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Solar wind turbulence
[Kiyani et al. 2015]

Methods for Characterising Microphysical Processes in Plasmas

Fig. 2 Deviation of the PDFs from Gaussian statistics with scale: signature of intermittency in the inertial
scale of the solar wind magnetic field (Sorriso-Valvo et al. 1999). Left panels for fast solar wind, right panels
for slow solar wind

The tails of the PDF are of particular interest, because the distribution of rare events is
indicative of the nature of underlying physical process. However, the practical assessment of
such tails is a delicate task, and so moments of the PDF often receive more interest than the
PDF itself. The moments of P(|∆yτ |) are called structure functions and can be estimated
directly from the time series as
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where 〈· · ·〉 denotes ensemble averaging. Equation (5) implies that the structure functions
should scale with τ as

Sp(τ ) ∝ τ ζp . (7)

For statistically self-similar processes, the scaling exponents ζp are a linear function of the
order p; deviations from this linear behaviour can thus be used as a quantitative measure
of departure from self-similarity. There is considerable experimental evidence that turbulent
flows deviate from this behaviour (Frisch 1995).

Solar wind and laboratory data have been extensively studied by structure function
analysis, showing the presence of intermittency (Carbone 1994; Tu and Marsch 1995;
Carbone et al. 2000; Antar et al. 2001; Bruno and Carbone 2005; Matthaeus and Velli 2011).
The evaluation of structure functions is straightforward, but there are pitfalls. The main dan-
ger is the increasing sensitivity of structure functions to rare and large events when the order
p increases, until finite sample effects completely dominate. This often goes unnoticed as
the structure function increases smoothly with order. As a rule of thumb, it is considered
safe to compute structure functions up to order

pmax = logN − 1, (8)

[Sorriso-Valvo et al. 1999]
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Wavelet detection of ion-scale coherent structures (1 AU)

[Lion, Alexandrova & Zaslavskiy, 2016, APJ, Perrone
et al 2016, 2017, Roberts et al 2016]

dB/B0=0.7

Current sheet Alfven vortex 
Role of coherent structures 
in heating:
• Observations (ACE,WIND): 

Coherent structures 
correlate with 
enhancements in (Qe,Te,Ti). 
[Osman 2011]

• Kinetic simulation 
[Karimabadi 2013] -> 
reconnection-like heating

We investigate coherent 
structures from MHD to sub-
ion scales



Detection of coherent 
structures at 0.17 AU

• Total local intermittency measure I(t,τ)tot shows
the relative total energy of fluctuations at a
given moment in time at a given scale τ

• To detect the structures we compare magnetic
field measurements with an random-phased
signal

• Vertical lines: coupled phases across scales ->
Coherent structures

Young solar wind coherent structures from inertial to sub-ion range 7

Magnetic fluctuations are anisotropic relatively the guiding magnetic field B0. In the inertial range
and below the condition �B/B < 1 is valid, so parallel PSD Sk(⌧) can be approximated by the PSD
of magnetic modulus as was done in (?):

Sk(⌧) =
2�t2

T

X

t2T 0

|W [|B|](t, ⌧)|2 (4)

The total magnetic spectrum Stot is shown at the panel (a) of the Figure 2. Figure 2 (b) shows
the total power index ↵tot = log(Stot)/log(f) and the power index of the parallel fluctuations ↵k =
log(Sk)/log(f).
Fluctuations at the inertial range 10�2 < f < 0.4 Hz have the power index ↵tot = �3/2+-, in

accordance to ?. Spectral index starts to change at ion cyclotron frequency fci = ... and reaching -4
spectral index value at the scales between fci and Doppler-shifted ion gyroradius f⇢i. At f > 12 Hz
(sub-ion scales) the spectral index stabilises at ↵tot = �2.8.
The ratio of compressible fluctuations to the total power spectral density Sk/Stot is shown at the

panel (c) of the Figure 2. At the sub-ion scales, the fraction of the parallel Sk(⌧)/Stot(⌧) increases.
(?) showed that this fact (accompanied with spectra of the ratio of the electric to the magnetic
field (|�E|/|�B|)s/c) is possibly an indication of the development of the kinetic Alfven wave cascade
with a nearly perpendicular wavevector. read Hollweg for details Although, analysing the Cluster
measurements and 2D hybrid numerical simulation (?) found that asymptotic compressibility value
at sub-ion scales depend on the plasma beta parameter, but it doesn’t match perfectly the KAW
prediction.
As was already known from the observations at 1 au add references and confirmed with PSP closer

to the Sun add references, the properties of the magnetic turbulence change across scales. The
spectral index changes, the compressibility degree increases. The change in spectral properties of
the fluctuations is related to di↵erent properties of the fluctuations from MHD up to sub-ion ranges.
To understand better the turbulent cascade in the solar wind, we need to trace the most intensive
magnetic structures from MHD to sub-ion scales. At the following section we describe two approaches
to detect the structures.

5. DETECTION OF COHERENT STRUCTURES FROM MHD TO SUB-ION SCALES

The violation of the self-similar behaviour of magnetic and velocity fluctuations (?) is denoted
by the term intermittency. High local intermittency value is a good sign of relatively rare intense
structures formed in the turbulent medium. the type of the structure (discontinuities, vortexes,
high-amplitude wave packet) (?).
At the panel (a) on the left of the Figure 3 30 minutes of the measurements of the magnetic

field (in RTN coordinate system) are shown. Because of the power law of the energy spectrum,
inhomogeneities on smaller scales have smaller amplitude and energy than on the larger scales. To
observe the energy inhomogeneity at each of the scales, we use the local intermittency measure I(t, ⌧).
The value I(t, ⌧)tot shows the total energy of fluctuations at a given moment in time t at a given
scale ⌧ , relative to the average energy at that scale:

I(t, ⌧)tot =
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h
P

i=R,T,N
|W [Bi](t, ⌧)|2it2T 0

(5)
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To define fluctuations within a frequency 
range, we apply a band-pass filter 𝑓 ∈ 𝐹!

1. Discontinuity
• Current sheet at MHD scales
• Interesting sub-ion scale vortex-like 
structure
• Is it possible that sub-ion structure 
has been formed as a result of 
current sheet instability/ 
reconnection? (a)                 (b) (c) (d)

RT
N

 re
fe

re
nc

e 
fr

am
e



2. Alfven vortex
Incompressible MHD vortex 
[Petviashvilli & Pokhotelov 1992]

Compressible MHD + Ion-scales 
vortex model: Jovanovic et al. 
2020;

Figure from Alexandrova 2008.

To define fluctuations within a 
frequency range, we apply a band-pass 
filter 𝑓 ∈ 𝐹!

(a)                 (b) (c) (d)
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𝜆"– maximum 
variation
𝜆#– intermediate 
variation
𝜆$– minimum 
variation

Simulation 
of 
coherent 
structures 
crossings



• Upper left area – tangential discontinuities/magnetic 
holes

• Lower elongated rectangle – Alfven vortices
• Area at the zero vicinity – rotational discontinuities

Both MVA eigenvalue ratios allow to distinguish 
between different types of structures.

At the largest scales the rotational discontinuities and 
vortices dominate.

At the ion scales the vortexes are dominant.

The population of tangential discontinuities/ magnetic 
holes increases towards the smallest scales.

Statistics: 600 structures
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Filling factor of 
coherent structures 



Conclusion 
• We observe solar wind coherent structures from MHD to 

ion kinetic scales and below with numerous embedded 
structures.

• Comparison of MVA eigenvalue ratios statistics of 
magnetic fluctuations within coherent structure with the 
simulation of coherent structures crossing. 

Range of scales Possible dominant type of structures 

• Intermittent events 
increase in number 
towards smaller 
scales without any 
significant change at 
ion kinetic scales. 

• The filling factor 
decrease at MHD 
inertial range 
following the power 
low and saturates at 
constant value  
staring from ion 
scales. 


