) and above (right) the frequency fb corresponding to the
spectral break near the electron gyroscale.
(A color version of this figure is available in the online journal.)

steeper spectra above fρe
were observed and whose slopes

were distributed in the interval ∼[−4,−7.5] with a peak near
−5.5 (Huang et al. 2013). We will discuss this point further
below.

Another important question that we can try to answer here is
the actual physical scale, ρe or de, that would correspond to the
spectral breaks observed within the data. This question relates
to the appropriate theoretical description of the electron scales,
physics (Schekochihin et al. 2009; Bourouaine et al. 2012).
In the so-called Hall-MHD approximation, which is valid in
the limit of βi ≪ 1 and Ti ≪ Te (Schekochihin et al. 2009),
the Hall term brings a correction to the classical MHD theory
proportional to di, the ion inertial length. This theory can be
extended to electron scale physics within the incompressible
EMHD (Biskamp et al. 1999; Meyrand & Galtier 2010) or the
reduced two-fluid-theory (Sahraoui et al. 2003, 2012). Within
the EMHD model, which is appropriate for describing whistler
mode turbulence, de arises as the relevant scale to describe
electron scales, physics. However, in the SW at 1AU, where
βi ∼ 1 and Ti/Te ! 1 (see Figure 2), these popular models are
not rigorously valid (Schekochihin et al. 2009; Howes 2009),
although they may reproduce some observed properties of SW
turbulence such as the scaling of the magnetic or the electric
energy spectra in the dispersive range (Matthaeus et al. 2008).

In kinetic theory, recent three-dimensional PIC simulations
of electron scales, whistler turbulence showed that a spectral
break occurs near de (Chang et al. 2011; Gary et al. 2012) and
not at ρe (note that in Chang et al. 2011 βe = 0.1, which means
that ρe = de/

√
βe ∼ 3de). On the other hand, kinetic theory of

KAW turbulence in the limit k∥ ≪ k⊥ predicts that the relevant
scales are ρi and ρe. A simple explanation of this can be found
from examination of the linear dispersion relations of the KAW
at different values of βi (or βe) as shown in Figure 6 (top).
Regardless of the value of βi , the KAW becomes dispersive at
kρi ∼ 1 and no significant change is observed at kdi ∼ 1.

From an observational point of view, answering the question
as to whether ρi or di is the relevant scale is more difficult
because SW data at 1 AU often show that βi ∼ 1, which
means that one cannot distinguish the two scales. Nevertheless,
some statistical studies have tried to answer this question
(Leamon et al. 1999; Bourouaine et al. 2012). For electron
scales, only a few studies based on a limited number of events
have reported the relevance of ρe to characterize electron scale
physics in the SW (Sahraoui et al. 2009, 2010a; Alexandrova
et al. 2009). Alexandrova et al. (2012) have confirmed that

βi=0.01
βi=0.1
βi=0.5
βi=1.1
βi=3.0

ρi

kρe=1

ρi

βi=0.01
βi=0.1
βi=0.5
βi=1.1
βi=3.0

kρe=1

Figure 6. Top: KAWs dispersion relations and damping rates normalized to the
proton gyrofrequency for θkB = 89.◦99 and the given values of βi . Bottom: the
damping rates of the same modes normalized to one wave period.
(A color version of this figure is available in the online journal.)

result over a larger data samples (100 spectra). In Figure 7,
we computed the correlation between the frequencies of the
observed spectral breaks with fρe

and fde
. The figure shows a

relatively high correlation (0.72) of the spectral break with the
electron gyroscale ρe than with the inertial length de. This result
contrasts with the result in Alexandrova et al. (2012) which
showed no correlation (C ∼ 0.03) between the spectral breaks
(given by the used double-power-law model) and ρe. A possible
explanation of the lack of the correlation in that work is the
downsampling frequency of the STAFF-SA that does not allow
one to properly capture the spectral breaks (see Section 5.2). We
note that the moderate correlation with de (0.58) may be due to
all intervals that have βe ∼ 1 (for those events ρe ∼ de). Finally,
we note that a similar correlation coefficient between fb and ρe

is found in magnetosheath turbulence (Huang et al. 2013), but
a weaker correlation is found with de (C = 0.27). All of these
observations suggest the relevance of ρe as a dissipation scale
for the SW and the magnetosheath.

5. INSTRUMENTAL CAVEATS AND DATA LIMITATIONS

The results shown in the previous sections were obtained from
a 10 yr survey of Cluster SCM waveform data in BM. Thus,
they provide a reliable statistical image on the scaling of the
magnetic energy spectra at electron scales. Nevertheless, these
results should be considered within some limitations, related to
the instrument itself and to the methods of analyzing the data,
which we now discuss in detail.

5.1. Low Amplitude Fluctuations and the Sensitivity of the SCM

The Cluster SCM data are so far the only available data
allowing one to probe into electron scales of SW turbu-
lence with relatively high S/N. Indeed, current space mis-
sions (e.g., Stereo, Wind, and THEMIS) either do not have
SCM or do, but with limited sensitivity. The sensitivity
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2 models for the same data: 

[Sahraoui et al., 2010, PRL] [Alexandrova et al. 2013, SSR] 

O. Alexandrova et al.

Fig. 18 (Left) Magnetic spectrum from Sahraoui et al. (2010), compared with ∼ f −2.8 for 4 ≤ f ≤ 35 Hz
and with ∼ f −3.5 for 50 ≤ f ≤ 120 Hz, the break frequency is around 40 Hz. (Right) A zoom on the high
frequency part of the spectrum on the left, fitted with ∼ f −2.6 exp (−f/f0), the exponential cut-off frequency
f0 = 90 Hz is close to the Doppler shifted ρe , f0 ≃ fρe = Vsw/2πρe . This last fitting function is equivalent
to the model (7) for wave vectors

model has five free parameters. A statistical study of the solar wind magnetic spectra at high
frequencies (f > 3 Hz) shows that α1 does not vary a lot, α1 = 2.86 ± 0.08 (Alexandrova
et al. 2012). Then the amplitudes A1 and A2 are equal at the break point. Therefore we can
fix two of the five parameters of model (8). This model has thus three free parameters, A1,
α2 and kb (in comparison with one free parameter, E0, in Eq. (7)).

Figure 18 (left) shows the frequency spectrum from (Sahraoui et al. 2010), compared at
high frequencies17, f > 3 Hz, with the double power-law model (8) with α1 ≃ 2.8, α2 ≃ 3.5
and the spectral break at fb ≃ 40 Hz. Figure 18 (right) shows the total power spectral density
for the same dataset fitted with the exponential model (6), which can be written for frequency
spectrum as ∼ f −α exp(−f/f0). The parameters of the fit are α ≃ 8/3 and the exponential
cut-off frequency f0 = 90 Hz, which is close to the Doppler shifted electron gyro-radius ρe

for this time interval. Therefore, the model (7) can be applied in this particular case as well.
In the statistical study by Alexandrova et al. (2012), the authors concluded that model

function (7) describes all observed spectra, while the double-power-law model (8) cannot
describe a large part of the observed spectra. Indeed the unique determination of the spectral
break kb with A1 = A2 at the break is not always possible because of the spectral curvature,
and for low intensity spectra there are not enough data points to allow a good determination
of α2.

The equivalence between the electron gyro-radius ρe , in the solar wind turbulence, and
the dissipation scale ℓd , in the usual fluid turbulence, can be seen also from Fig. 19 where
the Universal Kolmogorov Function E(k)ℓd/η

2 is shown as a function of kℓd (Frisch 1995;
Davidson 2004), for three different candidates for the dissipation scale ℓd , namely for ρi ,
λi and ρe; and for one time characteristic scale, namely the electron gyro-period f −1

ce . For
simplicity, the kinematic viscosity η is assumed to be constant, despite the varying plasma
conditions. One can see that the ρi and λi normalizations are not efficient to collapse the
spectra together. Normalization on λe gives the same result as for λi . At the same time,

17Cluster/Staff-SC measurements in the burst mode.



Role of the length of the time interval 

Sahraoui et al. 2013: 
•  Individual spectra of 10 seconds 

give ~ breaks/peaks  

•  Total spectrum over 3 individual 
spectra (30 seconds): gives an 
exponential shape.   

•  What is the most appropriate way to 
calculate turbulent spectra ? 

•  If we take the largest time intervals 
and a model with less free parameters, 
then we arrive to something more or 
less general…    

[Sahraoui et al. 2013] 

Sahraoui et al.
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General spectrum at kinetic scales 

§  For different solar wind conditions we 
find a general spectrum with “fluid-like” 
roll-off spectrum at electron scales 
[Alexandrova+’12]. 
§  Electron Larmor radius seems to play 
a role of the dissipation scale in 
collisionless solar wind [Alexandrova
+’09,12; Sahraoui+10,13]  

E(k) = Ak�8/3
exp(�k�e)

[Alexandrova et al., 2012, APJ] 



Compressibility and anisotropy of turbulent 
fluctuations at sub-ion scales 



Compressibility of small scale turbulence 
§  Alexandrova et al. 2007 PSS, 2008 APJ: increase of compressibility across 
ion scales (up to 12.5 Hz). 
§  Salem et al. 2012, Chen et al.: this increase of compressibility is 
compatible with KAWs (up to 2 Hz).  
§  Kiyani et al. 2013: KAWs or strong turbulence (up to 180 Hz). 
§  Lacombe et al., in prep: similar to Kiyani results (up to 400 Hz).  

[Lacombe et al., in preparation] 

Kiyani et al. 2013 4
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Figure 2. Magnetic Compressibility C|| (from Cluster), computed as in eqn.
(2), against the normalised wavenumber for both local (scale-dependent) and
global (computed over the whole interval) background magnetic fields. The
normalised wavenumber was computed assuming the Taylor Hypothesis. Nu-
merical solutions of the linearised Vlasov equation, corresponding to the ki-
netic Alfvén wave mode, (computed using the solar wind parameters for this
interval) are also shown in comparison to illustrate the rising magnetic com-
pressibility possessed by these modes at the ion-gyroscale. The horizontal
dashed line at C|| = 1/3 indicates the level at which full isotropy of the mag-
netic field fluctuations occur. As in fig. (1) the statistical sample size variance
errors are smaller than the markers, and the effect of the spacecraft spin is
clearly seen at k⇢i ⇠ 0.25.

Lastly, one should note from fig. 2 that the difference be-
tween the magnetic compressibility computed with global and
local scale-dependent background magnetic fields decreases
as we move to smaller scales. At a first glance this is a non-
intuitive result, as we would expect that the local field increas-
ingly mimics the global field at larger scales. However, this
can be easily resolved by the fact that if the fluctuations are
isotropically distributed, it does not matter which basis one
is projecting the fluctuations in – they will look the same in
all bases. So if the fluctuations are becoming more isotropic
towards the smaller scales, the less will be the difference be-
tween the global and local background magnetic field bases.

3.1.1. Rising magnetic compressibility in kinetic Alfvén wave
solutions of the linearised Vlasov equation

Theories of plasma turbulence which advocate that a turbu-
lent energy cascade within the dissipation range is mediated
by the various linear wave modes of a plasma (Leamon et al.
1999; Schekochihin et al. 2009; Gary et al. 2008), suggest pre-
dictions for Ck (Gary & Smith 2009; Sahraoui et al. 2012). As
the wave modes advocated to cascade energy at these scales
are dispersive in nature (kinetic Alfvén and Whistler waves),
many of the proponents of such theories suggest that what has
been dubbed the dissipation range for purely historical rea-
sons, should actually be called the dispersive range (Stawicki
et al. 2001; Sahraoui et al. 2012). Within the context of sub-
ion Larmor scales, there is a growing body of work showing
that the fluctuations at these scales share the characteristic of
kinetic Alfvén waves (Leamon et al. 1998b, 1999; Bale et al.
2005; Howes et al. 2008; Sahraoui et al. 2009, 2010; Salem
et al. 2012). Indeed, the enhancement of the magnetic com-
pressibility seen above is strongly consistent with the transi-
tion, around k⇢i ⇠ 1, of purely incompressible shear Alfvén

waves into kinetic Alfvén waves, with a strong compressive
component (Hollweg 1999) and propagating at highly oblique
(near-perpendicular) angles to the background magnetic field.

In figure 2 we overlay the observational results of Ck by pre-
dictions of Ck(k⇢i) from numerical solutions of the linearized
Vlasov-equation for the kinetic Alfvén wave mode at a highly
oblique (85�) angle and at a virtually perpendicular (89.99�)
angle, using the same bulk plasma field and particle parame-
ters of our data. These numerical solutions were plotted using
the WHAMP code (Rönnmark 1982) which assumes a strong
guide field i.e. a global background magnetic field. The plot
shows that our results are qualitatively consistent with Ck pre-
dicted for kinetic Alfvén waves. This enhancement of the
compressive component in the kinetic Alfvén wave is due
to the coupling of the Alfvén mode to the purely compres-
sive ion acoustic mode (Leamon et al. 1999). In the iner-
tial range below k⇢i ⇠ 1 both of these modes are decoupled
(Howes et al. 2006; Schekochihin et al. 2009). In the con-
text of such theories, the 10% compressible component that
we see in our results in the inertial range is most likely due
to the presence of magnetosonic compressible modes in the
data, all at highly oblique (nearly perpendicular) angles to the
background magnetic field. The modes can be in the form
of slow modes, fast modes or non-propagating (! = 0) pres-
sure balanced structures advected by the flow (mirror modes),
all of which have purely parallel (compressible) fluctuations
(Sahraoui et al. 2012). Although a recent paper by Howes
et al. (2011a) shows that slow modes or pressure balanced
structures constitute the dominant part of the compressible
fluctuations in the inertial range, fast magnetosonic modes
may also exist. This can be supported by the fact that these
fast modes are shown to be considerably undamped (com-
pared to slow modes) in the linear theory at highly oblique
angles of propagation and high plasma beta (�i & 1) (Sahraoui
et al. 2012), conditions very relevant to the Solar Wind. In fig-
ure 2, the departure of our results from the theoretical solution
at k⇢i < 1 can thus possibly be explained by the fact that the
theoretical curve is only for kinetic Alfvén waves – an addi-
tion of the above purely compressible magnetosonic modes
might be able to reduce the difference significantly. In addi-
tion the theoretical plot is calculated assuming a strong global
background magnetic field. Importantly, the theoretical plot
for kinetic Alfvén waves shows that the magnetic compress-
ibility should start to rise before k⇢i ⇠ 1 which is also what our
results show. Recently, Salem et al. (2012) showed a similar
result for magnetic compressibility (their definition of Ck not
being a squared quantity as in this article) with better agree-
ment with the theoretical Ck curve for kinetic Alfvén waves
than the results presented here. The differences in our results
and those of Salem et al. (2012) could be due to the intervals
analysed: our interval is fast wind with �i ⇠ 1.5, whereas their
interval is slow wind with �i ⇠ 0.5; that they used two-fluid
linear warm plasma relations, instead of the linear Vlasov so-
lutions used here; or that their component fluctuations were
projected onto a global background magnetic field instead of
a local scale-dependent one. To put both these results in their
proper place, requires a large data survey with intervals that
sample more broad and comprehensive plasma conditions.

3.1.2. The role of the Hall term in the enhancement of magnetic
compressibility and component isotropy

In the more general non-linear setting, this enhancement of
magnetic compressible fluctuations can be explained by the
increased prominence of the Hall term, j⇥B, in the gener-



Magnetic compressibility for KAWs 

Ckaw
k = PBk/P3D =

0.5�p(1 + Te/Tp)

1 + �p(1 + Te/Tp)

[Boldyrev et al. 2013, APJ] 

[Lacombe, Matteini, Alexandrova, 2015, in preparation] 



If Taylor hypothesis (Vϕ«V) is verified ⇒ variation of field-flow angle allows to 
resolve slab fluctuations while V is || to B and 2D fluctuations while V is ⊥ to B. 

[Bieber et al., 1996; Horbury et al., 2008; Mangeney et al., 2006] 
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Earth Magnetosheath 

[Alexandrova et al., 2008, AnGeo] 

In comparison with the SW:  
⇒  level of the turbulence is higher, father from the noise 
⇒  spectrum is resolved up to higher frequencies (B & E up to 1000 Hz) 
⇒  good coverage of field/flow angle within short time periods 

Anisotropy 
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Evidence of 2D cascade at ion and electron scales 
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Ion scales [Alexandrova, Lacombe, Mangeney, 2008] 

Electron scales [Mangeney, Lacombe et al.,2006] 



B0 

§   [Mangeney et al. 2006] = 1st (and the only?) evidence of 2D 
cascade at electron scales. 

§   Interpretation : zero frequency structures with k⊥>>k|| (filaments)   

2D turbulence at ion and electron scales 

STAFF-SA & FGM/Cluster  

[Mangeney et al. 2006; Alexandrova et al., 2008] 



Magnetosheath Cluster/STAFF-SA: B-field 
(Mangeney et al., 2006, AnGeo) 
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Fig. 2. 19 December 2001 at 8.8Hz: (a) histograms of log ⇤B2

(nT2/Hz) for the whole data set (solid line), and for the right-handed

fluctuations (dotted line); (b) histogram of the phase difference

 B1B2 between the two components ⇤B1 and ⇤B2 of the fluctua-

tions perpendicular to the local B field (4 s average). 16 Decem-

ber 2001 at 70Hz: (c) histogram of log ⇤B2 for the whole data set

(solid line), and for the right-handed fluctuations (dotted line); (d)

histogram of the phase difference  B1B2.

frequency (70Hz): on the Gaussian distribution is super-

posed a shoulder of less frequent and more intense fluctua-

tions. The corresponding phases (Fig. 2d) are still mainly lin-

ear ( B1B2=0⌅ or 180⌅) but a few whistler waves are present
with a right-handed polarisation  B1B2⌦90⌅. In Fig. 2c, the
dotted line gives the histogram of the PSD of these whistlers:

at 70Hz, the whistlers are relatively more important above

10�5 nT2/Hz than below. They are not dominant but they
contribute to the dispersion of the scatter plots of Figs. 1e

and 1f. The low intensity boundary of each scatter plot has

a maximum for �BV ⌦90⌅: this is typical of the permanent
e.m. turbulence. The high intensity boundary of each scat-

ter plot has no clear maximum: this is due to whistler waves

which will be analysed in a future work. The time inter-

vals with whistler waves at different frequencies have not

been withdrawn from the data because the whistlers are rel-

atively rare and because their occurrence and their intensity

do not depend on �BV . The scatter plots and the medians of

Fig. 1 thus mainly correspond to permanent fluctuations with

a Gaussian histogram, which are the subject of our study.

In Fig. 3, we show the spectra averaged over sev-

eral hours on the four considered days, for large an-

gles (65⌅<�BV <115⌅, solid lines) and for small angles
(�BV <25⌅ and �BV >155⌅, dashed lines). From flh to

fce, ⇤B
2 is always more intense for large �BV . The dot-

ted line gives the observed minimum PSD over each interval,

which is near the sensitivity of STAFF-SA given by Fig. 2 of

Cornilleau-Wehrlin et al. (2003). The spectral bumps around

70Hz on Figs. 3a and 3d are observed for large and small

δB2(f) 65◦ < ΘBV <
115◦ ΘBV < 25◦ ΘBV > 155◦

flh fce

Fig. 3. Average power spectral density ⇤B2(f ) for large angles

(65⌅<�BV <115⌅, solid line) and for small angles (�BV <25⌅,
�BV >155⌅, dashed line), for the four considered intervals. The
dotted line gives the observed minimum PSD over each interval.

The horizontal bars at the top of each figure give the range of lower

hybrid frequencies flh and of electron cyclotron frequencies fce

found during the interval.

�BV ; they are due to whistlers which are relatively more fre-

quent or more intense on 12 February 2001 and on 17 May

2002 than on the two other days. The scales k�1=V/2�f

corresponding to 8Hz–800Hz give kc/⌦pe⌦0.3 to 30, so
that the wavelengths are ⌦40 km to 400m, smaller than the
separation between the Cluster spacecraft. The spectral slope

is ⌥⌦3 around 10 to 30Hz, and ⌥⌦4 above 100Hz (Fig. 3).
Let us now consider the electric fluctuations. As we did

not withdraw the whistlers from the magnetic fluctuations,

we do not withdraw them from the electric fluctuations in

the electromagnetic range (below⌦300Hz) because they are
not dominant. In the electrostatic range (above ⌦300Hz)
the short duration pulses observed in the time domain by

Pickett et al. (2005) probably do not play a large part in

our data which are 4-s averages of the PSD. We have not

tried to withdraw them from our data: indeed, Pickett et

al. (2005) note that neither the time duration nor the ampli-

tude of the pulses depend on �BV . Conversely, Coroniti et

al. (1994) noted that, around 1 kHz in the magnetosheath,

⇤E2 is large for small �BV and vanishes for �BV ⌦90⌅.
We also observe that the electric PSD at a given frequency

depends on the angle �BV , but with a change in regime

between low and high frequencies. Indeed, the spectra of

Fig. 4 show that ⇤E2 is more intense for large �BV (solid

lines) below a frequency fr⌦200 to 1000Hz, while ⇤E2 is

more intense for small �BV (dashed lines) above fr ; fr is

slightly below fpi , and is below or around fce. Figures 5a

to 5e display ⇤E2 as a function of�BV on day 19 December

2001, at different frequencies. At 8.8Hz (Fig. 5a) there is

no maximum of ⇤E2 for �BV ⌦90⌅, while the maximum of

Ann. Geophys., 24, 3507–3521, 2006 www.ann-geophys.net/24/3507/2006/

freq=[8 Hz, 4 kHz]: resolving the end of electromagnetic cascade at~500Hz 

2D (kperp>>k||) convected turbulence up to 400 Hz, then no more 
magnetic energy. Bumps = whistler waves.  

⇥BV k

⇥BV?
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Table 1. Coordinates of the four time intervals on Cluster-1.

date 12.02.2001 16.12.2001 19.12.2001 17.05.2002

time (UT) 00:15 07:30 03:15 09:00 00:00 06:00 08:00 12:15

X RE 4.20 11.81 -1.10 0.79 3.40 5.06 5.53 6.10

Y RE 5.04 7.07 9.97 15.01 17.74 18.53 -8.69 -12.84

Z RE 8.91 8.52 8.62 6.90 4.03 0.64 8.00 6.66

LT (hour) 14:39 14:04 18:25 17:48 17:17 16:59 08:10 07:42

lat (deg.) 53.6 31.8 40.7 24.7 12.6 1.9 37.8 25.1

and ⇤B2 implies a circular right-handed polarisation, while a

phase difference of 0⌅ or 180⌅ implies a linear polarisation.
We analyse four intervals of Cluster data (spacecraft 1),

lasting from 4 h to 7 h. Table 1 gives the dates, the GSE co-

ordinates, the local time and the latitude of Cluster 1 at the

beginning and the end of each interval. The considered inter-

vals are generally far from the bow shock, except the longest

interval, on 12 February 2001, which corresponds to a com-

plete crossing of the magnetosheath. We shall mainly analyse

19 December 2001, when the Cluster spacecraft were in the

dusk side.

The plasma properties, proton density, temperature and

velocity (Rème et al., 1997) and the electron temperature

(Johnstone et al., 1997) are sampled with a time resolution

of 4 s. We use 4-s averages of the magnetic field (Balogh et

al., 1997).

3 Observations

The point we want to stress in this paper is the remarkable

and strong dependence of ⇤B2 and ⇤E2 on the angle �BV

between the magnetic field B and the flow velocity V , when
observed at a given frequency in the STAFF-SA range. This

strong dependence is observed while the variance of the fluc-

tuations is nearly isotropic, so that ⇤B2xx⌦⇤B2yy⌦⇤B2zz and
⇤E2

xx⌦⇤E2
yy .

Let us first consider the magnetic fluctuations. Figure 1

displays scatter plots of ⇤B2 as a function of �BV on differ-

ent days and at different frequencies, the broken line being

the median value for bins 5⌅ wide. Despite the scatter of the
data, Fig. 1a, at 8.8Hz, shows that the median line displays

a broad peak for �BV ⌦90⌅. On the same day, 19 Decem-
ber 2001, Fig. 1b displays a weaker curvature at a higher

frequency, but this is due to the background noise: the back-

ground level is about 5⇥10�9 nT2/Hz at 56Hz (Cornilleau-
Wehrlin et al., 2003), and it prevents the measurements of

weaker signals for �BV <50⌅. Figure 1c shows that �BV

varies over about 180⌅ in 4 h on 17 May 2002: it helps to
see that there is probably a symmetry between �BV <90⌅

and �BV >90⌅. On 16 December 2001, ⇤B2 is very intense,
well above the background noise: there is a broad peak of

δB2

ΘBV B

V f
f

5◦

Fig. 1. Scatter plots of the trace ⇤B2 of the spectral matrix

of the magnetic fluctuations every 4 s, as a function of the angle

�BV between the B field and the flow velocity V in the mag-

netosheath: (a)19 December 2001, for f =8.8Hz; (b) 19 Decem-

ber 2001, f =56Hz; (c) 17 May 2002, 8.8Hz; (d) 16 December

2001, 8.8Hz; (e) 16 December 2001, 70Hz; (f) 16 December 2001,

111Hz. The thick line gives the median value for bins 5⌅ wide.

the median line for �BV ⌦90⌅ and a strong curvature of the
scatter plot at 8.8Hz (Fig. 1d), as well as at 70Hz and 111Hz

(Figs. 1e and 1f).

As mentionned in the Introduction, the fluctuating fields

are made of several components. This is clearly shown

by histograms of the PSD ⇤B2 at a given frequency, and

histograms of the phase difference  B1B2 between the two

components ⇤B1 and ⇤B2 perpendicular to the local B field

(Fig. 2). In the histogram of Fig. 2a, the solid line corre-

sponds to the data of the scatter plot of Fig. 1a: this is a nearly

Gaussian distribution, at 8.8Hz. The corresponding phases

 B1B2 (Fig. 2b) are around 0
⌅ and 180⌅ and imply a linear

polarisation. Whistler waves, which are right-handed, should

appear as a peak at  B1B2⌦90⌅, if they were intense enough.
The dotted line in Fig. 2a gives the histogram of the PSD of

the fluctuations with  B1B2=90⌅±10⌅: these whistler waves
have a negligible power at 8.8Hz. The histogram (solid line)

of Fig. 2c corresponds to the data of Fig. 1e at a higher
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Magnetosheath Cluster/STAFF-SA : E-field 
(Mangeney et al., 2006, AnGeo) 

 
Transition from e/magnetic to e/static regime at ~400 Hz: 

Change of turbulence nature at ~400 Hz (transition from e/m to e/s). 
For f<400 Hz: spectral index = [-2,-1].   
For f>400 Hz, i.e. λ~0.1-1λD: k||B0 with k-4 spectrum. Can be vanishing 
frequency in the plasma frame structures or ion acoustic waves.    

⇥BV?

⇥BV k
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δE2(f) 65◦ < ΘBV <
115◦ ΘBV < 25◦ ΘBV > 155◦

i
f−2

fpi

fce

Fig. 4. Average power spectral density ⇤E2(f ) for large angles

(65⌅<�BV <115⌅, solid line) and for small angles (�BV <25⌅,
�BV >155⌅, dashed lines), for the four considered intervals. The
dotted line i gives an estimation of the background impact noise on

the antenna, which varies like f �2. The horizontal bars at the top
of each figure give the range of proton plasma frequencies fpi and

of electron cyclotron frequencies fce found during the interval.

⇤B2 at the same frequency was clear (Fig. 1a). But at 18Hz

(Fig. 5b) and at 88Hz (Fig. 5c), ⇤E2 has a broad maximum

for�BV ⌦90⌅. At higher frequencies, there is a relative min-
imum for �BV ⌦90⌅ at 445Hz (Fig. 5d), and a deeper min-
imum at 891Hz (Fig. 5e). In Fig. 5e, the dispersion of the

data ⇤E2 at �BV ⌦20⌅ is larger than at �BV ⌦90⌅. Note that
Fig. 5f (day 17 May 2002) displays a scatter plot which is

not symmetrical with respect to �BV =90⌅. This point will
be addressed in Sect. 7.2. The spectral slope of ⇤E2 varies

from ⌥⌦1 to 2 below fpi , and is about 4 above fpi (Fig. 4).

In the e.m. range, below fpi , the spectral slope of ⇤E2 is

thus weaker than the spectral slope of ⇤B2. We shall see in

Sect. 6 how these different behaviours for ⇤E2(f, �BV ) can

be modelled.

4 Models of the anisotropic distribution of wave vectors

of the turbulence

A possible explanation for the dependence on �BV of the

levels ⇤B2 and ⇤E2 of the permanent fluctuations, at a given

observing frequency, is that the observations are affected by

a significant Doppler effect. Indeed, a natural assumption

is that the intensity of the permanent turbulence increases

with a decreasing wave number k. A given Doppler shift

2�f =kV cos ⌅kV will be reached by a small k (which has a

large intensity), if cos ⌅kV is large (⌅kV ⌦0⌅): this happens
for�BV ⌦0⌅, if k is mostly parallel to B, and for�BV ⌦90⌅,
if k is mostly perpendicular to B. ⌅kV is the angle between k
and V .

δE2 ΘBV

f
5◦

Fig. 5. Scatter plots of ⇤E2 as a function of the angle�BV . 19 De-

cember 2001: (a) at f =8.8Hz; (b) 18Hz; (c) 88Hz; (d) 445Hz; (e)

891Hz. 17 May 2002: (f) 707Hz. The thick line gives the median

value for bins 5⌅ wide.

We shall explore the possibility that the Doppler effect,

combined with an anisotropic distribution of wave vectors,

explains all or a major part of the observed PSD variations:

simple models with reasonable properties naturally account

for the observations.

We shall see in Sect. 7.4 that the dependence of ⇤B2 and

⇤E2 on�BV in the magnetosheath is probably not due to the

dissipation of an energy input like the solar wind Poynting

vector energy flux ESW⇥BSW in the magnetosheath.

4.1 General method

A 3-D wave vector spectrum I3D(k) of the magnetosheath

fluctuations cannot be directly measured with the STAFF

Spectral Analysers, as the information on phase delays be-

tween the four probes is lost for wavelengths smaller than

the separation. However, as usual in space physics, the mo-

tion of the plasma with respect to one probe allows a 1-D

analysis of the wave vector spectrum, along the direction V
of the flow velocity.

Let us assume that I3D(k) is axisymmetric with respect

to the direction of the mean B field, so that it only depends

on two parameters, k and the angle ⌅kB between k and B.
Then, if the angle �BV between B and V changes, the other

plasma parameters remaining roughly constant, I3D(k, ⌅kB)

is sampled in different directions ⌅kB .

We use a coordinate system with the x axis aligned with

V , and the B field in the x, y plane. If ⌦0 is the frequency

of a wave in the plasma frame (⌦0 is assumed to be positive),

the observed frequency is

⌦ = |kx V + ⌦0(k, ⌅kB)| , (1)
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is that the intensity of the permanent turbulence increases
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We shall explore the possibility that the Doppler effect,

combined with an anisotropic distribution of wave vectors,

explains all or a major part of the observed PSD variations:

simple models with reasonable properties naturally account

for the observations.

We shall see in Sect. 7.4 that the dependence of ⇤B2 and

⇤E2 on�BV in the magnetosheath is probably not due to the

dissipation of an energy input like the solar wind Poynting

vector energy flux ESW⇥BSW in the magnetosheath.

4.1 General method

A 3-D wave vector spectrum I3D(k) of the magnetosheath

fluctuations cannot be directly measured with the STAFF

Spectral Analysers, as the information on phase delays be-

tween the four probes is lost for wavelengths smaller than

the separation. However, as usual in space physics, the mo-

tion of the plasma with respect to one probe allows a 1-D

analysis of the wave vector spectrum, along the direction V
of the flow velocity.

Let us assume that I3D(k) is axisymmetric with respect

to the direction of the mean B field, so that it only depends

on two parameters, k and the angle ⌅kB between k and B.
Then, if the angle �BV between B and V changes, the other

plasma parameters remaining roughly constant, I3D(k, ⌅kB)

is sampled in different directions ⌅kB .

We use a coordinate system with the x axis aligned with

V , and the B field in the x, y plane. If ⌦0 is the frequency

of a wave in the plasma frame (⌦0 is assumed to be positive),

the observed frequency is

⌦ = |kx V + ⌦0(k, ⌅kB)| , (1)
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B&E spectra in the SW and Foreshock 

§  E-measurements are not ok for f>2Hz. 
§  Cluster/STAFF-SA E-field spectra up to 4 kHz are polluted in the SW…  
§  => Waiting for THOR mission to measure E-field at sub-ion scales in the solar 

wind.   

noise	  

SW (Bale et al. 2005)            Foreshock (Sahraoui et al. 2009;  
THOR proposal 2015) 



‘Message to go…’ 

•  Polarization/waveform analysis in time is very important : we 
can not do conclusions on the nature of turbulence by looking 
only on spectra ! 

•  This approach allows us to understand the phenomena around 
ion scales. 

•  Idem for electron-scales : taking off time intervals with parallel 
propagating whistler waves we find more-or-less general 
spectrum at kinetic scales.   

•  At ion scales: no ONE characteristic scale 
•  ion transition and associated phenomena (monochromatic 

waves, coherent structures) seems to depend on local plasma 
•   Background turbulence at electron scales has one clear 

‘dissipation scale’ at ρe.  (Is there equivalent scale at ion scales 
for the background non-polarized part of turbulence?)  

•  … we have still a lot of things to do J 



NB: Polarization study is crucial  

�(emin,B0) < 15�

Ellipticity=1  circular RH 

SW2 foreshock SW1 

SW2 SW1 

Polarized fluctuaitons  Non-polarized Non-polarized+polarized 


