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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(|!y" |) 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 " as

Sp(" ) % " #p . (7)

For statistically self-similar processes, the scaling exponents #p 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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F-1 range: Flux ropes [Zhao 2020],[Janvier 2014]
Flux tubes [Borovsky2008]

Inertial range: Discontinuities [Knetter 2004], 
Magnetic holes [Stewens2007], [Karlsson 2021]
Alfven vortex [Lion 2016]

Ion scales: Discontinuities, shocks, magnetic holes, 
Alfven vortices [Perrone 2016, 2017]

Sub-ion range:Discontinuities [Perri 2012], [Greco 2016] 
Magnetic hole [Liu 2019]

Is there a relation between all these structures across the 
cascade?

[Kiyaniet al. 2015]

Structures in the solar wind

just before and a little after encounter is !lled in by very intense
magnetic oscillations. Panel!(c) shows the spectra of the
magnetic "uctuations obtained from the SCM instrument
measurements. The magnetic "uctuations frequency range goes
up to 100 Hz. The wave activity is quite intense around both
the boundaries. Panel!(d) shows the electron density estimated
by means of the QTN technique. In our study, we use density,

bulk "ow, and thermal velocity measured by the SWEAP
instrument as they are better adapted for the studies of sharp
boundaries. Panel!(e) provides an evaluation of the thermal
velocity of ions, and the strong increase of it inside the
structure results in a strong growth of the plasma ion beta from
!!;!0.55 outside the structure to !!;!1.8 inside and then
rebounds to 0.49 after encounter. A possible role of the sharp
ion plasma beta variations for the equilibrium of the structure
will be discussed later. It is worth noting that the dominant
parameter in comparison with the pressure balance remains the
dynamic pressure of the plasma "ow. Another important
feature is the density enhancement on the leading and trailing
edge (which begins inside the structure), presumably related to
the plasma drag on the boundaries.
The variations of the magnetic !eld and velocity around the

leading edge of the structure are presented in Figure 10.
Panel!(a) shows the variations of the magnetic !eld as
registered by the MAG instrument in the RTN frame. Panel!(b)
represents the variations of the magnetic !eld components
across the boundary corresponding to the largest (blue),
intermediate (green), and the smallest (red) eigenvalues. In
order to complete this analysis, the MAG data was !ltered to
remove the !elds in the frequency range higher than 0.2 Hz.
The ratio of the second to third eigenvalues is about two, which
indicates rather large error bars caused by the wave activity
around the boundary. The normal unit vector to the boundary
Nlead!=![!0.33; 0.07; 0.94] is close to the normal northward
direction with a small radial component. The normal to the
boundary component of the magnetic !eld is rather large
Bn!=!24.4!±!5.9 nT. Panel!(c) shows that variations of the
velocity vector are synchronous with the magnetic !eld.

Figure 7. Poynting "ux evaluation. Panel (a): magnetic-!eld measurements by the MAG instrument during the structure crossing in the satellite xyz reference frame.
Since there are only two components of the electric !eld measured on board PSP x and y, for this particular Figure, the data is presented in the satellite reference frame,
contrary to the other Figures. The components are colored x in blue, y in green, and z in red. Panel (b): magnetic-!eld "uctuations registered by the SCM instrument;
colors are similar to panel (a). Panel (c): y-component of the electric !eld registered by the FIELDS suite is shown in red, and the x-component of the magnetic !eld by
the MAG instrument is shown in blue. These !eld components are used together with the x-component of the electric !eld and the y-component of the magnetic !eld
for the evaluation of the z-component of the Poynting "ux. (d) z-component of the Poynting "ux during the time interval including the Alfvénic structure crossing. The
vertical lines mark the intervals around the structure’s leading and trailing edges.

Figure 8. Schematic illustration of the magnetic structure shown in Figure 2.
The solar-wind plasma bulk velocity is shown by the red vectors!VSW (for the
background solar wind) and!Vinside (inside the structure); the magnetic !eld is
shown by the blue vectors!BSW and!Binside, respectively. The solar-wind bulk
"ow velocity ahead and behind of the encounter is about the same while the
magnetic !eld vectors have slightly different directions indicating the current
system on the boundary of the structure. The velocity of the plasma "ow inside
the structure has two components: the "ow along the !eld lines parallel to the
tube axes!Vinside (along the magnetic !eld in the structure), and as the
component related to the structure motion!Vstructure. Thus, the total bulk "ow
velocity of the plasma inside the structure is!V"ow!=!Vinside +Vstructure. The
gray line illustrates the trajectory of the satellite crossing the structure.
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Parker Solar Probe 
First encounter: 
2018-11-06 
• Unique opportunity exploring the 
turbulence in the “young” solar wind
Radial distance R~25*109 m ~ 0.17 au
• The main goal of our investigation is to 
characterize solar wind coherent structures 
from MHD to sub-ion scales

Bale et al., 2019, Nature
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pressure (that is, it assumes a low plasma ! value), so that the problem 
reduces to magnetostatics, giving a solution of a static field configu-
ration that rigidly corotates with the Sun. The role of gas dynamics is 
approximated by requiring that the tangential magnetic field vanishes 
at a spherical ‘source surface’ at some radius RSS, which simulates how 
the outflowing solar wind drags the field lines out into the heliosphere. 

The magnetostatic approximation limits the accuracy and applicability 
of the model. Nevertheless, PFSS is widely used as a computationally 
tractable first approximation and forms the basis for more sophisti-
cated models21,22. We note that PSP encounter!1 took place very close 
to solar minimum, with low solar activity, reducing the impact of non-
potential transient events and active regions.
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Fig. 1 | Radial magnetic field measurements are highly structured, map back 
to the Sun, and are consistent with a low source surface. a, The measured 
radial magnetic field BR is comprised of a large-scale field, which scales 
approximately as 1/r2 (red dotted lines; also in Fig.!1b) and rapid large-
amplitude polarity reversals ("BR/|B|!of the order of!1) associated with jets of 
plasma (Fig.!2b). b, One-hour statistical modes of BR (bisymmetric logarithmic 
plot) show the large-scale radial field coloured for polarity (red, outward; blue, 
inward). Predicted radial-field profiles from a PFSS model are over-plotted 
using a source-surface radius!of RSS!=!1.2R! (black curve, unscaled) and 2.0R! 
(green curve, multiplied by a factor of 6.5). RSS at 1.2R! reproduces many of the 
measured polarity changes (labelled A, C, F and G). The RSS!=!2.0R! model better 
predicts the timing of polarity inversion G (see!Methods). Labels B and E 
indicate transient events, and the perihelion coronal hole interval is centred on 
D. Corotations (CR1 and CR2; green) and the perihelion (PH; red dot) at 35.7R! 
are labelled. c, An extreme-ultraviolet synoptic map of 171-Å (Fe #$) emission 

shows structure associated with active regions (small-scale extreme-
ultraviolet bright points appear as red patches) and lower-density plasma in 
coronal holes (darker regions). The PSP trajectory at the source surface is 
superimposed, coloured as in b for measured field polarity. Encounter!1 begins 
at the orange diamond, moves westwards (in decreasing Carrington longitude, 
with respect to a fixed point on the solar surface) across the map through 
perihelion at about 330°, and ends at the yellow diamond. A line shows the 
location of the model polarity-inversion line (PIL) at the source surface 
(RSS!=!1.2R!, black; RSS!=!2.0R!, green). Red and blue squares indicate the 
polarity on either side of the PIL models. Red (BR!>!0) and blue (BR!<!0) lines map 
the magnetic field from RSS back to the photosphere for RSS!=!2.0R!; for 
RSS!=!1.2R! the model field lines are radial. d, The extreme-ultraviolet map of the 
perihelion interval, showing field lines mapping back to the Sun into a small 
equatorial coronal hole, and the location of the adjacent PIL associated with the 
heliospheric current sheet, from the 2.0R! model.

2 | Nature | www.nature.com

Article

pressure (that is, it assumes a low plasma ! value), so that the problem 
reduces to magnetostatics, giving a solution of a static field configu-
ration that rigidly corotates with the Sun. The role of gas dynamics is 
approximated by requiring that the tangential magnetic field vanishes 
at a spherical ‘source surface’ at some radius RSS, which simulates how 
the outflowing solar wind drags the field lines out into the heliosphere. 

The magnetostatic approximation limits the accuracy and applicability 
of the model. Nevertheless, PFSS is widely used as a computationally 
tractable first approximation and forms the basis for more sophisti-
cated models21,22. We note that PSP encounter!1 took place very close 
to solar minimum, with low solar activity, reducing the impact of non-
potential transient events and active regions.

(    )
(    )

dc

D, 6 NovF, 14 NovC, 29 Oct A, 19 Oct G, 23 Nov F, 14 Nov D, 6 Nov

Perihelion

Perihelion

    

–100

–50

0

50

100

B
R
 (n

T
)

21 October 2018 31 October 2018 10 November 2018 20 November 2018

–102

–101

0

101

102

B
R
 (n

T
)

Expected 1/r2 scaling

CR1 CR2

a

b

A B
C E F

D

G

–0.25

–0.50

–0.75

–1.00

0

0.25

0.5

0.75

100

–0.3

–0.1

–0.2

0.0

0.1

0.2

0.3
si

n
(C

ar
ri
n
g

to
n
 la

tit
u
d

e)

0 50 100 150 200 250 300 350
Carrington longitude (°)

Distance from the Sun
Date (UT)

Carrington longitude (°)
310 315 320 325 330 335 340 345 350 355

Model with RSS = 1.2R

PIL, RSS = 2.0R
PIL, RSS = 1.2R
Outward (inward) polarity near PIL
Outward (inward) polarity at spacecraft

Model with RSS = 1.2R

101.5R 56.2R 45.5R 92.0R

Fig. 1 | Radial magnetic field measurements are highly structured, map back 
to the Sun, and are consistent with a low source surface. a, The measured 
radial magnetic field BR is comprised of a large-scale field, which scales 
approximately as 1/r2 (red dotted lines; also in Fig.!1b) and rapid large-
amplitude polarity reversals ("BR/|B|!of the order of!1) associated with jets of 
plasma (Fig.!2b). b, One-hour statistical modes of BR (bisymmetric logarithmic 
plot) show the large-scale radial field coloured for polarity (red, outward; blue, 
inward). Predicted radial-field profiles from a PFSS model are over-plotted 
using a source-surface radius!of RSS!=!1.2R! (black curve, unscaled) and 2.0R! 
(green curve, multiplied by a factor of 6.5). RSS at 1.2R! reproduces many of the 
measured polarity changes (labelled A, C, F and G). The RSS!=!2.0R! model better 
predicts the timing of polarity inversion G (see!Methods). Labels B and E 
indicate transient events, and the perihelion coronal hole interval is centred on 
D. Corotations (CR1 and CR2; green) and the perihelion (PH; red dot) at 35.7R! 
are labelled. c, An extreme-ultraviolet synoptic map of 171-Å (Fe #$) emission 

shows structure associated with active regions (small-scale extreme-
ultraviolet bright points appear as red patches) and lower-density plasma in 
coronal holes (darker regions). The PSP trajectory at the source surface is 
superimposed, coloured as in b for measured field polarity. Encounter!1 begins 
at the orange diamond, moves westwards (in decreasing Carrington longitude, 
with respect to a fixed point on the solar surface) across the map through 
perihelion at about 330°, and ends at the yellow diamond. A line shows the 
location of the model polarity-inversion line (PIL) at the source surface 
(RSS!=!1.2R!, black; RSS!=!2.0R!, green). Red and blue squares indicate the 
polarity on either side of the PIL models. Red (BR!>!0) and blue (BR!<!0) lines map 
the magnetic field from RSS back to the photosphere for RSS!=!2.0R!; for 
RSS!=!1.2R! the model field lines are radial. d, The extreme-ultraviolet map of the 
perihelion interval, showing field lines mapping back to the Sun into a small 
equatorial coronal hole, and the location of the adjacent PIL associated with the 
heliospheric current sheet, from the 2.0R! model.



Detection of coherent 
structures at 0.17 AU

• Morlet Wavelet
• Total local intermi/ency measure I(t,τ)tot shows

the rela:ve total energy of fluctua:ons at a
given moment in :me at a given scale τ

• To detect the structures we compare magne:c
field measurements with an random-phased
signal

• Ver$cal 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 =

P
i=R,T,N

|W [Bi](t, ⌧)|2

h
P

i=R,T,N
|W [Bi](t, ⌧)|2it2T 0

(5)
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Radial Tangential Normal 
(RTN) reference frame

Local Minimum variance 
(MVA) Reference frame

e1,e2,e3 are eigenvectors of the 
magnetic field covariation matrix

Relations of the corresponding eigenvalues 
𝜆2/𝜆1, 𝜆3/𝜆2 show if e1,e2,e3 directions are 
well-defined
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Examples of coherent structures
1. Planar discontinuity
• Current sheet at MHD scales
• Sub-ion scales: vortex-like structure?
Is it formed as a result of current sheet 
instability/reconnecSon?

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

(a)                 (b) (c) (d)



2. Alfven vortex like event
- Incompressible MHD vortex 
[Petviashvilli & Pokhotelov 1992]
- Compressible MHD + Ion-scales 
vortex model: Jovanovic et al. 
2020;

(a)                 (b) (c) (d)

Figure from Alexandrova 2008



Two examples of 
coherent structures 
across cascade 

- Small scale events are substructure 
of large scales ?
- We observe a large number of small 
scale events within a large scale 
structure.  
- Topology of the observed events 
depends strongly on the satellite 
trajectory.  



𝜆!– maximum 
variaSon
𝜆"– intermediate 
variaSon
𝜆#– minimum 
variaSon

Dipole Vortex ~ RD 

Simulation 
of coherent 
structures 
crossings



MVA eigenvalue ratios l2/l1, l3/l2 allow to distinguish 
between different types of structures:

• Upper left area – tangential discontinuities/magnetic 
holes

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

vortex 

So we have: 
- MHD: rotational discontinuities and vortices dominate
- ion scales: RD & increasing population of vortices 
- The population of tangential discontinuities/magnetic holes 
increases towards the smallest scales.

Statistics: 600 structures 
for 6h of observation

InerUal range
Ion scales

Sub-ion



Conclusion 
• We observe solar wind coherent structures from MHD to ion kineSc scales and below.
• We try to determine topology of the structures using minimal variance analysis applied 

on the data and on the model structures. 
• We observe evoluSon of the topology of magneSc fluctuaitons from MHD to sub-ion 

scales. 

Range of scales Possible dominant type of structures 


