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Abstract Thin current sheets (TCS) in Earth's magnetotail are fundamental to magnetospheric dynamics. A
key question concerning static magnetotail TCSs is the mechanism of radial force balance. Using the
unprecedented measurements from the Magnetospheric Multiscale mission, we statistically analyze TCS
crossing events from 2017 to 2020 to investigate this issue. Our analysis reveals a strong magnetic tension
within TCSs, with the radial thermal pressure gradient accounts for only 10%—30% of the required balance. The
off-diagonal pressure components (P; . and P, ) are crucial for achieving force balance, contributing ~55% of
the required force in the further-Earth region (—30 R < X < —20 R, where R is Earth's radius), and ~30% in
the near-Earth region (—20 Rz < X < —10 Rp). This work provides the first direct observational evidence
demonstrating that particle kinetic effects (ion nongyrotropy and electron pressure anisotropy) play a significant
role in the force balance of magnetotail TCSs.

Plain Language Summary Earth's magnetotail, the region of Earth's magnetic field that is stretched
out into space by the solar wind, contains thin layers called thin current sheets (TCSs). These sheets are
important for understanding how the magnetotail behaves, especially during space weather events like solar
storms. Inside TCSs, strong electrical currents create powerful magnetic forces that pull hot plasma toward
Earth. In this study, we used data from NASA's Magnetospheric Multiscale mission to investigate how these
TCSs remain in balance under the magnetic tension created by these forces. We found that the pressure from the
hot plasma helps counteract the magnetic tension, but only partially—around 10%-30% of the balance. More
importantly, we identified additional contributions from a special kind of pressure related to particle motion.
These “off-diagonal” pressure components, which arise from complex ion and electron behaviors, account for
another 30%—55% of the force needed to maintain balance. Our results provide the first direct spacecraft
observations that particle kinetic effects—such as ion nongyrotropy and electron pressure anisotropy—play a
key role in keeping TCS stable in Earth's magnetotail. These findings help improve our understanding of space
weather and its potential impact on satellites and communications.

1. Introduction

The magnetotail stores magnetic energy converted from the solar wind's energy in the form of a thin current sheet
(TCS) with a thickness on the order of ion kinetic scales (Artemyev et al., 2011; S. Lu et al., 2019; Runov
et al., 2005; Vasko et al., 2015; Zhang et al., 2024). TCSs are widely recognized as the place where magnetic
reconnection occurs (e.g., Genestreti et al., 2023a, 2023b; S. Lu et al., 2020; Q. Lu et al., 2022), which can lead to
particle acceleration and global magnetotail reconfiguration during magnetospheric substorms (see review by
Sitnov et al. (2019); and references therein). The TCSs have been extensively studied because they are an
important element of magnetospheric dynamics. However, our current understanding of the radial force balance
within static magnetotail TCSs remains incomplete. The widely accepted model of the magnetotail current sheet
describes a two-dimensional magnetic field configuration where hot, dense plasma is concentrated around the
neutral plane, and this hot plasma carries cross-tail current density j,. Note that the Geocentric Solar Magneto-
spheric (GSM) coordinate system is used here and throughout this paper. Due to the configuration of the magnetic
field lines in the magnetotail, the equatorial magnetic field B, is positive, generating a magnetic tension j B, that
acts to push plasma toward Earth (Birn et al., 1977; Kan, 1973; Rich et al., 1972). In isotropic plasma models of
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current sheets, this tension is counteracted by the thermal pressure gradient force dP/dx (e.g., Schindler, 2006), with
the equilibrium expressed as j,B, = dP/ox. Based on the typical magnetotail parameters (e.g., Huang & Cai, 2009;
Rong et al., 2011; Shukhtina et al., 2004), the equilibrium predicts a current density j, of less than 5 nA/m? within
the near-Earth's magnetotail. '

However, recent observations have revealed that the magnetotail current sheet often maintains a thickness on the
order of ion kinetic scales, exhibiting significantly high current densities, typically between 5 and 15 nA/m? (e.g.,
Artemyev et al., 2011; Petrukovich et al., 2015; Runov et al., 2006; Vasko et al., 2015; Zhang et al., 2024), that is,
several times larger than the j, B, = dP/ox prediction, which implies that the magnetic tension is too strong to be
balanced by the radial (along the tail) gradient of the thermal pressure. It has been posited that balancing this
strong magnetic tension requires either pressure anisotropy or nongyrotropy (e.g., see discussion in Sitnov and
Merkin (2016) and Artemyev et al. (2021)). In this work, we define “anisotropy” as the condition where
the parallel and perpendicular pressures differ (P\/P, # 1), while “nongyrotropy” refers to the presence of
non-zero off-diagonal components in the pressure tensor even after aligning the coordinate system with the local
magnetic field direction. For pressure anisotropy, electrons exhibit P, /P, | > 1 in magnetotail TCSs, generating
P,.=(P. — P, )BB, /B? (see Rich et al. (1972)). The electron anisotropy has been found to balance 10%-30%
of the magnetic tension (Artemyev et al., 2016). In contrast, ions show negligible anisotropy but are significant
demagnetized. The ion demagnetized motion around the equatorial plane is thought to generate off-diagonal
pressure components such as P, # 0, associated with ion nongyrotropy (Ashour-Abdalla et al., 1994,
Burkhart et al., 1992; Mingalev et al., 2007). Notably, the electron P
magnetized plasma, distinct from ion nongyrotropy (which requires demagnetization). Recent particle-in-cell
(PIC) simulations by An et al. (2022) and Arnold and Sitnov (2023) have further indicated that the oft-
diagonal pressure component P,. # 0 plays a crucial role in the magnetotail CS radial force balance.
However, thus far, direct spacecraft observations demonstrating the contribution of off-diagonal pressure

can arise purely from anisotropy in a

exz

component P, are lacking due to the limitations of plasma measurements in previous missions such as Cluster
and THEMIS (see discussion in Artemyev et al. (2019)).

The Magnetospheric Multiscale (MMS, Burch et al., 2016) mission launched by the NASA and providing high-
resolution data especially particle pressure tensor. This offers a unique opportunity to investigate the contribution
of the off-diagonal pressure component P to the pressure balance. In this study, we conduct a statistical analysis
of TCS crossing events observed by MMS from 2017 to 2020 to examine the magnitudes of the magnetic tension,
the radial thermal pressure gradient force, and the gradient forces of the off-diagonal pressure for these events.

2. Data Set and Methods

To study the radial force balance in TCSs, we utilize magnetic field and plasma data collected by MMS between
2017 and 2020. The magnetic field data are sourced from the Fluxgate Magnetometers with a resolution of 0.1 s
(Russell et al., 2016; Torbert et al., 2016), and the plasma data are sourced from the Fast Plasma Investigation
(FPI) with resolutions of 4.5 s (Pollock et al., 2017). For TCS crossing events, the four spacecraft of MMS are
spaced relatively close together with similar measurements. Therefore, we only use data from MMSI in this work.

In the previous work (Zhang et al., 2024), we have obtained a data set consisting of 163 thin current sheet crossing
events. We have determined the local normal coordinate system for each TCS following the method used in
Runov et al. (2006): the L direction is directed along the maximum variance eigenvector from Minimum Variance
Analysis (MVA, Sonnerup & Scheible, 1998), the M direction is along the current density component perpen-
dicular to L, and the N direction is perpendicular to L. and M. These 163 TCSs have been selected mainly based on
the following three criteria. First, the spacecraft must cross or approach the neutral sheet B; = 0. Second, a large
current density peak with j > 5 nA/m? is required to ensure the current sheet is thin enough. Third, the average ion
flow speed should be less than 100 km/s to exclude events potentially associated with magnetic reconnection or
turbulence. Although the relatively low ion flow speed in our selection criteria could exclude most events
associated with magnetic reconnection, it does not exclude electron-only reconnection events. However, the Hall
electric field for these events has been estimated in Zhang et al. (2024) to be only a few mV/m (less than 5 mV/m),
much smaller than the Hall electric field in reconnection events, which is usually 25 mV/m or greater (e.g., Borg
etal., 2005; Eastwood et al., 2010). Therefore, our data set predominantly consists of thin current sheet events in a
quiet state. Furthermore, since our study focuses on ion-scale TCSs, any influence from electron-only recon-
nection is likely negligible in the context of our statistical analysis.
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Based on the distribution of the 163 TCS orientations, a fraction of the events exhibits currents that deviate
significantly from the nominal dawn-dusk direction. Under the two-fluid approximation and considering particle
kinetic effects (such as ion nongyrotropy and electron pressure anisotropy), the detailed force balance equation
along the x-direction can be written as:

oP, aP{l X, op 1 j
axx XY Xz _ 0, with a = e,l, (1)
ox dy 0z

ijz _sz_v -

where j, and j, are the current density components, B, and B, are the magnetic field components, and P,, ,,, P

and P, are components of the pressure tensor for ions (a = i) and electrons (a = e). In this work, we select events

that are almost horizontal (N - e, > 0.6) and in which the currents are predominantly along the dawn-dusk di-

a.xy?

rection (M - e, > 0.6), resulting in a subset of 104 events. Under these selection criteria, the magnetic tension force
in the x-direction is primarily determined by the j B, term, with the contribution from j B, being statistically
negligible. Similarly, among the off-diagonal pressure terms, only P, . play a significant role in the radial force
balance, while P, ,, can be neglected. This simplifies the force balance equation to:

aPa,xx _ aPa,xz
ox 0z

JyB: — =0,witha = e,i. 2)

In this work, we use particle moments to calculate the current density j = eN,(V; — V,), where e is the electron
charge, N, is the electron number density, and V; (V,) is the ion (electron) velocity. The TCS thickness for each
event is estimated using L = By/(ugj,), where By, is the magnetic field strength at the current sheet boundary and j,
is the peak value of the current density y-component j,. The method of determining By, is based on single-
spacecraft observations of magnetic field, where we assume that the variation of the magnetic field x-compo-
nent B, is due to the vertical motion of the TCS with a certain constant velocity. In this case, B, is determined as
the value at the moment when the rate of B, variation decreases significantly. This approach may have an error of
about 10%-20%, but is relatively reliable for statistical studies (see Artemyev et al. (2010) for details). The
magnetic tension for each TCS crossing event is estimated from the average of j, and B, in the TCS central region,
which is defined as |IB,| < 0.5B,. For our data set, despite the fact that these TCSs are embedded current sheets
with narrower current distribution than the plasma distribution, it is still possible to make an approximate
description of the currents and thicknesses of single-peak current sheets using magnetic field profile from the
Harris model (Artemyeyv et al., 2011; Harris, 1962; S. Lu et al., 2016). In the central region of a Harris-like current
sheet, the magnetic field x-component B, and the spatial coordinate z vary linearly and the relationship
approximately satisfies B, /B, = z/L with an error of less than 10%. Then the force of off-diagonal pressure from
the observed P, and B, /B, can be obtained using the equation:

oP. 1 0P
XZ e — XZ . 3
0z La(B,/By) 3

We use the slopes obtained by fitting the data in the central region as an approximation of —dP; ,./d(B,/B,) and

—0P, ./d0(B,/B,), which in turn gives us estimates of the forces due to ions and electrons.

e,xz

3. Results

Figure 1 shows a typical TCS crossing event detected by MMS1 on 12 August 2017, located at (—19.6, —14.4,
2.5) Rg in GSM coordinates. The magnetic field x-component B, changed from positive to negative from 7.3 to
—8.5 nT and reversed at about 01:19:25 UT (Figure 1a), indicating that the spacecraft crossed the neutral sheet
from north to south. As shown in Figure le, a strong increase of current mainly density along the y direction is
observed during the spacecraft crossing of the neutral sheet, with a peak current density of j, ~ 9.3 nA/m> All
three components of the ion flow velocity were consistently less than 100 km/s in the entire time period
(Figure 1c), which suggests that the current sheet was at a quiet time and should be in force equilibrium. The
magnitude of the magnetic field at the current sheet boundary, B, =~ 7.9 nT, is estimated from the extreme values
of the B, component, and the thickness of this current sheet is estimated to be 673 km. The normalized thickness
corresponds to approximately 3.8 times the ion inertial length (d;), which is typical for TCSs (Petrukovich
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Figure 1. Overview of a typical Thin current sheets (TCS) crossing event observed by MMS1 on 12 August 2017 in
Geocentric Solar Magnetospheric coordinates. (a) Magnetic field components. (b) Ion and electron number density. (c) Ion
velocity. (d) Electron velocity. (e) Current density in three directions from ion and electron moments. (f, g) Ion and electron
pressure tensor non-diagonal term P; . and P, .. The interval between the two vertical dashed lines represents MMS1
crossing the central region of the TCS.

et al., 2015; Zhang et al., 2024). Here, d; is defined as d; = 4 /m,-/(yoNl.ez) , where m; is the ion mass, y is
the vacuum magnetic permeability, N, is the ion number density, and e is the elementary charge. Based on the
average values of the current density component j, and the magnetic field component B, in the TCS central region
(1B,I < 0.5B,), the magnetic tension j,B, can be estimated to be about 70.1 nA nT/m?, pointing toward the Earth.
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Figure 2. Averaged profiles of the main current density component j, and the magnetic field component B, versus B, /B, for
Thin current sheets (TCSs) in different regions: (a, b) profiles for all 104 TCSs, (c, d) profiles for the 58 TCSs in the near-
Earth region, and (e, f) profiles for the 46 TCSs in the further-Earth region. The bold curves represent the averaged profiles,
and the shaded areas indicate the error bands, calculated as the standard error of the mean at each B, /B, bin based on the
distributions of individual event values. Vertical dashed lines mark the boundaries of TCS central region and blue horizontal
dashed line marks the average values in TCS central region.

Interestingly, as shown in Figures 1f and 1g, the spacecraft observed a clear polarity change from positive to
negative in both the ion pressure tensor off-diagonal term P, ., and the electron pressure tensor off-diagonal term
P,,.

the Earth to counteract the magnetic tension. Using the TCS thickness and the slopes of P; ., P, . versus B, /B,,
we obtain the magnitudes of the forces generated by ions and electrons to be 35.3 nA nT/m* (50% of J,B,) and
24.0 nA nT/m* (34% of JyB.), respectively. For this current sheet, the gradient forces associated with the

With this change in polarity, they can generate gradient forces —dP,_/0z pointing in the direction away from

demagnetized motion of ions and anisotropic electrons can almost balance the strong magnetic tension, playing an
important role in the radial force balance.

Next, we statistically investigate the radial force balance for these 104 TCS events. Figure 2 shows the average
profiles of the main current density component j, and the magnetic field component B, as functions of B, /B, for
TCSs in different regions. Here, the horizontal coordinate B, /B, represents the distance from the neutral sheet,
normalized by TCS boundary magnetic field. According to the distance to the Earth, we divide these 104 TCSs
into 58 near-Earth events that satisfy —20 Ry < X < —10 Ry and 46 further-Earth events that satisfy
—30 Rz < X < =20 Rg. In Figure 2, the bold curves represent the average profiles, and the shaded regions indicate
the standard error of the mean at each B,./B, bin. For completeness, the individual event profiles used to construct
the averages are provided in Figure S1 in Supporting Information S1. The j, profiles show a pronounced peak near
the neutral sheet, indicating that most of these TCSs are single-peak current sheets with stronger current densities
in the central region compared to the edges. On average, B, is nearly constant and positive at different vertical
distances, which is consistent with the configuration of the magnetic lines in the Earth's magnetotail. For all
events, the average value of the j, in the TCS central region is 5.44 nA/m? and the average value of the B is
2.25 nT, which are in agreement with results obtained by Cluster mission (Artemyev et al., 2016; Petrukovich
etal., 2015; Runov et al., 2006). The average magnetic tension j,B, of these 104 TCSs can be estimated to be about
12.3 nA nT/m>. Closer to Earth,jy increases from 4.93 to 5.83 nA/mz, and B, from 1.61 to 2.74 nT, so the magnetic
tension also increases, from 9.5 to 14.4 nA nT/m”. Note that the current density values presented here are the
averages within the TCS central region, which are smaller than the peak current density j,,. The j, for the 104 TCSs
typically ranges from 5 to 15 nA/m?, which is consistent with previous observations (e.g., Artemyev et al., 2011;
Runov et al., 2006). We use the average current density in the central region to estimate magnetic tension, which
reflects the overall characteristics of the central region.
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Figure 3. Average profiles of the ion pressure tensor off-diagonal term P, ,, and the electron pressure tensor off-diagonal term
P, .. versus B, /B for Thin current sheets (TCSs) in different regions. Same format as Figure 2. The blue dashed lines
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represent the fit to the curves in TCS central region and the blue text show the slopes.

Figure 3 shows the average profiles of the ion pressure tensor off-diagonal term P, . and the electron pressure
tensor off-diagonal term P, ,, versus B, /B, for TCSs. To facilitate comparison with the magnetic tension results in
Figure 2, in addition to the average profiles for all events (Figures 3a and 3b), we also present the profiles
separately for near- Earth events (Figures 3c and 3d) and further-Earth events (Figures 3e and 3f). Note that
although the events occur during relatively quiet times, P,., as a second-order moment, is sensitive to un-
certainties in the TCS coordinate system (e.g., Rong et al., 2010; Sergeev et al., 2006) and to variations in plasma
characteristics. As a result, individual event profiles show large variations. To mitigate these effects, we focus on
analyzing the average profiles, and the individual event profiles are provided in Figure S2 in Supporting Infor-
mation S1 for reference. On average, for both ions and electrons, P, increases with B, /By, indicating that P,_ is
stronger in the northern part of the neutral sheet than in the southern part. Consequently, both particles produce a
P, gradient force directed away from the Earth, opposite to the magnetic tension force. Figure 3 also shows that
the average P, in the TCS central region exhibits a nearly linear correlation with the B, /B, and can be
approximated with the linear fit, and the slopes of this approximation are shown in blue in the figure. Note a finite
P, at the current sheet center, B, = 0, is likely due to variations (rotations) of TCS local coordinate system, and
this small offset can be ignored in evaluation of the pressure gradient. Using L = By/(¢j,), We estimate that the
thickness of these TCSs typically ranges from 500 to 1,500 km, which corresponds to approximately 1-5 times
the ion inertial length d;. The thickness shows no significant variation between near-Earth and further-Earth
events, with an overall average of 980 km. The distributions of thickness and current density are provided in
Figure S3 in Supporting Information S1. Using these slopes and the average thicknesses of corresponding TCSs,
the P, gradient forces of ions and electrons in different regions can be estimated. For ions, the gradient force
—0P;,/oz is about 1.5 nA nT/m? in the near-Earth region, corresponds to 10% of the average tension, and it
increases to 3.1 nA nT/m? in the further-Earth region, accounting for 40% of the tension there. For electrons, the
gradient force —dP, , /dzis about 3.1 nA nT/m? in the near-Earth region, equivalent to 20% of the average tension,
and itis 1.1 nA nT/m? in the further-Earth region, representing 15% of the tension. In total, the P, gradient forces
can balance up to 40% of the magnetic tension, playing a significant role in the force equilibrium. This contri-
bution can be even higher for ions due to hot ion component (>25 keV) that is above the FPI energy range (see

discussion in Artemyev et al. (2019) and Arnold and Sitnov (2023)).

Finally, we estimate the actual contribution to the force equilibrium generated by the thermal pressure gradient
force that is believed to balance the magnetic tension in the traditional 2D CS model. Figure 4 shows the dis-
tributions of the pressure tensor diagonal terms P, (P, and P, ) with respect to the coordinate X for these 104

TCSs. We use the average values in the TCS central region as P, and P,

€,XX.

> Which represent the thermal pressure

increases from ~0.2 to ~0.4 nPa, while P,

exx

near the neutral sheet. As the distance from Earth decreases, P;

ixx
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1.0 rises from ~0.03 to ~0.12 nPa, indicating an increase in the thermal pressure
(a) P = 0.24*(X/20)0% toward Earth. To estimate the gradient of the thermal pressure, we use an
08 e exponential fitting approximation to obtain the relationship between P, and
© o X, just as it was done in the previous statistical study of the radial distribution
E 0.6 of the magnetotail lobe magnetic field (e.g., Artemyev et al., 2016; Zhang
EX et al, 2024). We get the fitting functions for ions and electrons as
0 04 e © N P = 024 nPa-(=X/20 R)™** and P,,, = 0.045nPa-(—=X/20 Ry)™"*,
& S respectively. Using these two functions, the total thermal pressure gradient
0.2 © - = force —oP; ,,/ox — 0P, /ox is obtained to be 25% of the magnetic tension for
. further-Earth events and 15% of the magnetic tension for near- Earth events.
00 The thermal pressure can only contribute 10%-30% of the force balance,
which is consistent with previous studies (Artemyev et al., 2016, 2021).
0.20 b) [ _
o P, . = 0.045%(-X/20)"45
015 ‘ 4. Conclusions and Discussion
E \Q . In this study, we performed a statistical analysis of the radial force equilib-
£ 010 N O © < o © rium in 104 magnetotail TCSs using MMS data from 2017 to 2020. For near-
Q_ZX? s < %% $ © o Earth events (—20 R; < X < —30 Rj), the magnetic tension force was
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o TXRK Q% A2 o 15%. For further-Earth events (—10 Rz < X < —20 Ry), the tension force was
0.0 found to be ~9.5 nA nT/m? with the P, gradient balancing 55% of the
10 15 20 25 30 tension and the thermal pressure gradient balancing 25%. Overall, we find that
X (Ry) there are strong magnetic tension forces exist within TCSs, but the thermal

plasma pressure only accounts for around 20% of the required balance. The

Figure 4. (a) Ion pressure tensor diagonal term P, . and (b) electron pressure off-diagonal pressure P,_ is significant for maintaining radial equilibrium,

tensor diagonal term P, for the 104 thin current sheets. Each diamond balancing between 30% and 55% of the strong magnetic tension.
represents a single event. The blue dashed lines represent exponential
fitting results for these data points. The fitting functions are given by: (a) Our statistical analysis reveals that both ion and electron off-diagonal pres-

P, = 0.24 nPa-(—X/20 Rg)™"® and (b) P, , = 0.045nPa-(=X/20 Ry)""*.  sures (P, . and P, ) contribute significantly to the radial force balance in

1L,XZ e.xz

TCSs. In TCSs with ion-scale thickness, ions are mostly demagnetized and
move along quasi-adiabatic orbits, resulting in significant P; ,, # 0, indicative of ion nongyrotropy. For electrons,
although they are mostly magnetized, we still observe a nonzero P, ,,, which can be attributed to the electron
pressure anisotropy (P, /P, > 1, Artemyev et al., 2016; Zhang et al., 2024). Such a nonzero P, ., helps balance
15%-20% of the magnetic tension, consistent with THEMIS observations by Artemyev et al. (2016). Although
these off-diagonal pressures support a quasi-equilibrium force balance, they also make the system highly sensitive
to small perturbations. As suggested by An et al. (2022), small deviations in these delicate contributions can
locally enhance the current density and promote destabilization. In particular, Ion nongyrotropy P;,, # 0 can
promote Landau resonance and ion tearing instabilities, while electron pressure anisotropy P, /P., > 1 can
generate electron-scale instabilities (Karimabadi et al., 2004; S. Lu et al., 2020; Pritchett, 2005, and references
therein). Therefore, despite contributing to equilibrium, these kinetic effects also render TCS more prone to
reconnection onset.

While the significant contributions of off-diagonal pressures are revealed, we acknowledge that the balance is not
fully achieved. Our statistical analysis indicates that for near-Earth events, approximately 55% of the magnetic
tension remains unbalanced, while for further-Earth events, about 20% remains unbalanced. Several factors may
account for this incomplete balance, including uncertainties in P, measurements (primarily due to missing high
energy ion population and possible contribution of heavy oxygen ions), the dynamic nature of the magnetotail, the
contribution from the turbulence, and potential underestimation of the thermal pressure gradient. Future studies
are needed to more accurately quantify and account for these effects. Furthermore, we note that retaining only the
60% thinner current sheet events (L < 3d,) shows a larger relative contribution from P, (see Figure S4 in
Supporting Information S1). This suggests that current sheet thickness may influence the P, contribution and thus
warrants further investigation. This study provides the first observational evidence demonstrating the significant
contribution of particle kinetic effects to the magnetotail TCS force balance, thus underscoring the vital
importance of incorporating this effect accurately into future magnetotail models.
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