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The energy dissipation in collisionless plasmas as the solar wind is not yet fully
understood. The intermittent nature of magnetic structures appears to be a
fundamental part of the energy cascade. Understanding energy transfer and
dissipation in the solar wind requires an accurate description of its intermittency.
Upcoming multi-spacecraft missions will provide new insight on this matter.
However, the use of multi-point data requires developing new data analysis
techniques as well as cross-validating these techniques. In this study, we address
the latter and explore the intermittency in a 3D simulation of anisotropic plasma
turbulence using two approaches. We implement the standard single-spacecraft
partial variance increments technique as well as a multi-point partial variance
increments technique. We contrast these two techniques and explore their
dependence on the angle between the spacecraft-configuration travel direction
and the background magnetic field.

KEYWORDS

plasma turbulence, intermittency, numerical simulation, multi-spacecraft analysis,
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1 Introduction

The solar wind, a fundamental component of our Solar System, plays a crucial role in
shaping the dynamic interactions between the Sun and the surrounding space environment.
This continuous stream of charged particles, primarily electrons and protons, emanates
from the Sun’s outermost layer, the solar corona (Gosling, 2014). Over the decades,
scientific inquiry has unravelled the intricate nature of the solar wind, revealing its
multifaceted impact on celestial bodies, interplanetary space, and our understanding of
astrophysical phenomena. At its origin, the solar wind consists of high-energy particles
with velocities exceeding 400 km per second Marsch et al. (1982). These particles escape the
Sun’s gravitational pull and radiate outward in all directions, filling the entire Solar System,
and becoming a prominent ingredient for the space weather. These charged particles carry
with them the Sun’s magnetic field, forming a complex and dynamic structure known as the
interplanetary magnetic field (IMF).

The fluctuations of the magnetic field associated with charged particles are a dynamic
and intriguing phenomenon and are an integral part of the interplay between the Sun and
the surrounding interplanetary medium. The accurate statistical description of the magnetic
field fluctuations is important because it provides valuable insights into the underlying
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physical processes that govern these variations. By quantifying
the statistical properties of magnetic field fluctuations, such as
their amplitude, frequency, and spatial distribution, the patterns,
correlations, and anomalies within the data can be discerned
(Goldstein et al., 1994).

Intermittency in the solar wind refers to the phenomenon
where energy at a given scale is not uniformly distributed in
space (Bruno, 2019). This intermittency is linked to the non-
Gaussian nature of turbulent fluctuations, with non-Gaussianity
increasing at smaller scales. Instead of a uniform energy distribution,
the solar wind tends to localise it in coherent structures, i.e.,
formations characterised by phase synchronisation across multiple
scales (Perrone etal., 2017). Studying these current structures,
which often give rise to what we term “coherent structures’, is
directly related to energy dissipation processes typically manifesting
in the so-called “energy cascades” (Dong et al., 2020). Analysing
the statistics of the Probability Density Functions (PDFs) of
increments provides valuable information about the distribution
of coherent and intermittent structures. Notably, this method has
been extensively investigated both using in-situ data and numerical
simulations (Greco et al., 2009; Wu et al., 2013; Chhiber et al., 2018;
Palacios et al., 2022).

It is anticipated that upcoming multi-point measurement
missions, such as the Helioswarm mission (Klein et al., 2023), and
mission concepts like MagneToRE (Maruca et al., 2021), will play
a pivotal role in characterising current structures across various
scales. Multi-spacecraft observations reveal a profound connection
between space and time, as the same physical observables are
measured not only at different spatial locations but also at
different time instances. One of the primary challenges of multi-
point measurement missions lies in reconstructing magnetic
fields from data collected by distributed observatories. These
innovative missions allow for diverse data analyses that enhance
our understanding of turbulence and intermittency in the Earth’s
magnetosphere as well as in the solar wind.

Although a robust study of the intermittency involves the
characterisation of the high order moments of the PDF of the
increments, the Partial Variance of Increments (PVI) method
(Greco et al,, 2008) is a simple tool to study coherent structures
using in-situ data and numerical simulations. This method involves
studying magnetic field increments at different scales along a
single spacecraft trajectory. The PVI method has been extended to
apply to measurements taken by missions with multiple spacecraft
(Chasapis et al., 2015; Yordanova et al., 2016; Pecora et al., 2023),
where measurements of the magnetic field by different nodes at
the same time are compared. Recent studies have analysed in-situ
data from a long-duration turbulent reconnection flow in Earth’s
magnetotail (Chasapis et al., 2018; Huang et al., 2021). These studies
are based on the analysis of statistics of magnetic field variation
measured by various nodes of the MMS mission (PVI,,), and these
distribution functions often follow Kappa distributions (Livadiotis
and McComas, 2013).

In the present work, we study the probability distribution
function (PDF) of magnetic field increments in a kinetic simulation
of anisotropic plasma turbulence. We consider a single-spacecraft
and a multi-spacecraft approach. We study the dependence of
the PDF of the magnetic field increments on the angle between
the scanning trajectory and the background magnetic field,
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which aligns with the z-axis. We also explore the dependence
of the PDF of the PVI as a function of the scanning angle
for both the single-spacecraft case and the multi-spacecraft case.
In section 2 we describe the simulation and methods that we
use. In section 3 we present our results. In section 4 we discuss
their implications, and finally, we conclude and suggest future
work paths.

2 Methodology

In this work, we use a particle-in-cell (PIC) simulation of
anisotropic Alfvénic turbulence in an ion-electron plasma in the
presence of a constant background magnetic field B, = Byz to
test our methods. The simulation domain is an elongated box
of size L,xL,xL,=24d;x24d;x125d; with spatial resolution
Ax = Ay = Az=0.06d;, where d; = c/w,,; is the ion inertial length, cis

the speed of light, w,; = \noq;/m;c, is the ion plasma frequency and
1, is the constant initial ion density. For details on the simulation see
(Agudelo Rueda et al., 2021).

2.1 Synthetic data

We trace synthetic trajectories across the simulation domain
to collect magnetic field measurements [see Figure 1A)]. In our
approach, we use the Taylor hypothesis (Taylor, 1938) to treat
the spatial and temporal variations interchangeably. Thus, we
consider a data acquisition time f=15Hz and we assume the
synthetic spacecraft sweeps the plasma with an average velocity
Vep = 400 km/s. Therefore, the resolution of our measurements and
minimum lag is As = 0.3d,.

In the context of pioneering multi-point missions, HelioSwarm
focuses on understanding solar wind dynamics at various scales
(Plice et al., 2019). This mission involves the flight of a swarm of
nine satellites (1 hub and 8 nodes) to measure multiple scales
simultaneously. The distance between nodes will be focused in
exploring the transition region from ion kinetic scales ~ 100 km to
MHD scale ~ 1,200 km. Although the largest size of the simulation
domain is ~125d;, our results cover the small-scale range of scales be
explored by Helioswarm (~1 - 100 d,).

The regions of interest for Helioswarm include the pristine solar
wind, the Earth’s magnetosphere, and the magnetically connected
region. In our study, we chose a spatial spacecraft configuration
that corresponds to the configuration that the Helioswarm
mission will display when traversing the pristine solar wind [see
Figure 1B)]. The positions of the nodes with respect to the hub are
shown in Table 1.

2.2 Partial variance of increments for
single-spacecraft

We study the variation of the magnetic field vector calculated
along a one-dimensional path, represented as AB = B(r + As) — B(r),
where 7 is the position of the spacecraft and As represents a
spatial lag in the collected data and we define the PVI index
(Greco et al., 2018) as,
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FIGURE 1
(A) Cross-section view of the simulation displaying the magnitude of the magnetic field. The diagonal lines represent the trajectories of a single

spacecraft. (B) 3D view of the simulation domain. The colours represent different magnetic field thresholds. Regions with a more intense magnetic field
are shown in red. The oblique lines are the virtual mission trajectories. The red line represents the hub, and the black lines represent the 8 nodes.
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TABLE 1 The data represents the relative position of the HelioSwarm
mission nodes in relation to the hub, expressed in units of d;. The
spacecraft configuration corresponds to the HelioSwarm when the
mission passes through the solar wind. Retrieved from: https://eos.
unh.edu/helioswarm/multimedia.

Xase ld] Yase ldj] Zgse Id]]

hub 0.00 0.00 0.00
node 1 1.31 2.73 3.61
node 2 5.98 —5.45 7.19
node 3 -10.21 3.45 —4.16
node 4 1.95 —4.55 -11.71
node 5 —2.48 5.75 11.42
node 6 3.50 -0.39 -2.58
node 7 6.03 0.40 1.78
node 8 -0.60 1.40 0.77
PVI= M, (1)

V(IAB (1, A5) )

here (... ) represents the average over a sufficiently large interval.
In our context, we apply this averaging process to all the data
points within a trajectory. First, we investigate the behaviour of AB
in a two-dimensional section of the simulation perpendicular to
the background magnetic field Byz. To do this, we take a cross-
section slice in the xy-plane at z/di = 63.9 and we consider multiple
trajectories on this plane resembling multiple crossings of a single
spacecraft through the plasma, shown in Figure 1A). We also study
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the distribution of magnetic field increments when considering 3D
trajectories across the entire simulation domain.

2.3 Partial variance of increments
multi-spacecraft

We analyse the PDFs of AB for the data collected by the multi-
spacecraft configuration. This is done using the aforementioned
frequency and flow velocity. The analysis of the multi-point data is
being carried out by comparing measurements taken by each pair of
nodes at the same time. We examined the multi-point magnetic field
variance, denoted as AB,-j(r) = B!(r) - B/(r), where i and j represent
individual nodes or hub, ranging fromi,j=1,2,3,...,9, with i #].
Thus, we define the PVI multi-spacecraft index as:

|ABij (r) [2
(|ABij(N ),

where (...),, represents the average over the different pair of

PVl = Q)

spacecraft. Notably, the term s that appears in “single-spacecraft” is
omitted. This omission is attributed to the fact that the sampling
lag is inherently determined by the distances between the pairs of
spacecraft being sampled. Thus, this method enables a multi-scale
analysis, driven by the varying distances between the spacecraft
configured within the mission.

3 Results
3.1 Analysis of the PDF of the magnetic
field increments for single-spacecraft and
multi-spacecraft

In Figure 2, we present the Probability Density Functions

of the magnetic field increment values. The argument of each
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FIGURE 2
PDFs of the normalised magnetic field increments for different As. The curves red, green and blue correspond to the lags As = 0.3d,, As = 1.5d; and
As = 6.0d; respectively. The solid black line represents the PDF for J, and the black dashed-line represents a Gaussian distribution. (A) statistics for 2D
plane of the cross-sectional simulation. (B) statistics diagonal trajectories of the simulation.

PDF is normalised in each case by its standard deviation ) ,; =

\Y (AB-u)?/L, where L is the total number of data points and

y=XAB/L is the mean value. The colours distinguish various lags
used in computing the PVI index method, with As=0.3d;. The
shortest lag (smaller scales) is denoted by red, As = 1.5d; by green,
and 6.0d; (the longest lag representing larger scales) is shown
in blue. The solid black line represents the PDF corresponding
to the z-component of the current density, while the dashed
line represents the Gaussian fit applied to the values of the
current density.

Figure 2A, we display the statistics corresponding to the
trajectories in the 2D plane of the cross-sectional simulation. On the
other hand, in Figure 2B, we present the statistics corresponding to
the diagonal trajectories of the simulation.

We observe a deviation from the reference Gaussian
when [(AB-u)/Zg|> 2.5 for all lags considered in both
case studies. Notably, a more distinct deviation from the
Gaussian reference is evident for shorter lags, while longer lags
(As=6.0d;, depicted in blue) show a closer resemblance to
the Gaussian distribution. Specifically, the PDF for As=0.3d,
exhibits compared to the
with As=6.0d;. It is worth mentioning that no noticeable

heavy-tailed distributions case

distinction is apparent between the plots obtained for different
mission sweeps.

3.2 Dependence of the PDF of the
magnetic field increments on the scanning
angle

To study the dependence of the PDF of the magnetic field
increments on the scanning angle with respect to the background
magnetic field, we compute the angle between the line connecting
the spacecrafts i and j and the background magnetic field B,z as
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(©)

where Az;; = z; - z; is the component of the distance parallel to
zand p;; = \/(x; —x;)* + (y;— ;)" is the distance perpendicular to Z.
Moreover, to enhance the data sample we add four additional angles
0, = 7/6,7/4,7/3,7/2 between the spacecraft configuration and Z,
Eq. 1 and compute

0=6,+06; 5. (4)

Thus, we consider 180 different distributions of increments
fa,ij(Bsij»0). For each distribution, there is a lag As; associatefi
with the separation of a pair of spacecrafts and a given angle 0.
To estimate the level of intermittency, we sample the distribution
fag,j using N'=40 bins. For each bin N in the distribution we
compute the difference fy5; —f; between the distribution fy5;

—(AB)?/21

and a standard normal distribution f, =e . Thus, we define

the distance

Dzj: <|fAB,ij_f0|>N’ (©)

where (...)y is the average over the total number of bins.

Figure 3A), presents the PDFs of magnetic field increment
values obtained from measurements by a single-spacecraft. In this
particular case, we have employed a constant lag As = 0.6d,. The
colour scheme in this Figure corresponds to the variation of angle
within the trajectory concerning the z-axis, with sweep angles
depicted as follows: 0 in black, 7/6 in red, 7/4 in blue, 7/3 in
green, and finally, /2 in yellow. The dashed-line represents a
Gaussian distribution for reference. For all angles, the PDF of
the magnetic field increments shows a distinct deviation from
the reference Gaussian at ~ -2.5 and 2.5. For this lag, there
is no clear dependence of the PDF of the increments on the
scanning angle.
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(A) PDFs of normalized magnetic field increments from a single spacecraft moving in a 1D trajectory along the simulation, with a space lag of 0.6d,. The
colours represent five scanning angles relative to the direction of the background magnetic field: 0 in black, n/6 in red, n/4 in blue, n/3 in green and n/2
in yellow. The black dashed-[ine represents a Gaussian reference distribution. (B) Scatter plot of the difference Dj as a function of the lags As; and the
absolute value of the angle |6]. The data points are colour-coded with the D,/.

range of scanning angles and for a lag As = (7.8 -10.2)d,.
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FIGURE 4

(A) PDF of the average single-spacecraft PV/ for a lag As = 0.6d; and for 5 different scanning angles. (B) PDF of the average multi-spacecraft PVI,, for a

PVim

Figure 3B shows a scatter plot of D; as a function of the lags
As;; and the absolute value of the angle |6], Eq. 2. The data points
are colour-coded Eq. 3 from small (blue) to large (red) Dy. This
plot shows that the data points are broadly distributed in both As;
and |6|. There is no clear correlation between Dy and Asy;. Since the
minimum distance between a pair of spacecrafts corresponds to a
lag As;; = 1.71d;, the PDF of the magnetic increments is not expected
to deviated from the Gaussian of reference, therefore the distance is
D;; < 1is small.

_ In Figure 3B there is no clear correlation between D; and
|6] which shows that there is no preferential direction parallel or
perpendicular with respect to the background magnetic field.

Figure 4A depicts the Probability Distribution Function of the
average single-spacecraft PVI index, Eq. 4 for five scanning angles
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and for a lag As = 0.6d,. In this representation, the colours indicate
the scanning angle of the multi-spacecraft mission relative to the z-
axis, with scanning angles ranging from 0 to /2. The distribution
follows a decreasing trend and exhibits large values for low PVI
thresholds. Additionally, a steeper decline is observed for PVI
values exceeding 1.8. There is no clear dependence of the PDF
of the single-spacecraft PVI as a function of the scanning angle
for PVI < 3. Only at PVI > 3 the larger the angle, the steeper the
PDF of the PVI is. However, the statistical noise is dominant
for PVI > 4.

Figure 4B shows the Probability Distribution Function of
the average multi-spacecraft PVI, index, Eq. 5, for a range
of scanning angles and for a lag As=(7.8-10.2)d;. For this
case, the PDF of PVI, at small angles §< /2 show large
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noise. The PDF of PVI,, shows no clear dependence with the
scanning angle. Compared to the single-spacecraft PVI, the PDF
of the PVI, does not show a sustained slope. In contrast, the
PDF of PVI, decades rapidly into the range 3 < PVI,, < 4. The
difference is due to the larger lag compared to the single-
spacecraft case.

4 Discussion and conclusion

Figure 2 indicate a transition from a Gaussian distribution at
larger scales As = 6.0d; to a non-Gaussian distribution with heavy
tails at smaller scales As = 0.3d;. This phenomenon has already been
reported in previous studies (Sorriso-Valvo et al., 1999).

Although we do not use 2D simulations, we study the
2D character of the intermittency in our simulation by taking
trajectories along the plane perpendicular to the background
magnetic field. Previous studies show a difference between
the distribution of the increments in the 2D case compared
to the 3D case (Grecoetal, 2009). However, we observe no
difference between the distributions for 2D trajectories and
3D trajectories crossing the entire simulation domain. This as
result of the large amplitude of magnetic fluctuations in the
simulation.

In Figure 3 the distributions estimated using the multi-point
approach exhibit a behaviour closer to a Gaussian distribution with
no tails. Moreover, the multi-point approach underestimates the
level of intermittency with respect to the single-point approach.
This is due to the minimum distance in the multi-spacecraft
approach is larger than the scales at which the deviation from the
Gaussian occurs for the single-spacecraft approach. As detailed
in Table 1, the lag values that we use to sample the data in
our multi-point approach span from 1.7 to 25.7 d;, with an
average of 11.7d;. These scales are significantly larger than those
sampled in the one-dimensional approach for which the non-
Gaussian features show up. Thus, this approach only considers
large scales, as illustrated in Figure 2, and enforces a minimum
lag limited by the spacecraft separation when investigating
intermittency.

The PDFs of the PVI, multi-spacecraft Figure 4B) follow
the shape of the decreasing exponential distribution. This result
aligns with previous observational and simulation studies regarding
the distribution of the multi-point PVI index, with the so-
called kappa distribution (Chasapis et al., 2018; Pollock et al., 2018;
Huang et al., 2021). However, for lower PVI values, we observe
higher probabilities and a shift in the distribution’s peak compared
to previous studies.

The spacecraft separation for the MMS mission is ~ d;, hence
the effect of the intermittency is clear in the distribution of
PVI,, (Chasapis et al.,, 2018) as well as in the distribution of the
PVI for the single spacecraft, Figure 4A). In our case, for the
distribution of PVI,, since the spacecraft separation is ~10d;
the intermittency feature is less clear. Nevertheless, our results
show no clear dependence with the scanning angle. This is
due to the large amplitude of the magnetic fluctuations in the
simulation (0B ~ By). This is not the case for the solar wind, where
the amplitude of the magnetic fluctuations varies [0.1 0B < B)
(Wang et al., 2020)] and can also change as a function of heliospheric
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distance (Safrankova et al., 2023). Since the solar wind conditions
vary depending on its origin, velocity and heliospheric distance,
our results are mainly relevant to the solar wind conditions at
heliospheric distances at which S~ 1 and populated by Alfvénic
fluctuations as well as in the magnetosheath for intervals where
B~ 1. Thus, our results can be used to study the turbulence
present in the solar wind and the magnetosheath provided a
data discrimination of the multi-point mission data based on
the solar wind velocity. This can be applied to the upcoming
Helioswarm mission.

Finally, our results contribute to the state of art multi-
point analysis techniques (Broeren et al., 2021; Maruca et al., 2021;
Pecora et al., 2023) and are highly relevant to the development and
implementation of multi-point techniques, particularly for missions
with more than 4-spacecraft in which data rapidly becomes complex
and difficult to handle.
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