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Abstract

In-situ measurements from the Magnetospheric Multiscale (MMS) mission are used to estimate electron density from spacecraft
potential and investigate compressive turbulence in the Earth’s magnetosheath. During the MMS Solar Wind Turbulence
Campaign in February 2019, the four MMS spacecraft were arranged in a logarithmic line constellation enabling the study
of measurements from multiple spacecraft at varying distances. We estimate the electron density from spacecraft potential
for a time interval in which the ion emitters actively control the potential. The derived electron density data product has a
higher temporal resolution than the plasma instruments, enabling the examination of fluctuation for scales down to the sub-ion
range. The inter-spacecraft separations range from 132 km to 916 km; this corresponds to scales of 3.5 to 24.1 ion inertial
lengths. The derived density and magnetic field data are used to study fluctuations in the magnetosheath through time lags on
a single spacecraft and spatial lags between pairs of spacecraft over almost one decade in scale. The results show an increase in

anisotropy as the scale decreases.
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Key Points:

« High time resolution electron density is derived from spacecraft potential on MMS
during operation of the ion emitters.

¢ Multi-point magnetic field and the derived electron density data are used to in-
vestigate compressive turbulent fluctuations in the magnetosheath.

« The presented analysis and technique are significant for studying physical processes
in space plasmas ranging from fluid to kinetic scales.
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Abstract

In-situ measurements from the Magnetospheric Multiscale (MMS) mission are used to
estimate electron density from spacecraft potential and investigate compressive turbu-
lence in the Earth’s magnetosheath. During the MMS Solar Wind Turbulence Campaign
in February 2019, the four MMS spacecraft were arranged in a logarithmic line constel-
lation enabling the study of measurements from multiple spacecraft at varying distances.
We estimate the electron density from spacecraft potential for a time interval in which
the ion emitters actively control the potential. The derived electron density data prod-
uct has a higher temporal resolution than the plasma instruments, enabling the exam-
ination of fluctuation for scales down to the sub-ion range. The inter-spacecraft sepa-
rations range from 132 km to 916 km; this corresponds to scales of 3.5 to 24.1 ion in-
ertial lengths. The derived density and magnetic field data are used to study fluctua-
tions in the magnetosheath through time lags on a single spacecraft and spatial lags be-
tween pairs of spacecraft over almost one decade in scale. The results show an increase
in anisotropy as the scale decreases.

1 Introduction

Space plasmas often exhibit large-amplitude, nearly randomly-fluctuating turbu-
lent motions. The solar wind and planetary magnetosheaths are good examples of tur-
bulent plasmas, also showing a varying level of compressibility in terms of magnetic field
magnitude and particle number density (Bruno & Carbone, 2013).As the solar wind plasma
expands to the interplanetary space, instead of the expected fast adiabatic cooling, the
temperature profile shows a more moderate decrease with heliospheric distance (Williams
et al., 1995; Borovsky & Gary, 2014; Perrone et al., 2019). Turbulent dissipation can act
through many channels such as wave-particle interactions or through dissipation in co-
herent structures which are intermittently distributed in space (Osman et al., 2012; Wu
et al., 2013). Intermittency (Kolmogorov, 1941; Frisch, 1995; Matthaeus et al., 2015) is
an indication of the existence of coherent structures, meaning structures that have longer
lifetimes than the ambient stochastic fluctuations (Bruno, 2019).

In contrast to a neutral fluid, a strong magnetic field causes the turbulence to be
anisotropic, with different components of the magnetic field having different powers, i.e.,
variance/power anisotropy (Matthaeus et al., 2005; Oughton et al., 2015). The fluctu-
ations in a plasma become elongated along the mean magnetic field direction so that wavevec-
tors in the perpendicular direction k; dominate the parallel direction k (k1 > k),
i.e., there is wavevector anisotropy (Narita et al., 2011; Roberts et al., 2013, 2015). To
investigate anisotropy with a single spacecraft, different intervals are investigated where
the mean magnetic field direction is at different orientations with respect to the sam-
pling direction (bulk velocity). However, this involves comparing different intervals. Ide-
ally, to have a better understanding of kinetic scale plasma turbulence, multi-point mea-
surements (to resolve the spatio-temporal ambiguity) with high temporal cadence (to
resolve kinetic-scale fluctuations) have to be analyzed (Klein et al., 2019).

In the Earth’s magnetosheath turbulence is different from the solar wind in terms
of showing larger fluctuation amplitudes presumably coming from shock amplification
and also a higher level of compressibility. In general, magnetosheath plasma is hotter
and denser and the mean magnetic field is stronger than in the solar wind (Alexandrova
(2008)). This complex process makes the magnetosheath an interesting plasma region
for turbulence studies.

In February 2019, the Magnetospheric MultiScale (MMS) Solar Wind Turbulence
Campaign was conducted (Burch et al., 2016; Garner, 2019; Bandyopadhyay et al., 2020;
Chasapis et al., 2020). During the three-week campaign, the apogee (toward Sun) was
raised to about 27 Rg which enabled long intervals in the pristine solar wind, without
magnetic connection to the foreshock. Additionally, the configuration of the four space-
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craft was changed from a regular tetrahedron to a ”logarithmic line” constellation. The
inter-spacecraft distances span from about 25 to 200 km at apogee with the overall base-
line being almost perpendicular to the solar wind bulk velocity direction at apogee. Hav-
ing measurements from spacecraft at varying distances results in poor directional cov-
erage as the baseline angles are almost the same for each spacecraft pairing. However,

it allows the investigation of turbulent fluctuations over a larger range of spatial scales.

In this study, data from this campaign are used to study the statistical properties
of (derived) electron density and magnetic field fluctuations in the Earth’s magnetosheath.
We first derive the electron density data from spacecraft potential measurements. Dur-
ing the time interval the Active Spacecraft Potential Control (ASPOC) instrument was
controlling the spacecraft potential which requires a derivation scheme including the ion
emitter current, the validation and statistical analysis of the electron density data. We
then investigate the statistical properties of the magnetosheath plasma on the inbound
portion of the orbit where the inter-spacecraft distances ranged between 132 km and 916
km to perform multi-scale analysis.

The paper is structured as follows: Section 2 presents the MMS data and describes
the derivation of the electron density from spacecraft potential measurements, Section
3 shows the validation and statistical analysis of the electron density data. A discussion
and summary in Section 4 concludes the paper.

2 MMS Spacecraft Potential as Density Estimator

The following MMS fast survey mode data are used (sampling rates in brackets)
in this study: the ion current from ASPOC Ixspoc (1 Hz) (Torkar et al., 2016), the space-
craft potential V. from Spin Double Probe (SDP 32 Hz) (Lindqvist et al., 2016), the elec-
tron temperature T, and density n. from the Fast Plasma Investigation instrument (FPI,
0.22Hz) (Pollock et al., 2016), the spin phase data from SDP (32 Hz) as well as the mag-
netic field data from fluxgate magnetometer FGM (16 Hz) (Russell et al., 2016). Fig.
1 shows measurements from the MMS1 spacecraft in the time period from February 26"
2019 13:00 UTC to 17:00 UTC. During this interval the ASPOC instrument was oper-
ating, resulting in a controlled spacecraft potential. The ion currents on MMS2, MMS3,
and MMS4 were almost constant throughout the time window, the second ASPOC emit-
ter on MMS1 shows a dip of the ion current for a few minutes at about 16:20 of ~ 14 %
which is due to an instability in the beam.

One aim of this work was to make use of the spacecraft potential data in fast sur-
vey mode (Baker et al., 2016) at a resolution of 32 Hz to obtain electron plasma den-
sity data. In this way, the time resolution of the density data can be improved by a fac-
tor of 144 from 0.22 Hz to 32 Hz in comparison to measurements by FPI (Pollock et al.
(2016)). The method used here is based on the works by Pedersen (1995), Andriopoulou
et al. (2015), Torkar et al. (2015) and Nakagawa et al. (2000) and utilizes the spacecraft
potential measurements and plasma moments in order to derive the electron density at
high resolution. The potential calibration technique has been used for uncontrolled space-
craft potential in the past (Pedersen et al. (1984); Pedersen (1995); Pedersen et al. (2001,
2008)). Several studies also discussed the calibration when the potential was actively con-
trolled by an ion emitter like the ASPOC instrument (Torkar et al. (2019); Andriopoulou
et al. (2015); Andriopoulou et al. (2016); Andriopoulou et al. (2018)). While these re-
ports showed some limited examples to demonstrate the method using spin-resolution
data, it is the first time that this method is applied for higher-resolution data which re-
quires some refinements removing the spin data in addition to the inclusion of the ion
current from ASPOC in the derivation scheme. Furthermore, we used the derived data
for analysis.



Figure 1. Measurements from the MMSI spacecraft on February 26th, 2019 from 13:00 UTC
to 17:00 UTC. The panels, from top to bottom represent: Electric field and magnetic field in
GSE coordinates (Fréanz & Harper, 2002), an omnidirectional electron energy spectrum, space-

craft potential, ASPOC ion current, electron temperature, number density of electrons and ions.
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In the uncontrolled case, the current balance equation of a spacecraft in a tenuous
plasma is governed by the thermal electron current collected by the spacecraft I, and
the photoelectron current I,no leaving the spacecraft. The ASPOC instruments can be
used to prevent spacecraft charging greater than +4 V by emitting ions to give a cur-
rent Iagpoc. Other currents can contribute to the current balance but, in general, are
much smaller (Torkar et al., 2019). The secondary electron emission is not always small.
It depends on surface material properties as well as incident electron energy. For most
materials, the peak of secondary electron emission is at around 300 - 800 eV, meaning
that if the incident electron current has a temperature outside this range, the number
of secondary electrons emitted is low (Balcon et al., 2011), which is the case for this study.
Accordingly, the following balance equation can be used when ASPOC controls the space-
craft potential:

I + Iohot + Iaspoc =0 (1)

Assuming a Maxwellian distribution of the particle velocities, the thermal electron
current I, (Mott-Smith & Langmuir, 1926) can be expressed as

kBTe
2mem

Ie - _Asc|q|ne & (2)

where T is the electron temperature, ¢ is the electron charge, m. is the electron
mass, n. is the electron density, kg Boltzmann’s constant and ¢ = (1 + (¢Vse/kpTe))
a correction factor that accounts for the surplus of electrons that is attracted due to a
positively charged spacecraft (Torkar et al., 2019). V. is the spacecraft potential and
Age = 34 m? is the effective surface area of the MMS spacecraft.

If the energy of the incoming solar radiation and exact surface material properties
are known, the photoelectron current that is leaving the spacecraft can be calculated.
In addition, the area of the sunlit part of the spacecraft has to be known at every point
of time, which is especially difficult for a spinning spacecraft (Pedersen, 1995). Conse-
quently, another method to determine Ipyo¢ is used here. It employs the simplified cur-
rent balance equation (Eq. 1) and the floating spacecraft potential, which is established
where the current balance is given. The photoelectron current is modeled using a com-
bination of one or more exponential terms, each having a current and a potential coef-
ficient (Pedersen, 1995; Torkar et al., 2019; Andriopoulou et al., 2015). The number of
exponential terms depends on the number of photoelectron populations. In previous stud-
ies, the usage of two (Torkar et al., 2019; Nakamura et al., 2017) or three (Andriopoulou
et al., 2015) exponential terms has proven to be sufficient. In this work, the approxima-
tion with two exponential functions was used as there is one photoelectron population
with a higher current at lower energy and the other population with a lower current at
a higher energy. The model function can be written as:

Ionot = Tore™Vee/Vor 4 [ope™Vee/ Vo2 (3)

with Io; and Ins as current coefficients (current units) and Vo; and Vjo as potential co-
efficients (potential units) related to the characteristic energy of the respective photo-
electron population (Andriopoulou et al., 2016).

For using data with a time resolution higher than the spin period, 20 s (0.05 Hz),
the effect from the spin needs to be removed since the spacecraft rotation causes a con-
stant change in the sunlit area and the photoelectron emission and creates a variation
in spacecraft potential data not due to the change in the ambient electrons. The spin
effect can be seen as spikes in the Fourier spectra of the potential measurements (Yao
et al., 2011; Roberts et al., 2017). To remove the spin effect, the spin phase data along
with the spacecraft potential fluctuations are used to develop an empirical spin model
for each of the four MMS spacecraft (Roberts et al., 2017) (Roberts et al., 2020). Us-
ing a non-linear least-squares fit (Markwardt, 2009) with ten sine curves, the spin effect
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of each spacecraft can be subtracted from the spacecraft potential data, leading to a spin-
tone removed V. that is used to derive the average photoelectron curve as well as the
electron density.

With the spin tone removed spacecraft potential data V. and the ASPOC ion cur-
rent I4spoc, there is only one parameter missing to derive an average photoelectron curve
in the simplified current balance model (Eq. 1). It is the thermal electron current I, and
it can be calculated using FPI measurements (see Eq. 2). All data are re-sampled to 4.5
s cadence, which is the time resolution of fast mode data of the FPI measurements. The
photoelectron current I,not = I + Iaspoc can be plotted against the spacecraft po-
tential, see Fig. 2. In this figure, the data points (grey dots) are binned into 100 equally
spaced potential bins, and the mean value of data points within each bin is then displayed
as a black star. The error bars represent the standard deviations of the mean bin val-
ues to the rest of the data points in each bin. The model function with two exponen-
tial functions (Eq. 3) is fitted to the data (green curve). This model function is the av-
erage photoelectron curve needed to derive electron densities from spacecraft potential
data as in Eq. (4).

When looking at the data points in Fig. 2, one can see that there are two “clouds”,
one between 2.5 V and 3.0 V and the second one between 4.0 V and 4.8 V. Looking at
those potential ranges in Fig. 1, it can be seen that cloud 2 corresponds to the time in-
terval between 13:00 UTC and 14:00 UTC where electron temperatures were two mag-
nitudes higher than in the time after 14:00 UTC, which can be identified as cloud 1. The
region of interest for further analysis is the time period in the magnetosheath (14:20 to
17:00 UTC), and therefore, electron temperatures are averaged over this period to T¢ qvg =
33eV. In order to derive the electron density at 32 Hz, the ASPOC ion current is in-
terpolated using cubic splines to match the data rate. This is reasonable as the ASPOC
current only shows variations of about 1 %.

Finally, by rearranging the current balance equation Eq. (1), the thermal electron
current (Eq. 2) and the modeled photoelectron current, the electron density can explicitely
be estimated as follows:

1 27Tme,e 1
Ne =

= N (Tore™Vee/Vor 4 1026_‘/30/%2) T IASPOC} 4
oV L W

where 7. is the derived electron density, V. is the spacecraft potential and A, = 34 m?
is the effective spacecraft surface area.

A direct comparison of the measured and derived electron densities is shown in Fig.

3. The panel in the middle shows the normalized difference Err(ne) = (ne,der — Ne,meas) /Me,meas

between the two densities. In the time before 14:20, Err(n,) is mostly above 100%; this
is due to the assumption made about the electron temperature. In general, one can see
that Err(n.) and also its variation is high (+ 40 %) in the time period from 13:50 UTC
to 14:10 UTC. These variations might be caused by to stronger electric fields (see Fig.

1 panel 1) and thereby caused perturbations in the spacecraft potential due to enhanced
photoelectron emission when the electric field distorts the potential in the sheath around
the spacecraft. The influence of strong ambient electric fields on spacecraft potential mea-
surements was shown by Torkar et al. (2017); Graham et al. (2018); Roberts et al. (2020).
The focus of the further analysis is on the time interval after the transition into the mag-
netosheath region, where the electric field strength components are rather small (< 4mV/m).
In the time period from 14:10 - 17:00, the normalized difference decreases to a small value,
Err(ne) = —5% on average.

The electron densities derived from the other three MMS spacecraft show quali-
tatively the same results. For MMS4, several assumptions had to be made due to the
lack of electron plasma data from FPI. First of all, the electron temperature of MMS1



Figure 2. MDMSI1 average photoelectron curve: grey dots represent data points, black stars the
mean of those data points within 100 equally spaced potential bins (with standard deviations as
error bars) and the green graph is the two exponential model fit for the photoelectron curve with

the four coefficients written in green.
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was used to compute the average photoelectron curve. The average T, = 33 €V is then
used for calculation. Secondly, the ion density measurement from MMS4 was used in-
stead of the electron density. The use of ion density is reasonable, and the estimation
compares well (of the order of a few percent) with the three other spacecraft.

3 Validation of the Electron Density Data and Application to Turbu-
lence Analysis

The derived density data will be validated using the - lower resolution - FPI data
sets as a comparison. We then analyze characteristics of fluctuations in both the mag-
netic field and in electron density and compare by performing statistical analysis. As the
electron density is a scalar we do not need to consider a coordinate system. However,
for the magnetic field a physically relevant coordinate system should be considered for
the comparison. We perform a coordinate transform based on the mean magnetic field
direction. The measured data are available in the geocentric solar ecliptic (GSE) coor-
dinate system, and are transformed into a parallel and two arbitrarily chosen perpen-
dicular magnetic field components:

-gparallel (t) = Bw (t) . BO,w + Bu (t) : BO,y + Bz (t) . BO,z (5)
Bperpt () = Bu(t) - e11,0 + By(t) - 11y + B(t) - e11,: (6)
gperzﬂ (t) = Ba(t) - €122+ By(t) €12y + B.(t) €12 (7)

where EO is the mean magnetic field direction unit vector, -éparallel points in the mean
field direction and B and B2 are the two perpendicular directions in the coordinate

system. Aéll = By x (1, 0, 0) is the first perpendicular vector and the second one is

Lo = 75“5“ .
IB() X €L1|

This coordinate transform can be justified as if the magnetic field direction is rel-
atively stable in chosen time interval (see Fig. 3). The parallel magnetic field compo-
nent represents the compressive component and can qualitatively be compared to the

density fluctuations. Similar work was done in Roberts et al. (2022) where it is also dis-

cussed why the definition of a mean magnetic field is a sensitive issue (Oughton & Matthaeus,

2020).

In order to validate the potential calibration, a smaller sub-interval was selected
that complies with the following two requirements:

1. The difference of measured and derived electron densities is below 5 % on aver-
age.

2. The statistical analysis of the magnetic field will be performed in global mean mag-
netic field coordinates, therefore the direction of the magnetic field should not vary
more than 5°in the interval so that a mean magnetic field direction is well defined.

The challenge is to find a period that fulfils both requirements while being as long
as possible at the same time. The shorter the time series is, the greater the uncertainty
will be in determining structure functions (e.g. Dudok de Wit et al. (2013)) especially
at higher orders, or large scales. The following figure, Fig. 3 shows both, the compar-
ison of the derived and measured (FPI) electron density as well as the magnetic field mea-
surements (FGM, Russell et al. (2016)) of the MMS1 probe for the whole time interval
from 13:00 to 17:00 on February 26 2019. When looking only at the magnetosheath
period from about 14:20 to 17:00 UTC, the longest time period where the magnetic field
does not change its direction substantially, is between 15:00 UTC and 15:40 UTC. The
average relative difference between measured and derived electron density is with -3%
relatively small. We therefore used data from this time period (15:00 UTC to 15:40 UTC)
for further analysis.



256 We investigate the statistical properties of the fluctuations using the following two

257 methods. The first method calculates fluctuations from a variable (magnetic field or elec-
258 tron density in our case) using time lags and data from only one spacecraft (Eq. 8).

AB; . =B(t+71)— B(t) (8)
259 The scale of the fluctuations is defined by the timescale 7. The second method uses
260 different combinations of two spacecraft; a fluctuation is defined with a spatial lag as seen

261 in Eq. 9.

ABaJ,(t) = B,(t) — Bp(?) (9)
262 A time lag can be converted to a spatial distance along the flow direction using the
263 ion bulk speed, i.e., Taylor’s frozen-in flow hypothesis (Taylor, 1938). This approxima-
264 tion assumes that the fluctuation evolves slowly compared to the time taken for it to ad-
265 vect over the measurement point. The conversion of a time lag in this manner allows spa-
266 tial lags in different directions (along the bulk flow and along the spacecraft separation
267 direction) to be calculated. The novel spacecraft formation allows the comparison of tem-
268 poral and spatial lags over a larger range of scales than possible with a tetrahedron (e.g.,

269 Chhiber et al. (2018) and Chasapis et al. (2017)).

270 To quantify the power of the fluctuations in different directions we calculate the
mn second order structure functions (p=2) which are generally defined in Eq. 10.
D® = (JABJ?) (10)
272 Where AB is calculated from time lags e.g. Eq 8 or spatial lags Eq 12 and the an-
213 gled brackets denote an average. Higher orders of structure functions can give insight
274 into properties such as the intermittency. However, we focus here on the second order
275 structure function, as higher orders are more susceptible to outliers especially during shorter

276 time intervals e.g. (K. Kiyani et al., 2006)

277 When using single spacecraft time lagged measurements; the second order struc-
278 ture function at a time 7 is defined as;

DW(r) = (|AB ) (11)
279 Time lags can be converted to a spatial lag along the stream direction assuming
280 Taylor’s hypothesis 7 = A/vp, with v, being the mean ion bulk speed and X being the
281 spatial lag. If there are measurements available from multiple satellites available such
282 as with MMS; it is also possible to look at the spatial variation of a measurement directly
283 by comparing measurements at the same times at different spatial locations. If they are
284 in the bulk flow direction, comparing single spacecraft time lagged variations with multi-
285 spacecraft spatial lag variations using the solar wind speed as proportionality factor, the

286 validity of Taylor’s hypothesis can be evaluated (Bruno & Carbone, 2013).

287 In the multi-spacecraft case, the increments are defined as the difference between
288 the measurements of two spacecraft a, b at the same time ¢. The structure function can
289 then be calculated as:

DR () = (| (Balt) - Bo(t)I”) (12)
200 Time lagged structure functions, where the timescale is converted to a spatial scale
201 can then be compared directly to the spatially lagged measurements.



Figure 3. MMSI1 Multipanel Plot from 26-02-2019. The panels, from top to bottom represent:
number density of electrons measured from FPI (red) and derived with the spacecraft potential
(black), and the relative difference between the measured and derived electron densities and the
magnetic field measurements from FGM in GSE coordinates. The grey area marks the selected

time interval for statistical analysis.
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In the chosen time period from 15:00-15:40 UTC, the minimum separation between
two MMS spacecraft is 132 km (MMS1-MMS4) and the maximum distance is 916 km
(MMS2-MMS3). The average magnetic field strength (B) is 13.7 nT and the root-mean-

square magnetic fluctuation weighted by the average magnetic field is 6B/(B) = +/(|B(t) — (B)|?)/(B) =
0.377. The average electron plasma density (n.) is 35 cm™2 and the ion and electron in-

ertial lengths are d; = 38 km and d. = 1 km. The ion plasma beta that describes the

ratio of thermal to magnetic pressure is 8; = ngQTiO = 10. Finally, the mean Alfvén

speed is v4 = 50 km/s and the mean flow speed vp = 138 km/s.

The mean magnetic field direction during the selected time interval can be calcu-

—

lated by averaging the components Binean = [(Bs(t)), (By(t)), (B:(t))]. Normalizing

leads to the unit vector By = (0.14, —0.17, —0.97). It can be seen that the magnetic
field mostly points in the negative z-direction, this is illustrated in Fig. 4, together with
the mean flow direction and the spacecraft positions in the XY-, XZ- and YZ-plane. One

perpendicular direction can be found as cross product of the mean field direction EO with
the unit vector in X-direction, the second perpendicular direction is then the cross prod-

uct of By with the first perpendicular direction. The angle between mean magnetic field
direction and mean flow direction is 111° and the angle between the mean magnetic field
direction and the respective spacecraft baselines is 85°. It can be seen that the space-
craft baselines are parallel and measure almost perpendicular to the mean magnetic field.
The (common) baseline direction is also the movement direction of the satellites on their
orbit in this logarithmic line constellation.

The statistical analysis can now be performed for both, the derived electron den-
sity as well as on the magnetic field measurement in mean field coordinates. The small-
est time lag used is the time interval between two consecutive measurements, which is
Tmag,min = 0.063 sec for the magnetic field measurements as the time resolution of the
FGM instrument is 16 Hz in fast survey mode. For the electron density, the smallest time
lag is Tgen,min = 0.032 sec corresponding to 32 Hz. The largest time lag is chosen to
be Tymar = 100 sec, which is about 45% of the whole 40-min time interval. Using Eq.

10 and 12, one can compute the structure functions of order p = 2 of the individual mag-
netic field components as well as the electron density as function of time lag 7. While

the structure functions can be plotted directly, another way of analyzing the second-order
structure function implies the so-called equivalent spectrum S@) = D@\, Together with
the effective wave number k* = 1/), S® shows a similar behavior as a Fourier spec-
trum and can therefore be used to estimate spectral slopes (see e.g. Chhiber et al. (2018))

In Fig. 5, panel (a) the equivalent spectrum for the magnetic field is shown. The
time-lagged structure functions are indicated by the solid lines, with the dotted lines rep-
resenting the parallel and perpendicular magnetic field components and the solid black
line is the so called trace magnetic field structure function. At large scales, the equiv-
alent spectrum of the magnetic field follows the 1/f regime (K. H. Kiyani et al., 2015).
The inertial range with a scaling exponent of -5/3 is also denoted, however, there seems
to be a rather direct transition from the 1/f region to a steeper slope with a scaling ex-
ponent of -8/3, which is consistent to previous studies like Czaykowska et al. (2001), Alexandrova
(2008), Chhiber et al. (2018), Macek et al. (2018). The steepening occurs at about four
times the ion gyro radius 4 - p; ~ 500 km (Note: d; = 38km and rho; = 122km, so
d; + p;i = 160km which means that the steepening occurs at about three times (d; +
rho;)).

The six symbols in Fig.5 denote structure functions of the six unique two-spacecraft
pairs. The pairing ”14” for instance means the spatial separation from MMS1 to MMS4,
the others are “127, “13”7, “23”, “34”, “24”. It is important to note that the often used
term ”spatial lag” actually describes the spatial separation between the spacecraft av-
eraged over the time interval. Moreover, the analysis of MMS1 data is representative for
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Figure 4. Mean positions of the four MMS spacecraft on February 26", 2019: 15:00-15:40 in
GSE coordinates. (a): XY-plane, (b): XZ-plane, (¢): YZ-plane. The mean magnetic field direc-

tion By (black) and the mean flow direction Vw (red) are scaled up for visualisation.

—12—



343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

the other spacecraft as the variations between the different single-spacecraft structure
functions are negligible.

It can be seen that the power of increments of the parallel (compressive) compo-
nent of the magnetic field is higher than the power of the perpendicular components (see
Fig. 5, panel (a)). Moreover, it is evident that there is in general a good agreement be-
tween the power of the multi-spacecraft measurements and the time-lagged measurements.
However, it is important to note that the time-lagged measurements are obtained in flow
direction, whereas the spatial-lagged measurements are taken in spacecraft baseline di-

rection. This directional difference of the increments can be used to investigate the anisotropy

by looking at the difference of the structure functions. The ratio of the spatial-lagged

and nearest neighbor time-lagged measurement can be seen in panel (b) of Fig. 5. They
are in general close to unity in the range of inter-spacecraft separations of 132 km to 916
km, or in units of the ion inertial length 3.5 d; to 24 d;. Nevertheless, the multi-spacecraft
measurements show a consistently higher power than the single-spacecraft measurements
(Dsingle /Dpuiti < 1)- Additionally, there seems to be a trend of increasingly smaller
ratios for smaller and smaller lags. As the time-lagged structure functions indicate fluc-
tuations in a different direction than the spatially-lagged structure functions, this en-
hanced derivation from 1 suggests higher anisotropy at smaller scales.

The equivalent spectrum for the derived electron plasma density can be seen in Fig.
5 panel (¢). The electron density fluctuations represent the compressive part directly and
can therefore quantitatively be compared with the compressive fluctuations of the mag-
netic field. In general, the scaling observed for the electron density is very similar in com-
parison with the magnetic field analysis. Only at large scales, the electron density equiv-
alent spectrum seems to be steeper by a few percent. Additionally, there is good agree-
ment between the power of the multi-spacecraft measurements. This can be checked by
looking at the ratio of the structure functions plotted in panel (d). A trend of increas-
ingly smaller ratios for smaller and smaller lags that seen in the magnetic field analy-
sis cannot be observed clearly here.

4 Discussion

The electron plasma density derivation scheme (Andriopoulou et al., 2015; Andri-
opoulou et al., 2016; Andriopoulou et al., 2018; Torkar et al., 2019) is applied to a mag-
netopause crossing an magnetosheath interval on Feb. 26, 13:00-17:00 UT. The results
are validated with MMS FPI measurements. The derived density data showed only a few
percent difference to the interpolated plasma measurements. The methods enabled to
obtain densities at much higher time resolution for the magnetosheath interval on Feb.
26, 2019, from 14:00 to 17:00 UT. There seems to be a trend of an underestimation of
the electron density in the last two hours of the time interval of about 9 % on average,
which may be due to assuming an average electron temperature 7, = 33 eV within the
total magnetosheath period.

The short interval with the dip of the ASPOC ion current of one emitter on MMS1
of max. 20 % from 16:15-16:25 UT (see Fig. 1) does not have any notable influence on
the density derivation, since the ambient electron current dominates over the total AS-
POC ion current for this particular interval. One may, however, need to more carefully
select the interval with a stable ASPOC beam for other sparse plasma regions when ap-
plying this method.

We found that even if assuming that the MMS probes are in a very similar plasma
environment, an average photoelectron curve modelled from one spacecraft cannot be
used for density derivations on other MMS spacecraft without significant deviations from
the FPI measurements (Andriopoulou et al., 2018). Hence, an average photoelectron curve
was computed for each of the MMS spacecraft for the whole time interval from 13:00 UTC
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Figure 5. Statistical analysis: Second-order (p=2) structure functions of the mean mag-
netic field components and combined trace magnetic field (normalized, panel (a)) and electron
density (panel c) as equivalent spectrum S The X-Axis is units of the inverse spatial lag A
and is called effective wave number k* (k* is not identical to the wave number k of the regular
frequency spectrum). Graphs denote MMS1 single spacecraft (time-lag) and symbols the multi-
spacecraft (spatial-lag) structure functions (six different MMS combinations denoted by numbers
in the legend). d; is the ion inertial length and p; the ion gyro radius. Three spectral slopes at
the scaling exponents of -1, -5/3 and -8/3 are plotted in grey as a reference. Panels (b) and (d)
show the ratios of structure functions of the trace magnetic field and electron density from single
and multi-spacecraft measurements. The ratio is obtained using the spatial lag measurement and
the nearest neighbor time-lagged measurement that is converted into a spatial lag A using the ion

bulk velocity.
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to 17:00 UTC, 26" of February 2019. Including also the transition region from magne-
topause to magnetosheath (right before 14:00) enabled to have a larger range of poten-
tial values from 1.9 V to 5.8 V.

For the statistical analysis we selected a time interval that is long enough to make
higher-order statistics reasonable and when the magnetic field direction was rather sta-
ble to obtain a well defined mean field. Although finding such an interval in the mag-
netosheath was challenging we could select a 40 min time interval that had sufficient mea-
surement data of both, the magnetic field and the electron density to compute structure
functions of order two. While the equivalent spectrum for the electron density is slightly
steeper at large scales (k* < 1073 km_l), both equivalent spectra displayed in panels
(a) and (c) in Fig. 5 show similar scaling laws. It can be observed that there is only a
short or even no inertial range (-5/3 slope), instead there is a direct transition from the
(1/f) range to he steeper (-8/3) region. This is consistent with findings of studies done
by Chasapis et al. (2017), Chhiber et al. (2018) and Roberts et al. (2020). The compres-
sive magnetic field component shows a consistently higher power than the transverse com-
ponents.

In previous studies employing multi-spacecraft measurements, like the ones men-
tioned above, the inter-spacecraft distances were much smaller for each spacecraft pair-
ing, and the constellation arranged in a tetrahedron. A comparison of time-lagged and
spatially-lagged was therefore limited to a small spatial range. In this study, the loga-
rithmic line constellation of the MMS spacecraft enabled comparison over almost one decade
in scale as demonstrated in Fig. 5. Nevertheless it is important to mention that it was
not accounted for the angle between the flow direction (time-lagged measurements) and
the spacecraft baselines (spatially-lagged measurements). To verify Taylor’s Hypothe-
sis, meaning that the ratio of the structure functions is unity, the spacecraft baseline di-
rections and the flow direction need to be the same. Contrarily, if the goal is to find anisotropies,
these directions need to be different. In this case, however, it is not possible to fully ver-
ify Taylor’s Hypothesis. Yet, the detail comparisons between the measurements over the
wide range of scales suggested some differences in the anisotropy.

The statistics of the electron density show in general very similar behavior in com-
parison to the magnetic field. Despite the fact that the derived electron density shows
good results in comparison to the FPI measurements one needs caution to compare point-
to-point derived density data of multiple spacecraft as noise and systematic errors might
be induced into the measurements. Further details on that issue can be found in Andriopoulou
et al. (2015).

5 Conclusions

Data obtained from the MMS Solar Wind Turbulence Campaign from February
26, 2019, provided a great data base to use density proxy data derived from the space-
craft potential for studying turbulence in the Earth’s magnetosheath.

In this study we derive the electron density for each of the MMS satellites during
a period when the ASPOC instrument was operating and the spacecraft potential was
actively controlled. By also removing the spin tone in the spacecraft potential data, plasma
density with a much higher time resolution than the measurements from the MMS plasma
instruments (FPI) was derived. On average, the derived density is 3 % lower than the
FPI measurements in the relevant magnetosheath time interval, which means there is
a slight underestimation of the derived density. In future, the calibration method should
also be probed in intervals with lower plasma densities as the error tends to be higher
at lower densities. Moreover, in this study it was not possible, without increasing the
error substantially, to use a common photoelectron curve for the calibration of the data
of the four spacecraft although they were in a rather similar plasma environment and
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not being separated more than 24.1 ion inertial lengths. This lack of commonality may
be attributed to differences in the photoelectric properties between the spacecraft. Fu-
ture studies could investigate the effect of including more currents in the current balance
equation, depending on the environment of the spacecraft.

A 40 min time interval in the magnetosheath was chosen to validate the potential
calibration and to study compressive turbulent fluctuations of the magnetic field and elec-
tron density. This analysis implied second-order structure functions expressed as equiv-
alent spectra to examine spectral slopes. The finding that there is a direct transition from
the (1/f) regime to the (-8/3) spectral slope with no inertial range (-5/3 slope) in be-
tween is consistent with other studies, e.g., Chhiber et al. (2018). Analysis of magnetic
field and electron density fluctuations suggests sub-ion scale intermittency in the mag-
netosheath. The intermittency is a sign for coherent structures that contribute to heat-
ing and dissipation in the magnetosheath (Osman et al., 2012; Wu et al., 2013). The mag-
netic field was transformed into mean-field coordinates, and it can be seen that the power
of the structure-function of the parallel, compressive field component is higher than the
transverse components, suggesting more intermittency.

A comparison of single- and multi-spacecraft statistics assuming the Taylor frozen-
in approximation is made. There seems to be a better agreement between single and multi-
spacecraft magnetic field data at large scales than an smaller ones. This suggests higher
anisotropies at smaller scales. Nevertheless, it is unclear whether such anisotropies can
be found by comparing single- and multi-spacecraft electron density data. More stud-
ies in the magnteosheath using multi-spacecraft data should be conducted, potentially
using spacecraft potential calibration methods to obtain high-resolution plasma data and
investigate turbulent fluctuations down to the smallest scales. Multi-spacecraft data are,
however, not only important when examining increments and structure functions like in
this paper or Chhiber et al. (2018), but also for other methods. Such include the wave
telescope technique (Narita et al., 2022) or two spacecraft correlations (Osman & Hor-
bury, 2007) for instance.
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