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Abstract

Plasma turbulence involves complex, nonlinear interactions of electromagnetic fields and charged particles across
multiple scales. Studying these phenomena in space plasmas, like the solar wind, is facilitated by the intrinsic scale
separations and the availability of in situ spacecraft observations. However, the single-point or single-scale
configurations of current spacecraft limit our understanding of many properties of the turbulent solar wind. To
overcome these limitations, multipoint measurements spanning a range of characteristic scales are essential. This
Letter prepares for the enhanced measurement capabilities of upcoming multispacecraft missions by demonstrating
that higher-order statistics, specifically kurtosis, as a baseline for intermittency can be accurately measured. Using
synthetic turbulent fields with adjustable intermittency levels, we achieve scale separations analogous to those in
the solar wind and apply these techniques to the planned trajectories of the HelioSwarm mission. This approach
promises significant advancements in our understanding of plasma turbulence.

Unified Astronomy Thesaurus concepts: Solar wind (1534); Interplanetary turbulence (830); Theoretical

techniques (2093)

1. Introduction

Initial observations of atmospheric turbulence by Richardson
(1922) suggested the existence of space-filling eddies of all
sizes. This inspired the widely invoked Kolmogorov theory
(Kolmogorov 1941, hereafter K41). This theoretical develop-
ment assumed, as one of the fundamental hypotheses of
similarity, that the viscosity and the average energy dissipation
rate uniquely determine the statistical properties of the
turbulent field. However, early results from fluid experiments
showed intermittent behavior within the dissipation range
evidenced by a nonuniform distribution of energy at small
scales (Batchelor & Townsend 1949). These observations led
to modifications in the theory of turbulence to include the
patchy bursts of dissipation in the form of a locally averaged
energy dissipation rate rather than a globally averaged one.
This is the so-called refined similarity hypothesis (Oboukhov
1962; Kolmogorov 1962). After the observation of dissipation-
range intermittency, it was also observed in the inertial range
with the experimental work of Anselmet et al. (1984) and later
confirmed by Gagne (1987).

The phenomenology of intermittency, associated with an
uneven distribution of energy in space, describes a turbulent
medium with a relatively small number of strong, nonspace-
filling discontinuities, as opposed to the original Richardson
description of a large number of uniformly distributed
discontinuities (Frisch 1995). This paradigmatic change
inspired several theoretical works that aimed at an accurate
phenomenological description of higher-order moments that
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depart from the K41 prescription (Mandelbrot 1974; Frisch
et al. 1978; Benzi et al. 1984; Meneveau & Sreenivasan 1987;
She & Leveque 1994). It should be emphasized that these
descriptions of intermittency are physically plausible and
consistent with observations, but the refined similarity hypoth-
esis itself remains a useful conjecture (Wang et al. 1996; Chen
et al. 1997) though still unproven to our knowledge.

Intermittency in the solar wind was first observed by Burlaga
(1991a, 1991b, 1991c, 1992). Subsequent observations con-
firmed the earlier findings of intermittent features of the solar
wind evidenced by departures of high-order moments from the
linear scaling of K41 or, equivalently, as a (more or less
pronounced) departure from Gaussianity (Marsch & Tu 1997,
Sorriso-Valvo et al. 1999; Padhye et al. 2001; Voros et al.
2002; Koga et al. 2007; Wan et al. 2011; Chasapis et al. 2020;
Chhiber et al. 2020; Roberts et al. 2022). Extensions of the
hydrodynamic intermittency correction to magnetohydrody-
namics (MHD) were developed (Carbone 1993) together with
the possibility of distinguishing between fluid and magneto-
fluid turbulence (Carbone et al. 1995).

In MHD and in the solar wind, as in hydrodynamics, the
essential physics of intermittency is the observed nonunifor-
mity of the energy density (Marsch et al. 1996). However,
again one should note that the theoretical basis for inter-
mittency in MHD remains unproven, as it is in hydrodynamics.
Moreover, the precise form of refined similarity in MHD is not
well established—see, e.g., Merrifield et al. (2005)—and
remains based on phenomenological arguments (e.g., Chandran
et al. (2015).).

In MHD, the manifestation of intermittency has been directly
associated with the bursts of kinetic energy and dissipation
generated at reconnection sites and, more generally, with
current sheets and discontinuities (Matthaeus & Lamkin 1986;
Carbone et al. 1990; Servidio et al. 2010; Wan et al. 2012;
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Matthaeus et al. 2015). Novel methods for the detection of
intermittent structures were developed based on wavelet
analysis (Farge 1992; Veltri & Mangeney 1999; Bruno et al.
2001) or the partial variance of increments (PVI; Greco et al.
2008, 2018).

The subsequent applications of these methods originated a
vast section of literature that relates intermittent events with
kinetic effects such as particle diffusion and heating (Osman
et al. 2012a, 2012b; Tessein et al. 2013; Chasapis et al. 2015;
Tessein et al. 2015; Mallet et al. 2019; Gonzalez et al. 2024), as
well as in the macroscopic description of the solar wind as
composed of adjacent flux tubes with sharp (discontinuous)
boundaries (Borovsky 2008; Kittinaradorn et al. 2009; Tessein
et al. 2016; Pecora et al. 2019, 2021).

More recent investigations using the Magnetospheric Multi-
scale (MMS) mission (Burch et al. 2016) and Cluster (Escoubet
et al. 2001) have explored similar topics (Chhiber et al. 2018;
Roberts et al. 2022). However, even though the MMS mission
provides multipoint measurements, the separations between
spacecraft do not allow for multiscale analyses. The methods
explored in the present Letter extend the methods developed for
MMS (Chhiber et al. 2018). Upcoming missions like
HelioSwarm (HS; Spence 2019; Klein et al. 2023) and Plasma
Observatory (Retino et al. 2022; Marcucci & Retind 2024) aim
to rectify these limitations by providing simultaneous measure-
ments over a range of scales.

Simulations, both of MHD and kinetic plasma, have been
very useful in elucidating statistical properties of intermittency
(Biskamp & Miiller 2000; Leonardis et al. 2016; Wan et al.
2016). Parashar et al. (2015) showed that the intermittency
level increases with the Reynolds number, highlighting the
relevance of system size in such investigations. Results
complementary to the present work have been presented
recently, quantifying intermittency and employing PVI statis-
tics and magnetic field increments using HS-like trajectories
(Guerrero Guio et al. 2024).

The Letter is organized as follows. We first provide a brief
description of HS configuration parameters in Section 2 that
will be used in the next sections. The model used to obtain a
turbulent and intermittent magnetic field with scaling properties
and ranges of scales similar to the solar wind is described in
Section 3. The results are presented in Section 4. Finally, in the
last section, conclusions are drawn together with a discussion
of the implications of these findings for future multispacecraft
missions.

2. HS Configuration

Since at least the 1980 Plasma Turbulence Explorer Study
Group Report (Montgomery et al. 1980), the necessity of a
multispacecraft observatory for measuring the multiscale
characteristics of plasma turbulence has been recognized. Over
the past several decades, various concepts for such missions
have been proposed, including the CrossScale mission
(Schwartz et al. 2009).

The forthcoming HS mission (Spence 2019; Klein et al.
2023) features an observatory of nine spacecraft that will
provide in situ measurements of near-Earth plasmas, encom-
passing the magnetosphere and the solar wind. It will provide
simultaneous measurements, with interspacecraft separations
ranging from fluid to ion-kinetic scales. These measure-
ments span a three-dimensional volume to provide adequate
coverage of fundamental turbulence statistics (Section 4.5.1,
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Figure 1. (a) Probability density function of HS interspacecraft separations
throughout the entire duration of the mission. A nominal d; scale of 100 km is
indicated with a vertical dashed line. The configuration used in this work spans
the range of scales indicated by the gray-shaded area. ((b), upper right) The
black square represents the positions of HS at hour 570 of the planned
trajectories (in Earth radii; geocentric solar ecliptic coordinate system). The
orbit is color coded by nominal positions of the magnetosphere (blue), pristine
solar wind (red), and magnetically connected regions (green). The other three
panels illustrate the 36 separations between the nine spacecraft, projected onto
an RTN reference frame. The three stripes in each panel indicate the MHD,
transition, and kinetic ranges.

Klein et al. 2023). For direct comparison of orbital parameters
with those of the solar wind, we use nominal values at 1 au for
the ion skin depth d; = 100 km (Verscharen et al. 2019) and the
correlation length \. = 10%km (Matthaeus et al. 1999). These
two scales are generally indicative of the extension of the so-
called turbulent inertial range.

The distribution of the range of scales spanned by spacecraft
separations, using HS Design Reference Mission trajectories, is
shown in Figure 1(a). The interspacecraft separations are
measured as r; = |r; — r;|, where i, j is any pair of spacecraft i,
Jj=1,..9, and j > i. The spacecraft observatory will cover about
2 orders of magnitude of scale separations across the lower end
of the inertial range (marked by d;). For the present work, we
have selected hour 570 of the above-mentioned designed
trajectories as an example of the observatory having good
three-dimensional baseline separations spanning MHD, trans-
ition, and ion-kinetic scales. At that time, the spacecraft are
separated by 54 to 2327 km, as indicated by the shaded area in
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Figure 1(a). The position of HS and the vector components of
the C§ = 36 baselines, projected onto a radial-tangential—
normal (RTN) coordinate system, is illustrated in Figure 1(b).
As the orbit remains nearly inertially fixed, the apogee
undergoes rotation over the course of 1 year, enabling the
observatory to sample the pristine solar wind, the magneto-
sphere, and areas magnetically connected between these two.
The HS configuration at hour 570 was selected since it spans
over 1 order of magnitude in scales, making it ideal for
examining scale-dependent quantities, such as kurtosis. More-
over, a similar configuration is attained across all three spatial
regions (i.e., pristine solar wind, foreshock, and magneto-
sphere), providing the possibility to perform similar analyses in
different environments. For all subsequent analyses, the
configuration of the spacecraft remains constant. The virtual
spacecraft travel along parallel trajectories, with the fields
generated as if they were time series along these paths.

3. Synthetic Turbulence Model

The model employed for this work reproduces a synthetic
three-dimensional turbulent solenoidal field with non-Gaussian
(intermittent) properties based on the p-model of Meneveau &
Sreenivasan (1987), as first described in Malara et al. (2016).
The model does not generate coherent structures but rather
statistics of the fluctuations in accordance with that of an
intermittent field. Such a field can be directly identified with a
magnetic field. The model constructs the magnetic field by
superimposing wavelets at various scales from the box size to a
desired resolution. The advantage offered by this approach is
that at any position, the magnetic field is calculated as the sum
of contributions from the wavelets encompassing the point in
question. This drastically reduces the number of operations
needed to compute the field compared to Fourier methods. The
computational time required to evaluate the fields increases
linearly with the number n of scales at which the wavelets are
defined. The spatial resolution is proportional to 27". This
scaling property enables the generation of fields with large
spectral bandwidth at low computational costs. Since the
wavelets are analytically defined, the field is also analytically
defined. Consequently, the field value at any position is
computed in real time without the need for a fixed grid. This
eliminates the necessity of storing the field in memory, making
the algorithm highly suitable for the objectives of this study
where we consider a realistic extension of the inertial range.
These synthetic turbulent and intermittent magnetic fields have
been used for the study of energetic particle diffusion and
modeling solar wind fast-speed streams (Pucci et al. 2016; Perri
et al. 2017, 2019; Valentini et al. 2019).

The field is constructed iteratively by partitioning the flux of
spectral energy &£, within a volume of scale /,, following the
prescription of the p-model. In this process, half of the
subvolume at scale /,,; receives the fraction &, , = 2p&; ,
while the other half receives &,,, = 2(1 — p)&;,. When
p=1/2, the two subvolumes at scale [, receive equal
energy. For p = 1/2, intermittency arises due to the imbalance
in energy partitioning. This procedure is carried out from the
largest (box) scale to a desired minimum resolution. In
principle, the domain is periodic, but the periodicity length
can be set to be arbitrarily large with respect to the correlation
length.

For our purposes, we set the periodicity length (corresp-
onding to the side of the fictitious box in which the fields are

m*
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Figure 2. (a) One magnetic field component, B,, for intermittency levels
p =0.5 (red) and p = 0.9 (blue) sampled along a line s in any direction (the
system is isotropic) with resolution 6s~30km. (b) Increments
6B, = B.(s) — B.(s + 6s). The field with no intermittency, p = 0.5, does not
show any “bursty” features. The field with higher intermittency (p = 0.9)
shows large localized spikes, an indicator of intermittency.

defined) to be 80 correlation lengths (80 x 10°km). As stated
earlier, the fields are not defined on a numerical grid, but
instead, they can be evaluated at any desired point through an
analytical definition. In order to avoid periodicity effects, we
restrain our analyses in a subdomain of side 40)\.. We will
consider both an isotropic and an anisotropic system.

For the former, the smallest scale is set to correspond to the
ion inertial length in the solar wind at 1au (d;= 100 km;
Verscharen et al. 2019). The spacecraft “time series” have a
sampling resolution of 30 km (or, equivalently, a 75 ms with a
nominal solar wind speed of 400 kms™'). We generated three
sets of magnetic fields with increasing levels of intermittency.
The field with p =0.5 has Gaussian increments (no inter-
mittency). The other two fields with p =0.7 and p = 0.9 show
increasing levels of intermittent behavior, as seen in Figure 2
for the two extreme cases of p = 0.5 and p = 0.9. In that figure,
we show the magnetic field component B, obtained on a line
sampling 40\, along a generic direction s. For the anisotropic
case, we focus on the intermittency level p=0.7, and for
reasons detailed below, the smallest scale is set to 0.015 km and
the resolution of the time series is 60 km (or 150 ms).

The three sets of fields for the isotropic case have been
generated imposing a nominal spectral slope of —5/3 within
the inertial range, as is frequently observed in the solar wind
(Kiyani et al. 2015). Below the chosen smallest scale (d;), the
spectrum decays exponentially. The field with p = 0.9 shows a
slightly steeper slope as higher levels of intermittency are
expected to modify the slope of the power spectrum
(Oboukhov 1962; Kolmogorov 1962.) Figure 3(a) shows the
power spectra for the three fields (with the different
intermittency levels); indicated are the scales corresponding to
. and d; and the range of scales covered by HS for the selected
Design Reference Mission hour as a shaded area.

To investigate possible effects due to anisotropy, a case
relevant to the solar wind, we obtain a realization of fields with
different spectral slopes in the directions parallel and perpend-
icular to the mean magnetic field with a fixed p=0.7. The
anisotropy is obtained by elongating the support of the
wavelets in the direction parallel to the mean magnetic field,
as explained in Malara et al. (2016). As a result of that
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Figure 3. Magnetic field power spectra computed over single spacecraft
trajectories and then averaged for (a) isotropic and (b) anisotropic cases. k33
and k=2 dashed and dotted—dashed lines are added as reference. The gray-
shaded area indicates the range of scales covered by the HS separations. In (a)
it is evident that higher intermittency (p = 0.9) generates slightly steeper
spectra, though the extension of the inertial range remains intact. Correlation
and “dissipation” scales are indicated with vertical dotted lines. In (b) the
spectra are computed when the HS formation flies at angles § = 1° and 6 = 85°
with respect to the mean field direction. The apparent flattening is only due to a
downsampling of the measurements. The spectra would have a decay similar to
that occurring near d; in (a) at k ~ 67. The slopes have also been estimated
using a fit in the region indicated by the reference lines obtaining —1.91 and
—1.64 for 6 = 1° and 6 = 85° respectively.

procedure, the parallel spectrum decays exponentially at scales
larger than that in the perpendicular direction. To ensure that
the spectrum in the parallel direction does not fall off
exponentially in the range of scales covered by HS, we shifted
the onset of the exponential decay to these smaller scales.

In this realization, we fly the HS observatory at eight
different angles # ranging from 1° to 85° with respect to a mean
field ByZ. In Figure 3(b) we show the magnetic field power
spectra, and as in (a), the correlation length is indicated with a
vertical line, and the scales spanned by the observatory are
represented by the gray-shaded area. In this case, the spectra do
not show the exponential falloff as they extend to k’s larger
than those shown in Figure 3(a). The smallest scale in this case
is 0.015km, which corresponds to k~ 67. The apparent
flattening of the spectra at large k’s is due to downsampling
of the fields to obtain reasonable sizes of the data arrays.

4. Results

Formally, intermittency is the deviation of the distribution of
some quantity from a Gaussian distribution. This deviation is
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Figure 4. Kurtosis of the longitudinal magnetic field increments. Solid lines are
obtained from millions of random paired points scattered throughout the whole
volume—see case (i). Dashed lines result from a Taylor-like approach on
single-spacecraft trajectories and are then averaged; see case (ii). Symbols are
obtained from fixed interspacecraft separations; see case (iii).

expressed by extreme values that are more probable than those
observed in a normally distributed population. One way to
quantify this is to compare the fourth-order to the second-order
moment squared of the scalar increments ¢f, defined as the
difference f(x) —f(x +¢) between two points in space
separated by a (vector) lag ¢. We use the longitudinal
incremenEs of the magnetic field 6b, = 6b - ¢ = (B;(x;) —
B;(xj)) - £ where B(x; is the magnetic field measured at
position x;, B; is at position x; =x; + £, and { is the unit vector
along the ¢ direction. We operationally define the scale-
dependent kurtosis as

(8b;")
) = —= 1
r(6) 2 (0

where (.) indicates an ensemble average (Frisch 1995). When
the increments of a scalar field follow a Gaussian distribution,
k(f) = k =3. The presence of extreme fluctuations produces
values of x larger than 3. We measure the scale-dependent
kurtosis « by adapting the definition in Equation (1) to four
different scenarios.

(1) We first need the accurate kurtosis obtainable from the
entire sample of the synthetic fields. These are the data to which
the spacecraft sample results are going to be compared. Since the
fields are not defined on a grid, we choose several million pairs
of points (over which the ensemble average of Equation (1) is
calculated) at random positions within the domain. Separations
are randomly oriented with magnitudes equally spaced, ranging
from the domain size (8 x 10’ km)to8km. This approach
provides the solid lines in Figure 4 that are representative of
the kurtosis of the synthetic fields over the whole domain.

For the next three approaches, we use the HS trajectories.

(ii) To evaluate the scale-dependent kurtosis, we use spatial
increments along the trajectory of each spacecraft. These
increments are represented by b, = (B,x;) — Bx;+{)),
where ¢; denotes the spatial increments along the trajectory of
spacecraft i. This method is similar to measuring temporal
increments in a spacecraft’s time series and then applying the
Taylor hypothesis exactly, which assumes that the structures
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observed in the flow are “frozen” and advected past the
spacecraft without changing shape (Taylor 1938). The
ensemble average is taken along each trajectory, and then we
average the resulting x over the nine trajectories for additional
statistical weight. Good agreement of the HS—Taylor-like scale-
dependent kurtosis with the validated one of approach (i) is
attained within the range of scale up to 1/10 of the correlation
length.

(iii) This approach fully exploits HS’s multipoint potential.
The scale-dependent nature of kurtosis is analyzed without the
need for Taylor’s hypothesis, thus avoiding problems of
spacetime correlation, especially at smaller scales. Instead,
the increments are computed at the fixed separations between
the spacecraft, 0b(f;) = (Bi(x;) — Bi(x;)), where B,(x;) is the
magnetic field at the position x; of the ith spacecraft,
{; =x; — x;, and the ensemble average is taken over the whole
trajectory. The simultaneous observations from nine seperate
spacecraft allow for 36 values of kurtosis to be computed with
different lags; these are shown by the symbols in Figure 4.

(iv) Finally, we analyzed the effects of increments measured
between different spacecraft, as discussed in previous studies
(Horbury 2000; Osman et al. 2011). Similar to strategy (ii), we
assume the validity of the Taylor hypothesis. Using this
“modified” Taylor hypothesis, the magnetic field increments
measured across different spacecraft time series are defined as
ob(ly) = (Bix;) — Bj(x; + {})), where {; represents the spatial
increments along the trajectory of spacecraft j. Contrary to case
(iii), this approach results in 36 lines instead of 36 points. The
outcomes from this method are nearly identical to those
obtained in the previous cases and are therefore not displayed
below.

All methods show high levels of agreement, regardless of the
intermittency levels. As expected, the field with Gaussian
increments (p = 0.5) shows a constant value of x = 3 across all
scales. Of particular relevance is the accuracy of the scale-
dependent kurtosis obtained by the spacecraft using their fixed
separations without the employment of the Taylor hypothesis.
The results shown in Figure 4 are obtained using the isotropic
fields. In the following, we investigate the effects of anisotropy
on the evaluation of scale-dependent kurtosis.

For the analysis of the scale-dependent kurtosis in an
anisotropic medium, we use approaches (i) and (iii) described
above. Approach (i) is used to show agreement of the results
with the global statistical properties of the fields, and (iii)
exploits the unprecedented capabilities of novel multiscale
missions. In the latter case, two different angles need to be
defined, as will be relevant below. 6 is the angle of the
(parallel) trajectories with respect to Z. ¢ is the angle between
the vector separations r; with Z.

The “reference” scale-dependent kurtosis obtained using
method (i) for angles ranging from #=1° to #=285° is
illustrated in Figure 4(a). Higher levels of intermittency are
observed for directions parallel to the mean field. This can be
understood in the context of the present model as follows. The
anisotropy arises from “splitting” the energy content of a
subvolume into subdomains elongated in a preferred direction,
as described by Malara et al. (2016). This elongation of
subdomains implies that the same value of kurtosis seen in the
perpendicular direction is achieved in the parallel direction at
much larger scales. Furthermore, it is possibly reasonable to
expect higher kurtosis in this direction, considering the heuristic
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Figure 5. (a) Kurtosis obtained from the anisotropic fields in different
directions 6 with respect to the mean field using method (i). Indicated is the
range of scales spanned by the spacecraft as a gray-shaded area. The dashed
box indicates the region focus of (b) and (c). In (b) the HS « values (symbols;
method (iii)) are colored by the angle ¢ the vector separation r;; makes with the
2 direction. In (c), the stars are colored by the angle 6 at which the observatory
flies with respect to Z. Notice the good agreement of method (iii) with the
expected values when the angle ¢ is considered.
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interpretation of kurtosis as a measure of the inverse of the filling
factor of the intermittent features (Frisch 1995).

We then explored the accuracy of determining the scale-
dependent kurtosis using the HS pairs, as outlined in strategy
(iii). In this case, along with considering the angle 6 formed by
the trajectory with the mean field direction Z, we also need to
account for the angle ¢ formed by the vector separation r; with
respect to Z. As depicted in Figure 4(b), where the symbols are
color coded by the angle ¢ that each HS pair forms with Z, it
becomes apparent that the spacecraft ability to capture different
kurtosis values hinges not only on their relative distances but
also on their orientation. Conversely, neglecting the pair’s
orientation with respect to the mean field, as in (c) where the
symbols are color coded with the angle 6 formed by the
trajectory with Z, leads to less precise kurtosis measurements.
Although the general scale-dependent trend remains discern-
ible, certain values deviate due to the pairs sampling diverse
orientations relative to the mean field.

To maintain clarity, fewer 0 trajectories are displayed in
Figures 5(b) and (c) as their overall behavior remains
consistent. Only the trajectory at 6 =1° tends to slightly
overestimate kurtosis values. This can be rationalized by
considering that an almost perfectly parallel trajectory, when no
dynamical activity is present, would register smaller variations
along its path. Consequently, the spacecraft essentially measure
similar kurtosis values along their trajectory as those observed
at their initial position, making it unrepresentative of the entire
domain.

5. Conclusions

In the new era of multipoint multiscale space missions, it is
imperative to enhance our management of the increasing
volume and complexity of data. In this study, we presented an
analysis of the remarkable potential of the forthcoming HS
mission in measuring scale-dependent kurtosis. We demon-
strated that the HS observatory not only provides adequate
coverage for accurate convergence of this higher-order statistic
but also allows for a comprehensive investigation of its nature
in an anisotropic medium such as the solar wind.

We employed a model for generating synthetic turbulence
fields that does not rely on a fixed grid, enabling the
investigation of a range of spatial scales similar to those of the
solar wind. The analyses were performed in a three-dimensional
domain of size 80 x A\, =8 X 10" km per side, with character-
istic “dissipation” scales (the scale at which the power spectra
have an exponential decay) d; =100 km and 0.015 km for the
isotropic and anisotropic systems, respectively.

We selected a time in the current Design Reference Mission
trajectories of HS when the spacecraft had separations ranging
from 54 to 2327 km. This specific configuration, which spans
more than 1 order of magnitude in scales, is optimal for
analyzing scale-dependent quantities such as kurtosis.

Initially, we assessed the accuracy of kurtosis estimates by
HS pairs in an isotropic medium. We compared the scale-
dependent kurtosis obtained using four different strategies. (i)
We used millions of pairs with random orientations and
increasing separations to measure scale-dependent kurtosis
homogeneously throughout the entire domain from 8 to
8 x 10® km. This measure serves as a reference for the other
methods. (ii) We employed magnetic field measurements along
single-spacecraft trajectories and applied the Taylor hypothesis
to compute the kurtosis. For the isotropic case, this measure
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(averaged over all nine trajectories) provided an accurate
prediction for scales up to 1/10 of the correlation length, with
deviations likely due to the lower statistical weight of the
largest lags. (iii) We used fixed separations between spacecraft
pairs to evaluate kurtosis, and the HS observatory allowed for
up to 36 independent estimates, reported to be accurate
regardless of the intermittency level. (iv) We applied a
modified Taylor hypothesis, computing increments across
different spacecraft pairs. This method also agreed with the
others (not shown), demonstrating the robustness of the
analyses applicable to the anisotropic case.

Next, we introduced spectral anisotropy of the fields,
enforcing a steeper power spectrum for the magnetic field in a
specified direction (e.g., ). We obtained a magnetic field with a
spectrum following a k > /3 power law in the perpendicular plane
(relative to 2) and k2 in the parallel direction. We compared the
results from methods (i) and (iii). From (i), we observed that
scale-dependent kurtosis had higher values when sampled in the
parallel direction, reflecting the model-generated anisotropy.
Using method (iii), there are at least two possible ways to
analyze the results in the anisotropic medium. If results are cast
in a fashion similar to the isotropic case, one perceives that the
overall scale-dependent trend is somewhat maintained even
though nonnegligible variations are present (Figure 5(c)). The
nature of these variations is unveiled when the values are
associated with the angle formed by the spacecraft pair with the
preferred direction (Figure 5(b)). In this case, an order is
recovered, and it shows that the “correct” value of kurtosis is
obtained when the orientation of the pair is taken into
consideration more so than with respect to the orientation of
the trajectory itself.

The results obtained in this work using a synthetic model for
a turbulent magnetic field with scale separations nominally
identical to those of the solar wind further support the
effectiveness of multipoint multiscale missions for the
observation of quantities as not previously possible in space
plasmas. The general accordance and robustness of the results
preannounce reliable scale-dependent measures in the solar
wind. This work contributes to the growing body of research
dedicated to fully exploiting future multispacecraft data
(Maruca et al. 2021; Pecora et al. 2023; Broeren et al. 2024)
in preparation for missions such as HS (Spence 2019; Klein
et al. 2023) and Plasma Observatory (Retind et al. 2022;
Marcucci & Retino 2024).
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