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Abstract Field-aligned currents in the Earth’s magnetotail, typically observed at the plasma sheet
boundary layer, are believed to be driven by transient plasma flows and strong plasma pressure gradients
at equatorial footpoints. Magnetotail currents (transverse to the magnetic field), usually observed within
the plasma sheet, flow duskward (cross-tail) and are believed to be diamagnetic. These two current systems,
field aligned and transverse, can be easily distinguished because of their differing propagation direction.
By statistically analyzing magnetotail current sheet crossings by the two lunar-orbiting Acceleration,
Reconnection, Turbulence and Electrodynamics of Moon's Interaction with the Sun spacecraft (probes),
we demonstrate that the duskward magnetotail current in the lunar distance magnetotail (~ 55-65 R;)
can, at times, be predominantly field aligned. In about half the current sheet crossings examined, there is
a significant equatorial, unidirectional cross-tail magnetic field component near the peak cross-tail current
density. Because of the alignment of the magnetic field with the cross-tail current, a significant part

of the total cross-tail current (~1 to 10 nA/m?) is field aligned. This magnetic field component contributes
significantly to the vertical pressure balance and is therefore important for plasma sheet dynamic stability.
The generation mechanism and closure of the resultant field-aligned current system and its role in the
dynamic stability of the current sheet are important to investigate further.

Plain Language Summary The continuous solar wind stream deforms the dipole magnetic field
of the Earth forming the region of the stretched field, known as the magnetotail. It extends into the space
far beyond Moon’s orbit, which is 60 R, away from the Earth. The magnetotail confines a hot plasma layer,
the plasma sheet. The main magnetic field component changes its direction at the magnetic equator. It was
established that this change in the field direction occurs in a thin layer called the magnetotail current sheet.
The current sheet is the key region in the magnetosphere, because an instability in it results in an explosive
release of the magnetic energy. These processes cause magnetic storms. In this work, we studied the
structure of the magnetotail current sheet at lunar distances by probing it with two lunar-orbiting satellites,
Acceleration, Reconnection, Turbulence and Electrodynamics of Moon'’s Interaction with the Sun (ARTEMIS)
1 and 2. We found that the structure of the current sheet at lunar distances significantly differs from that

in the near-Earth magnetotail. This is the important information that allows us to better understand the
magnetotail current sheet stability.

1. Introduction

Current sheets are essential elements in the dynamics of large-scale plasma systems, such as planetary mag-
netotails (e.g., Eastwood et al.,, 2015, and references therein). Earth’s magnetotail current sheet, which is readily
accessible to observations by spacecraft, is a high- region in which the plasma pressure significantly exceeds
the magnetic field pressure. Models describing such a magnetic configuration predict a diamagnetic cross-tail
current flowing from dawn to dusk, transverse to the magnetic field (see, e.g., Birn et al., 2004; Sitnov & Merkin,
2016; Zelenyi et al., 2011, and references therein). In the near-Earth plasma sheet, the geometry of which is
determined by the Earth’s dipole magnetic field, strong deviations from the nominal geometry and the for-
mation of cross-tail currents flowing locally along magnetic field lines have been observed only rarely during
dynamic events, such as reconnection (Nakamura et al., 2008) and high-amplitude plasma sheet flapping (e.g.,
Petrukovich et al., 2015, and references therein).
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At lunar distances, however, the magnetotail is influenced by solar wind conditions rather than by Earth’s
dipole field (see, e.g., Sibeck & Lin, 2014, and references therein), and the average north-south component,
B, (geocentric solar magnetospheric [GSM] coordinates are used throughout this paper), is smaller than its
fluctuations. Additionally, transient intense currents (e.g., Hoshino et al., 1996; Pulkkinen et al., 1993; Vasko
etal., 2015) make the magnetotail current sheet very dynamical and unstable. Therefore, one can expect more
complicated current sheet configurations in the tail at lunar distances than in the near-Earth tail.

We investigate magnetotail current sheet properties at lunar distances (~60R;) using observations from
the two Acceleration, Reconnection, Turbulence and Electrodynamics of Moon’s Interaction with the Sun
(ARTEMIS) probes. We select current sheet crossings during plasma sheet flapping in order to use the mea-
sured plasma velocity normal to the current sheet to convert time variations to spatial scales and thus infer
current densities (Sergeev et al.,, 1998). Statistical studies of these current sheet observations reveal a pre-
viously unknown property of this magnetotail region: in about half the 130 events examined, the current
sheet contains a strong dawn-to-dusk magnetic field component, peaking at the current sheet center (at
the location of peak current density). Because this component is a sizeable fraction of the lobe field, it con-
tributes significantly to pressure balance. In these events, therefore, the cross-tail current, also typically in the
dawn-to-dusk direction, is largely field aligned. (The magnitude of this current varies from ~1 to 10 nA/m?,
comparable to or larger than typical cross-tail currents at lunar distances.) Similar, largely field-aligned cur-
rents have been observed in the solar wind (e.g., Paschmann et al,, 2013) and in planetary magnetotails, where
the plasma pressure is so small that it is insufficient to maintain the pressure balance (e.g., Jupiter, Venus, and
Mars; see Artemyev et al.,, 2014, 2017; Rong et al., 2015).

2, Data Set and Analysis Technique

Since July 2011 both ARTEMIS probes (P1 and P2) have been in stable, equatorial, high-eccentricity, 26-hr
orbits (~100 km x 19,000 km altitude) around the Moon. The probe separation varies between 500 km and
5 Rg. The ARTEMIS pair traverses the magnetotail for about 4 days per month. We use ARTEMIS fluxgate mag-
netometer measurements (four vectors per second in fast survey; see Auster et al., 2008) and ion moments
from combined electrostatic analyzer (ESA; energies below ~ 25 keV; McFadden et al., 2008) and solid state
telescope (Angelopoulos et al., 2008) instrument data. For electron moments, we use only ESA measurements
(no Solid State Detector (SST) measurements above 35 keV are necessary because electron temperatures are
typically no more than a few keV). To achieve the necessary time resolution, we use only data obtained during
the fast survey mode of operations, predominantly on the magnetotail’s duskside ( Yggy, > 0), which provides
3-D distributions of ions and electrons at spin period cadence (the maximum possible).

From 1 year of ARTEMIS observations (June 2016 to June 2017), we visually select rapid, complete current
sheet crossings (130 events), each identified as a B, reversal within less than 20 min having a B, span larger
than 5 nT. To determine the local coordinate system, we use minimum variance analysis, an orthogonaliza-
tion technique of the 3-D matrix of variances in the fields during the crossing, which results in I, m, and n
eigenvectors of maximum, intermediate, and minimum variances, respectively (Sonnerup & Cahill Jr. 1968).
The maximum variance direction is mainly along the sign-changing component (B, ); the minimum variance
direction is interpreted as the normal to the plane of the current sheet (i.e., the direction of the main gradient);
and the intermediate variance direction is therefore along the (typically cross-tail) current direction.

For all current sheet crossings, we confirmed that pressure balance B + B2 + 2kguon,(T;+T,) = B ~ const
was satisfied to within 20% (n,, T;, and T, are electron density and ion and electron temperatures, respectively,
and pressure isotropy is assumed). We investigate two distinct categories of current sheets with different pres-
sure balances: (1) current sheets with B|2c>be > Bfn, where the lobe pressure is fully balanced by the thermal
plasma pressure 2kguyn, (T, + T;), and (2) current sheets with B,zn comparable to Blzobe’ where the lobe pressure
is partially balanced by the magnetic pressure from the B,,, component. In the latter category, we find that Bﬁq
most often peaks around the equatorial plane B, = 0, and its variation across the current sheet AB,Zn is com-
parable to AB} ~ B _.Figure 1a shows the spatial distribution of current sheets with AB? /B} = < 0.2 and
AB,Zn/BfoIOe > 0.2 (with B, % 0.4B,,,..). A significant number of the selected current sheets are characterized by
a B, contribution to the pressure balance. This is a distinct feature of the lunar distance magnetotail; in the
near-Earth tail, current sheets with B,, 2 0.4B,.,,. are observed only rarely (see examples in Nakamura et al.,
2008; Rong et al., 2012).
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Figure 1. (a) Distribution of current sheets with AB;/Bﬁ)be < 0.2 (blue circles) and ABﬁq/Blzobe > 0.2 (red crosses).

(b) Plasma density and thermal pressure in the current sheet center |B)| < 0.4Bjp,e nT as functions of AB2, /B|pe.

; 2 /p2
(c) Histogram of ABm/Blobe'

Figure 1b illustrates the correlation between plasma density, normalized thermal pressure (2kguon.(p; +
pe)/Blzobe), and ABfn/Blzobe. The points are concentrated mainly on the lower left side; that is, events with large
ABfn/BlzObe are characterized by low density (low plasma pressure), whereas those with small AB,Zn/Blzobe are
characterized by high density (thermal pressure). As shown in Figure 1c, 53% of the 130 events fall into the
first category (AB2 /B < 0.2), and 47% (the remainder) are broadly distributed, with AB? /B}  ranging

lobe
from 0.2 to 1.0.

3. Current Sheet Structure

To investigate the structure of the current sheets with large ABfn/Blzobe, we select six events witha v, (or v - n)
velocity that correlates well with dB,/dt; this selection enables us to use the vertical profile reconstruction
technique (Sergeev et al., 1998). Table 1 shows the minimum variance analysis results, the average inter-
planetary magnetic field (IMF) B, during 30 min prior to current sheet crossings, and the main current sheet

parameters for the selected events (A-E).

The current density j and the current sheet spatial scale (L) for each crossing were estimated using linear
regression between dB,/dtand v,:j,,, ~ (dB,/dt)/v,,j, ~ (dB,,/dt)/v,.Table 1 shows that},, reaches 10 nA/m?,
which is a very large value even when compared with the near-Earth current density values (see Petrukovich
etal, 2015, for review). Current sheet thicknesses are about 500- 1,000 km, comparable to an ion gyroradius
in a lobe magnetic field, which indicates that the observed current sheets are thin. The magnitude of the j
current is comparable with that of j,,, which indicates that the electric current geometry in the selected events
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Table 1
Characteristic Parameters of Selected Crossings
Duration (s) IMF B,, 2n,/ny,  Biope Ne  Pe+p; Ji i L

Case Probe Date Time (s) Am/dn ABR/BL.. (nT) Fitto (deg) (nT) (cm™3) (nT?) (nA/m?) (nA/m?) (km) L/p;
A B 2017-04-13 01:02:38 430 2149 0253  -127 v, 2.7 730 020 4736 0.45 125 4895 11.05
B B 2017-01-11 18:37:00 40 15000 0552  —097 v, 472 878 004 3928 —9.06 —12.16 492 076
C B 2017-01-11 11:40:33 193 7042 0593 -045 v, 312 876 0.7 4670 250 —205 1721 3.90
D B 2016-11-13 19:48:18 147 16601 0317 076 v, 408 1185 002 24.06 806 —1353 516  1.17
E C  2016-10-15 08:08:06 317 6322 0634 -668 v, 315 1446 014 9275 —11.09 890 689 1.91

C  2017-01-11 10:45:16 985 1.864 0.02 060 v, 465 966 008 8137 000 —069 5404 8.07

Note. Dates are formatted as year/month/day.

is different from the typical cross-tail current geometry, in which j, ~ 0. For comparison, we also selected one
example of a strongly tilted (vertical) current sheet with well-correlated v, and dB, /dt but without significant

AB2 (event F from Table 1).

The top six panels of Figure 2 show time series of magnetic field componentsin the {/, m, n} coordinate system
and the calculated lobe field strength, B, It is apparent that B, ~ const.In events A-E, a B,, peak around

the equatorial plane B, = 0 is evident. A significant n, component indicates that the current sheets are tilted
in the YZ plane (Zhang etal., 2002), so both B, and B, (GSM) contribute to the B,, component, and the current

flows partially in the north-south direction. The middle six panels of Figure 2 show profiles of plasma and

magnetic (dueto AB2 ) pressures versus B,. In the five events (A-E), the B, contribution to the pressure balance

is comparable to the thermal plasma contribution. The plasma pressure variation across the current sheets
is supported by both density and temperature variations (see bottom six panels of Figure 2). The apparent
temperature increase in event C at the current sheet boundary is caused by rarefied, hot, field-aligned ion
flows that do not contribute to the pressure balance. Strong density variations across the sheet in events A,
E, and F are notable. In contrast, in the near-Earth magnetotail the density variation is usually much weaker

than the temperature variation T;(B,) across the sheet (e.g., Petrukovich et al., 2015; Runov et al., 2006).

To reconstruct the current sheet structure, we adopt methods used by Sergeev et al. (1998) and Vasko et al.
(2015). First, we determine the time interval during which there is a good correlation between the derivative
dB,/dt of the 16-s smoothed magnetic field and the v,, (or v,) velocity. Then we integrate the velocity (exclud-
ing offset v, defined from v, = (dB,/dt)/(uuj,,) + v, through data fitting) during this interval to determine
the z coordinate (note that in the figures we use z* = z — z;, where z, is defined from z* = 0 at B, = 0).

We fit B,(z) and B,,,(z) dependencies with the simple functions tan h(z/L), cos h='(z/L), respectively (see model

in Harrison & Neukirch, 2009). The reconstructed magnetic field profiles are shown in the top six panels of
Figure 3.1n events A to E the B,, component exhibits a bell-shaped profile, B,, ~ cos h~=1(z/L), with the current

sheet thickness L about a few ion gyroradii.

The bottom six panels in Figure 3 show current density profiles computed using the fitted magnetic field com-
ponents. In events A to E, the current sheet has a strong j,, ~1-10 nA/m? peak and bipolar j, profiles. Because
of this large B,,, almost all measured cross-tail current is field aligned. The transverse current magnitude is
several times smaller than the field-aligned current magnitude. Because the m direction differs from event
to event, the measured field-aligned current can be positive or negative without any correspondence to the
IMF direction. In event F, the current profile is characterized by rather weak j,, ~0.5 nA/m2, which is a typical

current density magnitude at such distances (Vasko et al., 2015).

4. Discussion and Conclusions

The observations of unexpectedly strong field-aligned currents at lunar distances open important issues
regarding magnetotail current sheet stability. First, magnetic reconnection in the distant magnetotail cur-
rent sheet (at lunar distances and beyond) plays an important role in the configuration of the entire
magnetotail and plasma dynamics. Reconnection properties in current sheets with strong field-aligned
currents are significantly different from those in Harris-type current sheets (see, e.g., Fan et al, 2016;
Wilson et al., 2016; Zhou et al.,, 2015). Therefore, more detailed investigations (both simulations and spacecraft
data analysis) of magnetic reconnection in current sheets at lunar distances are required. Second, the
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Figure 2. The top six panels show time series of magnetic field components and the lobe magnetic field (grey curve).
The middle six panels show the pressure components B,Z(blue), B,zn(green), and p = 2pgkgn,(T; + T,) (red), and the
top dashed lines indicate the average lobe pressure. The bottom six panels show distributions of the density (black
cross), ion (red), and electron (blue) temperatures across the sheet. The electron temperature is multiplied by 5.
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Figure 3. The top six panels show the reconstructed spatial profile of B, B,,; the bottom six panels showj,,jm,j”,
and j, profiles.

near-Earth magnetotail reconnection region is located between the well-investigated near-Earth current
sheet (distances ~ 15-20 R;) with strong transverse cross-tail currents (see statistics of Cluster results in
Petrukovich et al., 2015; Runov et al,, 2006) and the lunar distance current sheet (~50-60 R;) with intense
cross-tail field-aligned currents. The stability of these two types of current sheets may be a factor that controls
the location and regime of near-Earth reconnection. Therefore, further investigation (e.g., with Magneto-
spheric Multiscale mission; Burch et al., 2016) of current sheets located in intermediate distances (distances
~ 25-50 R;) is required to understand magnetotail reconnection physics.

In about 50% of magnetotail current sheet crossings by the ARTEMIS probes at lunar distances, an usually
strong B,, peak around the equatorial plane B, = 0 was observed. During these events, the current
sheets were tilted, with the normal directed partially along dawn-dusk. In these current sheets the B,
(which results from both B, and B, GSM components) contributes more than 30% of the pressure balance.
Such current sheets are expected to appear when the plasma pressure is insufficient to balance the lobe pres-
sure ~ Bﬁ)be. Although unusual in the near-Earth magnetotail, they have been found in the rarefied plasma
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of Jupiter's magnetotail (Artemyev et al., 2014) and in the cold plasma of Venus’ and Mars’ magnetotails
(Artemyev etal., 2017; Rong et al.,, 2015). In Jupiter's magnetotail, the current sheet geometry is determined by
a strong planetary magnetic field, and observed field-aligned currents are part of the global magnetosphere
current system. Mars’ and Venus’ magnetotails are formed mainly by the solar wind magnetic field, and cur-
rent sheets in these magnetotails resemble solar wind rotational discontinuities (e.g., Paschmann et al., 2013,
and references therein). Current sheets in the Earth’s lunar distance magnetotail represent an intermediate
state between these two systems: depending on geomagnetic conditions and magnetotail dynamics, they
can be situated on the magnetic field connected to Earth and populated by hot rarefied plasma from the
near-Earth magnetotail (like current sheets in Jupiter's magnetotail) or they can be connected to IMF lines and
be populated by cold magnetosheath plasma (like current sheets in Mars’ and Venus’ magnetotails). Whether
these field-aligned currents are closed through the ionosphere (like field-aligned currents generated in the
near-Earth magnetotail) or are a part of the locally closed magnetotail current system is unknown and needs
to be investigated with global models.
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