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Abstract Near-Earth magnetic reconnection reconfigures the magnetotail and produces strong plasma
flows that transport plasma sheet particles and electromagnetic energy to the inner magnetosphere.
An essential element of such a reconfiguration is strong, transient field-aligned currents. These currents,
believed to be generated within the plasma sheet and closed at the ionosphere, are responsible
for magnetosphere-ionosphere coupling during substorms. We use conjugate measurements from
Magnetospheric Multiscale (MMS) at the plasma sheet boundary (around x ∼ −10RE) and Acceleration,
Reconnection, Turbulence and Electrodynamics of the Moon’s Interaction with the Sun (ARTEMIS) at the
equator (around x ∼ −60RE) to explore the potential generation region of these currents. We find a clear
correlation between the field-aligned current intensity measured by MMS and the tailward plasma sheet
flows measured by ARTEMIS. To better understand the origin of this correlation, we compare spacecraft
observations with results from 3-D particle-in-cell simulations of magnetotail reconnection. The comparison
reveals that field-aligned currents and plasma flows start, wax, and wane due to the development of a
reconnection region between MMS (near-Earth) and ARTEMIS (at lunar distance). A weak correlation
between the field-aligned current intensity at MMS and earthward flow magnitudes at ARTEMIS suggests
that distant magnetotail reconnection does not significantly contribute to the generation of the observed
near-Earth currents. Our findings support the idea that the dominant role of the near-Earth magnetotail
reconnection in the field-aligned current generation is likely responsible for their transient nature, whereas
more steady distant tail reconnection would support long-term field-aligned current system.

Plain Language Summary Field-aligned currents connect the Earth magnetotail and ionosphere,
proving energy and information transport from the region where main energy release process, magnetic
reconnection, occurs to the region where the collisional energy dissipation takes place. Therefore,
investigation and modeling of the field-aligned current generation is important problem of the
magnetosphere plasma physics. However, field-aligned current investigation requires simultaneous
observations of reconnection signatures in the magnetotail and at high latitudes. Simultaneous and
conjugate operation of two multispacecraft missions, Magnetospheric Multiscale and Acceleration,
Reconnection, Turbulence and Electrodynamics of the Moon’s Interaction with the Sun, for the first time
provide an opportunity for such investigation. Combining spacecraft observations with results from 3-D
particle-in-cell simulations of magnetotail reconnection, we demonstrate that field-aligned currents and
plasma flows start, wax, and wane due to the development of a reconnection region between near-Earth
(Magnetospheric Multiscale location) and lunar distant tail (Acceleration, Reconnection, Turbulence and
Electrodynamics of the Moon’s Interaction with the Sun location). Our findings support the idea that
the dominant role of the near-Earth magnetotail reconnection in the field-aligned current generation is
likely responsible for their transient nature, whereas more steady distant tail reconnection would support
long-term field-aligned current system.
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Key Points:
• High-latitude field-aligned currents

and equatorial plasma flows are
observed within the same flux tube

• Field-aligned current intensity is well
correlated with the magnitude of
tailward equatorial plasma flows

• Near-Earth reconnection is an
important trigger of field-aligned
currents observed at the plasma sheet
boundary
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1. Introduction

Energy release caused by magnetic reconnection, one of the most powerful plasma heating processes in the
Earth’s magnetotail, is responsible for magnetotail reconfiguration and many highly energetic phenomena
(e.g., Angelopoulos et al., 2008; Baker et al., 1996). Near the reconnection site, some of the released mag-
netic energy is transformed into plasma acceleration and heating; the remainder is transported toward the
near-Earth region by equatorial plasma flows and field-aligned currents (see review by Paschmann et al.,
2013, and references therein). Numerous spacecraft observations in the equatorial magnetotail have pro-
vided us with detailed information on accelerated plasma flows and plasma heating caused by reconnection
(e.g., Angelopoulos et al., 2013; Chaston et al., 2014; Eastwood et al., 2013; Nagai et al., 2013; Tyler et al., 2016,
and references therein). Much less is known about field-aligned currents that originate at the reconnection
region, however, because their detailed investigation requires simultaneous observations of equatorial and
high-latitude reconnection signatures (see, e.g., examples of such observations in Angelopoulos et al., 2002;
Nakamura et al., 2017; Varsani et al., 2017).

The simultaneous presence of Magnetospheric Multiscale (MMS) (Burch et al., 2016) and Acceleration, Recon-
nection, Turbulence and Electrodynamics of the Moon’s Interaction with the Sun (ARTEMIS; Angelopoulos,
2011) in the magnetotail provides a unique opportunity to conduct statistical investigations of the relation-
ship between equatorial and high-latitude nightside signatures of near-Earth magnetic reconnection. We
employ four-spacecraft analysis techniques at MMS (e.g., Dunlop et al., 2002) to determine field-aligned cur-
rents at the near-Earth (below ∼15 Earth radii, RE) plasma sheet boundary. In section 2, we selected such
MMS events which were conjugate with equatorial ARTEMIS observations in the magnetotail at lunar (∼60 RE)
distances. To establish such MMS-ARTEMIS conjunctions, we examined ion density and temperature mea-
surements at two spacecraft (previous simulations and observations [see Lu et al., 2017] have demonstrated
that not only the density but also the ion temperature is conserved along magnetic field lines; thus, we use
the agreement in ion density and temperature as a proxy of field-line mapping between the two spacecraft).
Times were first selected when the separation between MMS and ARTEMIS along the dawn-dusk direction
was small (≤5 RE) and the spacecraft measured similar plasma temperatures and densities. We then com-
pared field-aligned currents measured by MMS at the plasma sheet boundary to plasma flows measured by
ARTEMIS near the equator to investigate the relationship between high-latitude and equatorial signatures of
near-Earth magnetic reconnection (see pictorial representation in Figure 1).

To further investigate whether field-aligned currents and equatorial plasma flows are generated by the same
source, in section 3 we turned to 3-D particle-in-cell (PIC) simulations of magnetic reconnection in a realistic
magnetotail configuration that includes a current sheet and the dipole field (Pritchett, 2015; Pritchett & Runov,
2017). Comparisons of the simulation results and MMS/ARTEMIS measurements provide an interpretational
basis in a global context for observations of magnetotail dynamics driven by magnetic reconnection. Such
comparisons guide our observational questions to test our ideas of the field-aligned current origin.

2. MMS and ARTEMIS Observations

Obtaining conjugate spacecraft measurements at the plasma sheet boundary and in the equatorial region
requires first and foremost that ARTEMIS and MMS be in the nightside magnetotail close to one another
in dawn-dusk coordinates. Every month, ARTEMIS P1 and P2 spend about 3 days within the magnetotail
(Angelopoulos, 2011); MMS spent 5 months from May to September in 2016 and 2017 in the nightside
magnetosphere (frequently encountering the plasma sheet boundary during those times).

From this time interval we selected nine events that satisfy the following criteria (see event list in the sup-
porting information): (1) spacecraft separation (MMS and ARTEMIS) along the dawn-dusk direction is within
5 RE (the maximum size of the plasma flow originating from magnetotail reconnection, see Li et al., 2014;
Nakamura et al., 2004); (2) ARTEMIS spacecraft are in the plasma sheet (i.e., during those times crossing Bx = 0,
as measured by the Fluxgate Magnetometer, see Auster et al., 2008); (3) the magnetic field |Bx| decreases
(interpreted as plasma sheet expansion during dipolarization) at MMS (magnetic fields are measured by
the MMS magnetometers, see Russell et al., 2016) as the electric field exhibits bursts of large amplitude
(electric fields are measured by the FIELDS Instrument Suite on MMS, see Ergun et al., 2016; Torbert et al.,
2016); (4) ARTEMIS equatorial ion temperature Ti and density ni (measured by the Electrostatic Analyser, see
McFadden et al., 2008) are comparable to those measured by MMS (by Hot Plasma Composition Analyzer,
HPCA, see Young et al., 2016) at the plasma sheet boundary before the dipolarization. Note that we used HPCA
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Figure 1. Schematic view of Magnetospheric Multiscale (MMS) and Acceleration, Reconnection, Turbulence and Electrodynamics of the Moon’s Interaction with
the Sun (ARTEMIS) observations of magnetotail reconnection in (x, z) plane (left panel) and (x, y) plane (right panel).

ion measurements (total proton and oxygen densities and the average temperature) because HPCA was the
only MMS plasma instrument operating at the near-Earth plasma sheet boundary in 2016. In the absence of
HPCA data, we use the electron density derived from the spacecraft potential (Andriopoulou et al., 2016) to
compare with ARTEMIS equatorial plasma measurements. (Note that a similar ion temperature and/or elec-
tron density measured by ARTEMIS and MMS can definitely confirm that spacecraft are within the same flux
tube only in an idealistic static magnetotail configuration, whereas in the realistic dynamical magnetotail
these measurements suggest that spacecraft are located at close flux tubes). Our events are terminated by
the rapid |Bx| decrease at MMS, signifying dipolarization in the aftermath of reconnection further downtail
from those spacecraft. The events are selected to start tens of minutes to hours prior to that decrease, signify-
ing prolonged residence of MMS near the quasi-static plasma sheet boundary, as expected during substorm
growth phase or quiet times.

We show one event from nine in Figure 2. Panel (a) shows magnetic fields measured by ARTEMIS P1, P2, and
MMS-1 during an ∼2-hr interval (ARTEMIS and MMS separation along the dawn-dusk direction is within a few
RE for the entire interval, see panel (d)). The gray box shows near-equatorial ARTEMIS measurements, and the
blue box shows the rapid |Bx| decrease (the dipolarization) observed by MMS. Before the dipolarization, MMS,
at the plasma sheet boundary, measured Ti comparable to that at ARTEMIS (see Figure 2b). Plotted versus the
magnetic field, the ion temperatures measured by MMS and ARTEMIS, Ti(Bx), exhibit typical (Artemyev et al.,
2017; Lu et al., 2017, and references therein) bell-shaped profiles (see Figure 2e). The peak (equatorial) value of
ARTEMIS Ti is comparable to the lowest (boundary layer) MMS Ti , from which we can conclude that ARTEMIS
and MMS are located approximately on the same flux tube. Figure 3c shows that during the entire interval,
ARTEMIS observed significant (>400 km/s, compared to the thermal speed of ∼400 km/s) bursts of plasma
flows (both earthward, vx > 0, and tailward, vx < 0), which became especially strong when MMS observed the
|Bx| decrease (dipolarization) and electric field bursts (black trace in Figure 2c). Figure 2f shows the current
density at MMS. A burst of strong (mostly field aligned) currents was detected by MMS during the dipolariza-
tion. Although the current density is averaged over ∼3 s to smooth very intense currents likely produced by
Alfven wave activity (e.g., Wygant et al., 2002), even such smoothed current density reaches ∼50 nA/m2.

The behavior of the conjunction event in Figure 2 is typical of the others in our database. Tailward flows at
ARTEMIS prior to (or during) MMS dipolarization can be interpreted as small-scale (azimuthally localized) and
low-intensity activations of the near-Earth reconnection. Azimuthally localized flows can set nearby plasma
into motion, transferring momentum via vortices and cross-field diffusion across the plasma sheet (in y, see
scheme in Figure 1). The resultant flows observed at ARTEMIS reach 500–1,000 km/s just before dipolarization
(observed by MMS), which we interpret as evidence for the activation of near-Earth reconnection, at or near
the MMS-ARTEMIS line (for six events out of nine, the peak ion velocity at ARTEMIS is tailward). Because this
is due to short-lived ARTEMIS flows, it does not invalidate the MMS-ARTEMIS mapping argument prior to
reconnection onset, which was established by comparing ion density and temperature data collected prior
to the MMS dipolarization (dominated by the slow-flow regime).

To statistically relate plasma flows to field-aligned currents for the events collected, we compare the average
j∥ over the ±5-min interval around j∥ maximum with the average vx estimated in the following way. Because
many transient plasma flows were measured by ARTEMIS before the dipolarization detection by MMS, to
characterize these flows, we separately average vx < −100 km/s (tailward flows) and vx > 100 km/s (earth-
ward flows) over ∼ ±20 min around the MMS dipolarization. For some events, ARTEMIS P1 and P2 are not
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Figure 2. One event from our data set. Panel (a) shows magnetic field measured by Magnetospheric Multiscale (MMS;
the plasma sheet boundary) and Acceleration, Reconnection, Turbulence and Electrodynamics of the Moon’s Interaction
with the Sun (ARTEMIS; the equatorial plane). The gray box indicates ARTEMIS P1 and P2 equatorial measurements; the
blue box shows the dipolarization (the |Bx| decrease) observed by MMS. Panel (b) shows ion temperatures measured by
MMS and ARTEMIS. The yellow box shows the time interval during which MMS and ARTEMIS measurements provided
the same temperature. Panel (c) shows equatorial plasma flows (ARTEMIS) and electric field GSM Ey measured at the
plasma sheet boundary (MMS). Panel (d) shows the positions of the MMS and ARTEMIS spacecraft in the (x, y) GSM
plane. Panel (e) shows ion temperature distributions across the magnetotail, Ti(Bx). The blue box shows similar
temperatures measured by MMS and ARTEMIS. Panel (f ) shows the current density (total |j| and field-aligned j∥)
calculated using MMS four-point magnetic field measurements.

always around the equatorial plane, Bx ∼ 0. To exclude field-aligned cold ion steams flowing in the plasma
sheet boundary, which we interpret as mantle plasma or the effect of reconnection much further downtail
than ARTEMIS, instead of local neutral sheet activations, we calculate averaged vx only when |Bx| < 10 nT
in the aforementioned time interval. Although such averaged vx does not always correspond temporally to
the field-aligned currents measured during the ∼ 10-min interval at MMS, it reveals the general intensity
of tailward and earthward plasma flows before (and during) the near-Earth dipolarizations. For each event
we consider earthward or tailward ion vx (whichever is larger) and compare it with filed-aligned current
magnitudes measured by MMS.

Previous simulations and observations (see, e.g., Birn & Hesse, 2013; Kepko et al., 2014, and references therein)
suggest that the field-aligned current intensity should depend on the intensity of equatorial plasma flows
at the conjugate location. Our result (Figure 3) confirms this: the intensity of MMS-measured field-aligned
currents is indeed proportional to the average magnitude of tailward plasma flows measured by ARTEMIS
(during six out of nine events). However, there is no clear correlation between field-aligned currents and
earthward flows for the other three events when these flows dominate over tailward flows. This suggests
that the near-Earth dipolarization and the accompanying field-aligned currents were likely triggered by mag-
netic reconnection between MMS and ARTEMIS but not tailward of ARTEMIS. We should note that although
MMS and ARTEMIS were (by event-selection) located within the same flux tube prior to the onset of strong
near-Earth reconnection activity, the intense currents measured by MMS were likely not generated at ARTEMIS

ARTEMYEV ET AL. ORIGIN OF FIELD-ALIGNED CURRENTS 5839



Geophysical Research Letters 10.1029/2018GL078206

Figure 3. The average intensity of field-aligned currents (Magnetospheric Multiscale, MMS) versus the average
magnitude of equatorial plasma flows (Acceleration, Reconnection, Turbulence and Electrodynamics of the Moon’s
Interaction with the Sun, ARTEMIS) for nine events. Numbers within circles correspond to event numbers as listed in the
supporting information.

(since there is no evidence of reconnection there), but rather earthward of it, at the near-Earth neutral line. To
further explore this hypothesis, we compare patterns seen in the observational data with results of numerical
simulations.

3. Three-Dimensional PIC Simulations

We analyze the results of a 3-D PIC simulation that retains the full dynamics for both electrons and ions (see
details of code in Pritchett et al., 1996). The initial near-Earth magnetotail configuration consists of the current
sheet model (Lembege & Pellat, 1982) and the vacuum field of a line (2D) dipole field. Details of the simulation
setup, the initial and boundary conditions, and the reconnection initialization can be found in Pritchett et al.
(1991), Pritchett and Coroniti (1998), and (Pritchett, 2015).

Figures 4a–4c show simulation results of 2-D spatial distributions of earthward-tailward ion flows,
field-aligned currents, and plasma density, respectively, in the (x, z) plane. These distributions are plotted for
a particular y slice of the 3-D simulation box, at y = 0. The magnetic reconnection region at x ∼ 0 is the
origin of plasma flows propagating in both directions (tailward and earthward; Earth is located on the left,
as the simulation x coordinate has the opposite sign to that of GSM x). We use two x = const cuts to exam-
ine the z profiles of various plasma parameters (located at the two dashed vertical lines depicted in each of
Figures 4a–4c). Shown in Figures 4d–4g are the z profiles of density and current density at four select times
during the simulations.

Comparison of the z profiles of the density (Figures 4d and 4e) shows that the equatorial density at the tail-
ward side of the reconnection site, at a location consistent with the virtual position of ARTEMIS (z = 0,
x = 25di), is approximately equal to the density at the earthward plasma sheet boundary layer, at a location
consistent with the virtual position of MMS (z ∈ [−3,−5]di at x = −50di). Note that to compare spacecraft
locations in the context of PIC simulations, we used the ion density, whereas in observations we also used the
ion temperature. We did this because the density controls the plasma pressure distribution for the simulation
setup (see properties of the initial current sheet model in Lembege & Pella, 1982), whereas the temperature
variations contribute more to the pressure distribution in the magnetotail (e.g., Artemyev et al., 2017). The vir-
tual positions of ARTEMIS and MMS in physical space cannot be directly compared to the simulation scales.
Rather, in the context of simulations, we simply chose an ARTEMIS x location in the tailward outflow region
and then elected the MMS x coordinate to be symmetric on the earthward side of reconnection and the z
coordinate such that MMS is conjugate to ARTEMIS based on observing the same density prior to the onset
of reconnection.
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Figure 4. Results of the numerical simulation of 3-D magnetic reconnection in the realistic magnetotail configuration. Panels (a–c) show (x, z) distributions of
plasma flows, plasma density, field-aligned currents. These 2-D slices at y ≈ 0 are plotted for time t = 144Ω−1

0i . Two black vertical dashed lines indicate the
positions for collection of z profiles shown in panels (d–g) for different time moments. Average values of ion flow velocity in the plasma sheet, z ∈ [−3, 3]di , from
panel (g) and peak values of field-aligned currents (for z ∈ [−5,−3]di) from panels (f ), (i), and two other times are shown in panel (h). The plasma density is
normalized to the initial peak value of the current sheet plasma density, n0; the ion flow velocity is normalized to the Alfven speed vA = B0∕

√
4𝜋n0mp, where B0

is the initial peak value of the lobe current sheet Bx field (used for Ω0i calculation as well); the field-aligned current is normalized to en0vA (see details
in Pritchett, 2015).

Strong field-aligned currents form around the virtual MMS position (x = −50di, z ∼ −4di; see Figures 4f and 4i).
To characterize these currents, we use the negative peak value of j∥ (earthward in simulation coordinates)
around z ∼ −4di . Figure 4g shows the z profiles of the ion flow velocity at the virtual ARTEMIS position. The
velocity gradually increases during the simulation; thus, we can compare vx(t) (averaged over the current
sheet center region, z ∈ [−3, 3]di) with j∥(t) derived at the virtual MMS position. This comparison simulates
the spacecraft measurements of vx and j∥ for different events.

Figure 4h shows that a positive correlation between vx and j∥ indeed exists, reproducing the main feature of
the observations in Figure 3. Careful inspection of the 2-D j∥(x, z) distribution reveals that the field-aligned
currents observed around the virtual MMS position (at the plasma sheet boundary) are most likely generated
at the reconnection region. These currents are a natural continuation of the Hall current system around recon-
nection (see, e.g., review by Paschmann et al., 2013, and references therein). There is also a second field-aligned
current system related to the earthward propagating plasma flow and dipolarization front (see Figure 4c
and Birn et al., 1999). We cannot exclude the possibility that field-aligned currents captured by MMS in the
plasma sheet boundary are partially due to this system. However, the field-aligned current polarity in MMS
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observations is mostly negative below the equatorial plane (Bx < 0), as in simulations (Figure 4(c)), suggesting
that we mainly deal with currents originated from the reconnection region.

The agreement between observations (Figures 2 and 3) and simulations (Figure 4) suggests that due to the
conjugation of MMS and ARTEMIS, based on conditions just prior to reconnection (before the dipolariza-
tion detected by MMS), the subsequent magnetic reconnection region affects the near-Earth boundary layer
currents and midtail tailward flows in a way consistent with their generation by a common driver. This con-
firms our hypothesis that the good correlation between observed field-aligned current intensity and average
tailward plasma flows is likely due to a common origin, magnetic reconnection between them.

4. Discussion and Conclusions

Our data set demonstrates that MMS/ARTEMIS conjugations, which can often be established in the mag-
netotail, provides us with a unique opportunity to investigate the relationship between equatorial and
high-latitude magnetotail dynamics on a global scale. There are two interesting problems to be considered
in further studies using such techniques. First, high-resolution electric and magnetic field measurements by
the MMS spacecraft give us a chance to investigate energy transport (Poynting flux) and its relation to the
equatorial plasma distribution for selected MMS/ARTEMIS conjunctions. Such field-aligned energy flux plays
an important role in driving the aurora (see, e.g., Angelopoulos et al., 2002; Lysak & Song, 2003, and refer-
ences therein). Second, MMS observations at the plasma sheet boundary sometimes include high-resolution
plasma measurements (e.g., Nakamura et al., 2017; Stawarz et al., 2017). The correlation between such MMS
measurements with ARTEMIS observations can reveal the kinetics of field-aligned current generation beyond
the standard fluid picture of large-scale field-aligned current systems (see reviews by Ganushkina et al., 2015;
Kepko et al., 2014, and references therein).

In summary, by combining MMS observations at the plasma sheet boundary, equatorial ARTEMIS observa-
tions, and PIC simulations of magnetotail magnetic reconnection, we have demonstrated the following:

• The field-aligned currents observed near the plasma sheet boundary by MMS in the near-Earth magnetotail
are likely generated by near-Earth magnetic reconnection. As these currents are not correlated with mag-
nitudes of earthward plasma flows measured by ARTEMIS, distant magnetotail reconnection (beyond the
lunar orbit) likely does not contribute significantly to the development of the field-aligned current system.

• The observed correlation between the tailward plasma flow magnitude at ARTEMIS and the field-aligned
current intensity at the near-Earth plasma sheet boundary at MMS suggests that these field-aligned currents
arise from the reconnection region and their intensity is determined by the same energy release process as
are equatorial plasma flow magnitudes.

• As MMS and ARTEMIS were likely within the same flux tube (by virtue of event selection, exhibiting similar
ion temperature/density at the two locations) before reconnection onset, they likely become disconnected
by magnetic field line reconnection near the time of MMS dipolarization and observe the consequences
(field-aligned currents and plasma flows) of the same driver on opposite sides of the reconnection region.

Although the correlation between intensities of currents and flows can be explained by their common origin,
MMS and ARTEMIS may find themselves again on the same flux tubes after the reconnection region retreats
tailward, past ARTEMIS. At such times, the field-aligned current system could have a complicated 3-D configu-
ration, different from the simple 2-D structure assumed in this study (e.g., Nakamura et al., 2018, and references
therein). These ideas require further observational and simulation investigations, which can reveal the details
of magnetotail reconfiguration after near-Earth reconnection.
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