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Abstract we report Acceleration, Reconnection, Turbulence and Electrodynamics of Moon's Interaction
with the Sun (ARTEMIS) dual-probe observations of two events in the terrestrial magnetotail lobe, both
characterized by upward moving heavy ions of lunar origin at one of the probes that is magnetically
connected with the dayside lunar surface. By treating magnetic measurements at the other probe as the
unperturbed lobe fields, we obtain background-subtracted magnetic perturbations (most significantly in
B,) when the first probe moved in the dawn-dusk direction across flux tubes magnetically connected to the
Moon. These magnetic perturbations indicate the presence of field-aligned current above the lunar surface.
By examining possible carriers of field-aligned current, we find that lunar heavy ions and accompanying
electrons both contribute considerably to the current. Observations of the field-aligned current also suggest
that the charging process at the dayside lunar surface and the associated lobe plasma environment, which
have traditionally been viewed as a one-dimensional current balance problem, are actually more
complicated. These observations give the first insights into how heavy ions affect the lunar dayside
environment in terms of multispecies plasma dynamics.

1. Introduction

The lunar surface, enveloped only by a very tenuous exosphere and not protected by a global intrinsic
magnetic field, is exposed to the space plasma environment and is therefore continuously bombarded by
incident charged particles from the solar wind and/or the terrestrial magnetotail. The dayside lunar surface
is also illuminated by solar ultraviolet radiation that stimulates photoelectron emissions. Both mechanisms
contribute to charge transfer between the Moon and its ambient plasma environment. Lunar surface charg-
ing (much like spacecraft charging) has been treated as a simple one-dimensional current balance problem
[e.g., Goldstein, 1974; Farrell et al., 2013; Stubbs et al., 2014] because the lunar radius is significantly greater
than the typical Debye scale; charge transfer will proceed until an equilibrium is reached and the net current
to the lunar surface becomes zero [Whipple, 1981].

By analyzing different sources of surface-charging currents, including the incident particles and the escap-
ing secondary electrons and photoelectrons, a number of studies have been carried out to theoretically
understand the equilibrium and to determine the associated electrostatic potential profile [Guernsey and Fu,
1970; Fu, 1971; Walbridge, 1973; Nitter et al., 1998]. Depending on the photoelectron and ambient electron
properties, the resultant electrostatic potential profile could be either monotonic or nonmonotonic (with a
minimum above the sunlit lunar surface). This idea has been supported by spacecraft observations [Halekas
etal., 2008, 2011; Poppe et al., 2011] and particle-in-cell simulations [Poppe and Hordnyi, 2010; Farrell et al.,
2013]. According to these simulations, the one-dimensional equilibrium can be established very quickly
(within few electron plasma periods).

The aforementioned studies, however, have not taken into account the possible effects of lunar heavy

ions [Hilchenbach et al., 1993; Mall et al., 1998; Tanaka et al., 2009; Yokota et al., 2009; Poppe et al., 2012;
Harada et al., 2013; Zhou et al., 2013]. Generated mostly via photoionization of lunar surface and/or
exospheric neutrals, these ions could be picked up by the ambient plasma and at the same time accel-
erated by the near-surface electric field, thereby contributing to the charging currents. Lunar heavy

ions have been also observed to be accompanied by cold electrons (with density over 10 times greater
than the background lobe population) to maintain charge quasi-neutrality beyond the Debye scale [Harada
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Figure 1. Acceleration, Reconnection, Turbulence and Electrodynamics of Moon’s Interaction with the Sun (ARTEMIS)
P1 and P2 trajectories with respect to the Moon during the (a) 11 November 2011 and the (b) 29 October 2012 events,
in the XY plane of the Selenocentric Solar Ecliptic (SSE) coordinates (where the X axis points from the Moon to the Sun,
the Z axis points toward the ecliptic north pole, and the Y axis completes the right-handed set of axes). During these
events, the Moon was located in the Earth’s magnetotail at GSE [-62.5, —7.5, 2.0] and [-62.6, 7.5, 2.6] R, respectively.
Also shown are the directions of the background lobe field, the magnetic perturbations associated with the lunar flybys,
and the inferred field-aligned current.

et al., 2013; Zhou et al., 2013]; the roles of these electrons on the current balance problem remains unclear
as well.

In this paper, we present two events observed by the dual-probe lunar-orbiting ARTEMIS mission
[Angelopoulos, 2011]. In both events, heavy ions of lunar origin were observed at one of the probes, which
was magnetically connected with the dayside lunar surface in the terrestrial lobe. The background environ-
ment of the lobe region was measured by the other ARTEMIS probe located nearby (see Figure 1 for the
ARTEMIS equatorial orbits with respect to the Moon in these two events). Given the quasi-uniform magnetic
field in the lobe region with negligible current, the interspacecraft magnetic differences provide impor-
tant information regarding the current associated with the lunar space environment. These two events will
be accordingly studied in terms of these currents and their carriers, after we briefly introduce the ARTEMIS
instruments we use in the next section.

2. Instrumentation

The ARTEMIS mission [Angelopoulos, 2011], an extension of the five-probe Time History of Events and
Macroscale Interactions during Substorms (THEMIS) mission [Angelopoulos, 2008], redeployed two of the
THEMIS probes (P1 and P2) to elliptical equatorial orbits around the Moon. Each ARTEMIS probe carries
identical instrumentation. In this study, data from the following instruments are used: (1) the Fluxgate
Magnetometer (FGM) [Auster et al., 2008], which provides DC magnetic field measurements; (2) the Electric
Field Instrument (EFI) [Bonnell et al., 2008], which measures electric field and the spacecraft potential; and
(3) the electrostatic analyzer (ESA) [McFadden et al., 2008a], the highly sensitive plasma instrument that mea-
sures the three-dimensional ion and electron distribution functions in the energy range from a few eV up
to 25 keV.

ESA does not resolve ion mass, however. In the presence of lunar heavy ions, the usual assumption that
all observed ions are protons becomes invalid. Given an average ion mass of M amu, the assumption
that all ions are protons overestimates the ion velocity by a factor of \/l\_/l (the energy of each ion is cor-
rectly measured), and also underestimates the ion number density by the same factor of W [McFadden
et al., 2008b]. Note that these two factors compensate when the first-order moment of the measured ion
distribution function (which equals the ion bulk velocity multiplied by density) is computed. The compu-
tation of the ion current density from ESA measurements, therefore, does not depend on M. Before the
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Figure 2. A 1 h overview of ARTEMIS P2 and P1 observations on 11 November 2011. (a) ARTEMIS P2 location in SSE
coordinates; (b) magnetic field components at P2 in SSE coordinates; (c) magnetic components in SSE coordinates at P1,
which represent the background lobe field; (d and e) ion energy spectra at P2 in the earthward (upward) and tailward
(downward) directions, respectively; and (f) magnetic field differences between P2 and P1 measurements.

computation, we need only adjust the measured energy of each ion (spacecraft potential @, added) so that
the ion deceleration by positive spacecraft charging is taken into account.

3. The 11 November 2011 Event

Figure 2 provides a 1 h overview of ARTEMIS P2 and P1 observations on 11 November 2011 when the Moon
was located in the Earth’s magnetotail at GSE [-62.5, —7.5, 2.0] R (Rg: Earth radius, or 6371 km). During
this time interval, ARTEMIS P2 was near its periapsis (~300 km above the dayside lunar surface) moving
duskward, and P1 was ~12,000 km dawnward of P2 (see Figures 1a and 2a). The magnetic fields mea-
sured at P2 and P1, shown in Figures 2b and 2c, respectively, were both predominantly in the X (earthward)
direction. The B, dominance, together with the low plasma beta (~0.05 at 1050 UT, not shown), suggests
that both probes were located in the northern lobe region. The quasi-steady magnetic measurements

also indicate the absence of any obvious magnetic structures such as plasmoids or traveling compression
regions [e.g., Slavin et al., 1984, 1999; Li et al., 2013]. The B,-dominated lobe field lines connected P2 with the
underlying lunar surface during the time interval bounded by the two vertical lines in Figure 2 (under the
straight-field-line approximation).

This event has been previously reported [Poppe et al., 2012, 2013; Zhou et al., 2013] in the context of lunar
pickup ions observed at P2 and their mass estimations (~28 amu). Figure 2d shows the ion differential
energy fluxes at P2 in the earthward direction (away from the Moon), in which these heavy ions were found
at energies below 200 eV from 1053 to 1056 UT and more significantly from 1102 to 1117 UT. During both
intervals, P2 was magnetically connected with the underlying dayside lunar surface. Note that the tailward
(downward) ion fluxes shown in Figure 2e remained unchanged at background (lobe) levels. According to
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Figure 3. ARTEMIS P2 observations of (a) field-aligned currents in the earthward direction and (b) integrations of these
currents over Y; (c) omnidirectional electron energy spectra, with the white line representing the spacecraft potential
@,; (d) plasma density, adopted from Zhou et al. [2013]; (e) electron pitch angle spectra at the 97 eV energy chan-
nel, normalized at each time sample by the maximum flux in any direction; and (f) ratio between earthward and
tailward electron fluxes at different energies, with the solid and the dashed white lines representing ®@,. and ® .+
100 eV, respectively.

Poppe et al. [2013], the upward motion of these pickup ions is mainly attributed to the upward photoelectric
field near the lunar surface.

To discuss the magnetic perturbations associated with these observations, as previously suggested, we treat
the magnetic measurements at P1 as the background lobe field and subtract them from their counterparts
at P2. In the absence of any obvious magnetic structures at either probe, the resultant interspacecraft mag-
netic difference 6B (shown in Figure 2f) can be interpreted as the background-subtracted magnetic field at
P2. It should be noted that the resultant 6B values could be biased, especially in the Z direction due to the
magnetic offsets that could reach 0.5-1 nT at both P1 and P2. However, given that the offsets could only drift
~0.1 nT during the interval of interest (U. Auster and F. Plaschke, private communication, 2014), the varia-
tions of the measured 6B are still reliable. As P2 moved duskward over the dayside lunar surface, the 6B,
values gradually increased by ~1 nT (the other two components varied very slightly), which indicates the
presence of an earthward, field-aligned current.

Although it is widely believed that electrons are more typical carriers of field-aligned currents because of
their high mobility, the observed coincidence between the field-aligned current and the upward-moving
ions suggests that these heavy ions of lunar origin could also be carriers of such currents. To understand
the relative contribution of these heavy ions to the dayside field-aligned current system, we compute the
first-order moment of the measured ion distribution function to obtain the ion-carried current density
(which does not depend on ion mass, as discussed in section 3). The resultant ion-carried current density in
the earthward (field-aligned) direction is shown in Figure 3a as the black line.

ZHOU ET AL. ©2014. American Geophysical Union. All Rights Reserved. 4
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To determine the magnetic B, per-
turbations caused by the observed
field-aligned ion current, we next inte-
grate the ion current density J;, over

Y, represented by the black line in
Figure 3b. The resultant profile, including
its enhancement of ~0.9 nT, apparently
agrees with the background-subtracted
magnetic B, measurements (shown in
Figure 2f).

Jx

It should be kept in mind, however, that
! Y the Y integration of J, does not equal
6B, unless the current flows in a planar,
! infinite sheet parallel to the XZ plane
S~— } P (so J, and 6B, only depend on Y, see
\'.\/ Ty Figure 4a). This is very unlikely to be

! ! the case, even if the real configuration

I | of the dayside current system remains
unclear, because one cannot expect the

0Bz

Figure 4. Possible lunar dayside current configurations and their associ- A
ated equatorial current J, and magnetic B, profiles. The shaded region ~ OPserved near-equatorial current to also
depicts the spatial extent of J,, and the gray scale indicates the cur- be present at large Z locations with the
rent density. (a) Planar, infinite current sheet model in which J, and B, same intensity. In other words, the mag-
depend only on Y; (b) centrosymmetric and (c) tilted cylindrical-type
current models with similar equatorial J, profiles but much weaker B,
variations than the sheet model.

netic perturbation associated with the
observed ion current must be less sig-
nificant than its Y integration shown in
Figure 3b due to the expected weaker
current at higher latitudes.

If we assume that lunar ions can stream only along magnetic field lines (neglecting the effects of magne-
totail convection), the resultant ion current would appear only at locations magnetically connected with
the dayside lunar surface (a centrosymmetric, cylindrical-type configuration with the axis approximately in
the X direction), and the amplitude of the magnetic perturbation (see Figure 4b) would be approximately
one third of the magnetic perturbation calculated for a planar, infinite current sheet. In the presence of
magnetotail convection, ions of lunar origin would be picked up by the convective electric field and there-
fore be distributed in a broad wedge on one side of the Moon [see Poppe et al., 2013, Figure 3al. lons with
small pitch angles (that can carry field-aligned currents), however, would still be approximately confined to
a cylinder tilted in the same direction as lobe convection [see Poppe et al., 2013, Figure 3d]. A low-altitude
spacecraft flyby would observe a J, profile similar to that in Figure 4b (only shifted slightly in the direction
of convection, see Figure 4c), and the associated magnetic perturbation would again be approximately one
third of the magnetic perturbation under the infinite current sheet assumption.

In other words, we expect that only part of the upward field-aligned current associated with the observed
magnetic perturbation was carried by the upward moving lunar ions. The other part of the current, with
intensity likely twice as large as the ion current, must be carried by electrons with higher fluxes in the
tailward direction toward the Moon. This electron current could arise from lunar blockage of earthward
electron flux at high energies [Halekas et al., 2011], although high-energy electrons were rare in the lobe.
The other possible current carriers are cold electrons (with density significantly enhanced and temper-
ature reduced to ~20 eV), which accumulate to accompany the lunar heavy ions and satisfy the plasma
quasi-neutrality requirement [Zhou et al., 2013]. To distinguish between these two different sources, we next
integrate the measured distribution function of electrons below and above 100 eV separately, to compute
the densities of current carried by cold and hot electrons, respectively.

Computation of the current density carried by electrons at higher energies (above 100 eV) is straightfor-
ward. Before integrating the measured electron distribution function, we need only subtract the spacecraft
potential @, from the measured energy of each electron to take into account the acceleration from space-
craft charging. Computation of the current density carried by low-energy electrons, on the other hand, is
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more difficult because of contamination from spacecraft-generated photoelectrons. Figure 3¢ shows the
electron energy spectrum, in which the spacecraft-generated photoelectrons can be clearly seen with very
high fluxes at energies lower than the spacecraft potential @, (white line). Ambient electrons, which had
been accelerated by positive spacecraft charging before being recorded, appeared at energies above @,
with enhanced fluxes (still lower than photoelectron fluxes) from 1102 to 1125 UT. The separation of the two
populations is not completely clean [McFadden et al., 2008b], however, because the measurement at energy
channels just above @ could be heavily contaminated by spacecraft-generated photoelectrons. Therefore,
it is important to remove these photoelectrons in the computation of cold electron-carried current density.

The contamination-removal method, successfully applied to obtain the electron density for the same event
[Zhou et al., 2013], is used here for each viewing direction before the current density is computed. Only
those energy channels with lower boundaries at least a half-channel-width higher than @, are preserved,
and the resultant energy gap is filled with extrapolations (logarithmic in phase space density and linear in
energy) from measurements at adjacent higher-energy channels. This method, however, is successful with
particle-burst data (available from 1115 to 1126 UT) but not with other ESA data products (full and reduced
packets, see McFadden et al. [2008a]). The reduced packets provide omnidirectional electron spectra that
enable computation of the electron density (as done in Zhou et al. [2013]) but not velocity; the full packets,
on the other hand, have sufficient angular resolution (with 88 solid angles) but insufficient energy resolution
(with 15 energy channels, rather than 32 as in the burst and the reduced packets) to be used to calculate
current density. The large energy channel widths in the full packets, together with the low temperature

(< 20 eV) of the ambient electrons when the lunar ions were present [Zhou et al., 2013], suggests that the
data counts be very low (or zero in many directions) even at the second lowest preserved energy channels,
which invalidates the logarithmic extrapolation scheme.

Therefore, the density of low-energy electron-carried current can only be accurately computed during the
particle-burst interval; in Figure 3, compare the low-energy electron-carried current density (red line) with
the current carried by electrons at higher energies (green line). The weak current carried by high-energy
electrons, probably caused by scarcity of high-energy electrons in the lobe, suggests that electron lunar
blockage played little role in supplying earthward field-aligned current for this event. On the other hand, the
current carried by low-energy electrons (at least during the particle-burst interval) was stronger than that
carried by high-energy electrons, which suggests that the electron current was mostly carried by electrons
below 100 eV. Also, as expected, the current was in the earthward direction with slightly larger intensities
than the maximum ion current. The Y integration of the low-energy electron current, shown as the red

line in Figure 3b, corresponds to a 0.6 nT B, enhancement within the 10 min particle-burst interval. This
enhancement is comparable to the Y integration of the ion current during the entire lunar-crossing interval.

We next study the anisotropic features of current-carrying low-energy electrons, by examining the pitch
angle distributions of the normalized electron fluxes in the 97 eV energy channel (shown in Figure 3e).
These electrons, after energy correction (subtracting @), were in the 40-90 eV energy range during the
1107-1126 UT interval (when the spacecraft potential was ~30 V, see Figure 3c) and were at lower energies
at other times. Pitch angle distributions show higher electron fluxes at pitch angles near 0° and 180° when
the probe was magnetically connected with the Moon. The dominance of ~ 0° pitch angles among upward
moving electrons could be explained by surface absorption of high pitch angle electrons soon after they
were photoemitted from the lunar surface (i.e., the cyclotron shadowing effect for oblique magnetic config-
urations, see Harada et al. [2013]). On the other hand, the fluxes of downward moving electrons were even
higher most of the time, especially in the 1107-1123 UT interval when the electron density (in Figure 3d)
was relatively high, which agrees with the expectation that the current carried by low-energy electrons was
in the earthward direction.

Figure 3f shows the ratio between electron fluxes in the earthward (pitch angle less than 30°) and tail-
ward (pitch angle greater than 150°) directions at different energies (the higher energy resolution of the
particle-burst data can be clearly seen in the figure). To avoid being misled by photoelectron contamina-
tion, we focus on energy channels above and not adjacent to @, (white solid line). The ratio shows noisy
patterns at energies above @, + 100 eV (white dashed line) because of the very low counts, which agree
with the negligible current carried by warmer electrons. More consistent patterns can be seen at lower
energies (especially within the high plasma density interval from 1107 to 1123 UT) with the ratio typically
between 0.8 and 1. The very different distributions between the major current carriers, cold and weakly
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anisotropic for electrons and by contrast exclusively earthward for heavy ions, largely compensate the big
mass difference between electrons and heavy ions. Therefore, these different anisotropic features justify the
observations that heavy ions can also carry a considerable portion of the field-aligned current despite the
widespread expectation that highly mobile electrons should be the only carriers of field-aligned current in
any space plasma environment.

4, The 29 October 2012 Event

On 29 October 2012 at ~0455 UT, the Moon was in the terrestrial magnetotail at GSE [-62.6, 7.5, 2.6] R¢
when ARTEMIS P1 started to move dawnward (rather than duskward as in the previous event, see Figure 1b)
above the dayside lunar surface. ARTEMIS P1’s position relative to the Moon is also shown in Figure 5a, and
P2 was ~18,000 km away from P1 in the dawnward and earthward direction (see Figure 1b). The magnetic
measurements at P1 and P2, shown in Figures 5b and 5¢, respectively, were again quasi-steady with pre-
dominant earthward B, components suggesting that P1 and P2 were both in the northern lobe (plasma beta
~0.06 at 0455 UT) without observing any significant magnetic structures. During the time interval bounded
by the two vertical lines, P1 was magnetically connected with the Moon.

Figures 5d and 5e show P1 observations of the ion differential energy fluxes in the earthward (upward) and
tailward (downward) directions, respectively. The heavy ions of lunar origin, once again, were found mov-
ing earthward at the energy range of 50-300 eV from 0458 to 0513 UT (within the interval of magnetic
connection between P1 and the Moon). The density of field-aligned current carried by these earthward
moving ions, computed using the same method as used for the previous event, is represented by the black
line in Figure 5g. The earthward current density peaked at ~ 0.5 nA/m?, about the same intensity as in the
previous event.

We also compute the density of the electron-carried field-aligned current. The current carried by elec-
trons at energies above 100 eV (after @, subtraction), represented by the green line in Figure 5g, was also
in the earthward direction with greater intensities than the ion current when P1 was magnetically con-
nected with the Moon. Without considering the current carried by electrons below 100 eV, one may expect
a decreasing magnetic B, associated with the earthward field-aligned current as P1 moved dawnward
above the lunar surface. However, the background-subtracted §B,, shown in Figure 5f, generally increased
(despite some fluctuations) rather than decreased during the lunar-connected interval. In other words, the
net field-aligned current should be downward; the low-energy electrons had to be moving in the upward
direction, with the associated downward current intensities greater than the upward ion and high-energy
electron currents combined.

As in the previous event, the density of the current carried by low-energy electrons below 100 eV could
only be computed during the particle-burst interval, shown in Figure 5g as the red line. Unfortunately, P1
stopped collecting particle-burst data soon after it became magnetically connected with the Moon. Never-
theless, the expected downward current carried by low-energy electrons can still be seen near the end of
the particle-burst interval (at ~ 0455) when P1’s connection with the Moon began.

The electron energy spectrum (Figure 5h), the normalized pitch angle spectrum (Figure 5i), and the
earthward-tailward flux ratio (Figure 5j) were also used to infer the directions of electron motion at various
energies. For electrons above 100 eV (the dashed line in Figure 5j, after @, subtraction), tailward moving
electrons dominated during the entire lunar-connected interval, which agrees with the observed earthward
current and must be caused by lunar blockage of earthward moving electrons. Despite the lunar blockage
effect, at energies below 100 eV, the earthward moving electron fluxes were higher than the tailward fluxes
(also see Figure 5i for normalized electron pitch angle spectrum), which qualitatively agrees with the expec-
tation of downward current carried by low-energy electrons. The ratio became even larger from 0520 to
0534 UT, which corresponds to the interval when 6B, increased more rapidly. These electrons, which moved
upward despite the positive surface potential, were most likely in the high-energy tail of the lunar-emitted
photoelectron distribution.

5. Comparisons With Nonlunar Lobe Events

In the two events studied, interspacecraft magnetic differences 6B, are treated as background-subtracted
B, perturbations. It should be kept in mind that this approach, together with its implications for the
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Figure 5. A 1 h overview of ARTEMIS P1 and P2 observations on 29 October 2012. (a) ARTEMIS P1 location in SSE coor-
dinates; (b and c) magnetic fields in SSE coordinates at P1 and P2, respectively; (d) earthward and (e) tailward ion energy
spectra at P1; (f) differences between magnetic fields at P1 and P2; (g) field-aligned current in the earthward direction;
(h) omnidirectional electron energy spectra; (i) normalized electron pitch angle spectra at the 95 eV channel; and (j) ratio
between earthward and tailward electron fluxes. The solid and the dashed white lines correspond to @, (the spacecraft
potential) and @, + 100 eV, respectively.

lunar-associated field-aligned current, is based on the assumption that the lobe field is quasi-uniform so 6B,
variations do not arise from nonlunar structures and/or fluctuations.

This assumption, which is largely supported by the absence of obvious magnetic structures such as plas-
moids or traveling compression regions in these two events, will be further examined by statistically
studying 6B, variation levels in nonlunar lobe events. To select these events, we used ARTEMIS observations
(2 years, from September 2011 to September 2013) to find all time intervals longer than 1 h when P1 and P2
both stayed in the lobe (plasma beta smaller than 0.1) and were reasonably far from the Moon (| Y5 | greater
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Table 1. List of Nonlunar Lobe Events

Event # Date Interval Midpoint ~ og, at P1 (nT)  op, at P2 (nT) o5, (NT)
1 2011-11-10 23:05:23 0.30 0.26 0.15
2 2011-11-11 06:00:27 0.46 0.49 0.16
3 2011-11-11 08:20:46 0.52 0.51 0.12
4 2012-04-06 21:18:12 0.66 0.61 0.25
5 2012-04-06 23:26:40 043 043 0.11
6 2012-04-07 01:57:17 0.28 0.30 0.09
7 2012-04-07 05:48:47 0.26 0.27 0.05
8 2012-04-07 08:46:24 0.47 0.46 0.08
9 2012-04-08 02:18:03 0.76 0.79 0.14
10 2012-05-05 17:55:00 0.26 0.25 0.05
11 2012-05-05 20:21:05 0.12 0.12 0.07
12 2012-05-06 11:49:37 0.16 0.15 0.08
13 2012-05-06 13:21:36 0.69 0.69 0.08
14 2012-06-03 04:35:38 0.26 0.28 0.09
15 2012-06-04 04:30:21 047 0.44 0.09
16 2012-10-29 08:29:13 043 0.44 0.13
17 2013-02-23 22:25:56 0.40 0.39 0.22
18 2013-02-24 01:41:02 0.23 0.22 0.13
19 2013-02-24 03:05:00 0.24 0.23 0.13
20 2013-02-26 06:10:55 0.74 0.64 0.21
21 2013-02-26 10:17:01 0.70 0.70 0.13
22 2013-08-21 07:39:27 0.92 1.16 033
23 2013-08-21 11:31:43 0.28 0.28 0.15

than 8000 km). To ensure proper comparison, B, fluctuation levels within each interval were required to be
similar to those in the two benchmark lunar flybys: the time derivative of the 60 s running-averaged B, must
not exceed 0.01 nT/s in absolute value at both P1 and P2 (the maximum |dB, /dt| values at P1 and P2 were
0.005 and 0.009 nT/s, respectively, for the 11 November event, and 0.004 and 0.009 nT/s, respectively, for the

29 October event).

Twenty-three events meet these criteria, and the midpoint of each event interval is listed in Table 1. We next
compute the interspacecraft magnetic differences 6B, for all identified nonlunar lobe events. From each
event, we select the centermost 1 h interval to obtain the B, standard deviations o, at P1 and P2 (used to
characterize the lobe field variations), as well as the 6B, standard deviations oz, also listed in Table 1.

The parameters listed in Table 1 are then used to construct Figure 6, in which the abscissa and ordinate
of each plus sign are the o5, (average of P1 and P2 data) and o5, values of each nonlunar lobe event. The

0.5 T T T T T
o Nov 11 event
0.4r b
o o Oct 29 event +
z o3 ° il
N +
3 0.2t * o ]
o) +
w ¥ + + + *
0.1r + ++ * . ]
+ - +
0 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0
Opx (nT)

Figure 6. A scatter plot of 23 nonlunar lobe events listed in Table 1,
each represented by a plus sign, identified by ARTEMIS dual-probe
observations. The abscissa of each plus sign corresponds to the B,
standard deviation (average of P1 and P2 data) within the 1 h inter-
val, and the ordinate is the standard deviation of the interspacecraft
magnetic differences 6B,. Also shown are five circles representing
these parameters obtained from the lunar flyby events listed in Table 2,
which include the two benchmark events on 11 November 2011 and
29 October 2012.

relatively low o5, values suggest that the
magnetic B, observed at P1 and P2 are
generally well correlated, which is consis-
tent with the negligible current expected
in the lobe region. Also as expected,

the interspacecraft correlation could be
less significant for events with stronger
fluctuations (indicated by the greater

opy Values).

We will next show that the o, val-
ues in these nonlunar lobe events
were generally lower than those in the
lunar flyby events. We utilize the same
ARTEMIS 2 year data to find all of the
lunar flyby events with similar config-
urations to the two benchmark events,
having one probe orbiting across the
lunar-connected flux tubes at low alti-
tude and the other at the unperturbed
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Table 2. List of Lunar Flyby Lobe Events

Event # Date Interval Midpoint ~ op, atP1 (nT)  op, at P2 (nT)  o5p, (NT)
12 2011-10-13 11:59:41 0.17 0.19 0.28
2@ 2011-11-11 11:07:07 0.42 0.34 0.45
3 2012-02-07 02:53:52 0.68 0.67 0.19
42 2012-10-29 04:55:21 0.24 0.20 0.32
52 2012-10-30 08:35:48 0.17 0.20 0.29

aEvents with upward-moving lunar heavy ions.

lobe at least 6000 km from the Moon in Y. Similarly, during the 1 h interval centered at the closest
approach of the first probe’s footprint to the lunar center, we require that the absolute value of the 60 s
running-averaged B, time derivative be always smaller than 0.01 nT/s at both probes and that the back-
ground plasma beta be always smaller than 0.1 at the probe unconnected with the lunar flux tubes. Five
events listed in Table 2, including the two already studied (events 2 and 4 in Table 2), satisfy these criteria.
Events 1, 2, 4, and 5 showed clear signatures of heavy ions moving away from the Moon, and they all have
relatively low o, but significantly higher 6,5, values (shown as circles in Figure 6) than nonlunar events.
The only exception, event 3 on 07 February 2012 with no lunar ions observed, has a low o, value of 0.19
comparable with nonlunar events. The distinct separation between these different kinds of events, there-
fore, supports the argument that the 6B, variations are indeed signatures of lunar-associated field-aligned
current in these lunar flybys. Even though the data set is small, the separation also implies an association
between lunar heavy ions and field-aligned currents.

6. Summary and Discussion

We present observations of two events in the terrestrial magnetotail lobe, both characterized by the
presence of heavy ions of lunar origin at the ARTEMIS probe that was magnetically connected with the
sunlit lunar surface. We utilize the ARTEMIS mission’s unprecedented dual-probe observations, by treat-
ing the magnetic measurements at the other ARTEMIS probe as background lobe fields, to obtain the
background-subtracted magnetic perturbations when the first probe moved in the dawn-dusk direction
across flux tubes magnetically connected to the Moon. The perturbations, most significantly in B, are clear
indications of field-aligned current above the lunar dayside surface.

We then examine the carriers of field-aligned current. Despite the widespread expectation that in any space
plasma environment field-aligned current should be carried only by electrons because of their high mobil-
ity, in these two cases, the contribution from ions of lunar origin should not be neglected. Heavy lunar
ions, repelled from the Moon by the near-surface electric field, carry a field-aligned earthward current of
~0.5 nA/m?, a number on the same scale as the current density required (but still insufficient) to produce the
observed magnetic perturbations. Such new charging currents should be considered in the future studies of
lunar surface charging and associated electrostatic potential profiles.

We also find that the current contribution from electrons shows various features at different energies. The
field-aligned current carried by electrons at energies above 100 eV can be negligible (as in the 11 November
event) because of the scarcity of high-energy electrons in the lobe, or can be in the earthward direction

(as in the 29 October event) because of lunar blockage of earthward moving electrons. Electrons at

lower energies, on the other hand, can carry stronger field-aligned current than the ion current and the
high-energy electron current combined. The current direction, however, can be either earthward (as in the
11 November event) or tailward (as in the 29 October event).

The nonzero net current, responsible for the magnetic field perturbations observed by ARTEMIS, suggests
that the lunar surface charging process and the associated plasma environment may not be treated as a
one-dimensional current balance problem as usually assumed [Nitter et al., 1998; Farrell et al., 2013; Stubbs
et al., 2014]. Provided that an equilibrium state can be achieved within few electron plasma periods, the per-
sistent observations of nonzero field-aligned current suggest that the established equilibrium is probably
three-dimensional so field-aligned current closure can still be achieved through the other directions.

The current in the Y or Z directions could arise from the difference between ion and electron motion on
ion gyroradius scales, given that heavy ions of lunar origin could have gyroradii comparable with the lunar
radius (for example, a 150 eV Si* in a field of 10 nT has a gyroradius of 940 km). In the two events ana-
lyzed, the lunar ions also carried a current of ~0.5-1 nA/m? in the duskward direction (not shown), which
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is comparable to or sometimes even greater than the ion-carried J, and should contribute to the magnetic
perturbations in the lunar space environment. Unfortunately, in these two events, probe motion (mostly
along the Y direction) did not allow a J, integration to estimate the associated magnetic perturbations. A
more systematic study is required to evaluate the roles of these local currents in the lunar dayside magnetic
and plasma environment.

It is also probable that ions of lunar origin can affect electron motion in the lunar dayside environment,
given that the electron density can be significantly enhanced to maintain quasi-neutrality in the presence
of these heavy ions [Zhou et al., 2013]. We also expect that these electrons could be accelerated toward
the bulk of the heavy ions in either direction along the field line. This could explain the different directions
of low-energy electron motion in the two events. Better understanding of these dynamic processes in the
lunar dayside environment requires further analysis of the ARTEMIS data as well as theoretical studies and
numerical simulations, with the roles of lunar heavy ions and their accompanying electrons in multispecies
plasma dynamics taken into account.
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