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Abstract We utilize measurements of electron plasma frequency oscillations made by the two-probe
Acceleration, Reconnection, Turbulence, and Electrodynamics of Moon’s Interaction with the Sun mission
to investigate the charged particle density in the lunar environment as the Moon passes through the Earth’s
geomagnetic tail. We find that the Moon possesses a tenuous ionosphere with an average density of
~0.1–0.3 cm�3, present at least 50% of the time in the geomagnetic tail, primarily confined to within a few
thousand kilometers of the dayside of the Moon. The day-night asymmetry and dawn-dusk symmetry of the
observed plasma suggests that photoionization of a neutral exosphere with dawn-dusk symmetry produces
the majority of the lunar-derived plasma. The lunar plasma density commonly exceeds the ambient plasma
density in the tail, allowing the presence of the lunar ionosphere to appreciably perturb the local
plasma environment.

Plain Language Summary Though usually considered an airless body, the Moon actually possesses
a very tenuous atmosphere. Ionization of this atmosphere, primarily by sunlight, creates a lunar ionosphere
roughly one million times more tenuous than that of the Earth. At most times, this ionosphere does not
noticeably affect the surrounding environment. However, when the Moon passes through the near vacuum
of the geomagnetic tail of the Earth each lunar month around full Moon, its presence becomes more
important. In this unique environment, the lunar-derived charged particle density becomes comparable to
the ambient value, and the presence of the lunar ionosphere can appreciably affect its surroundings. We
utilize measurements from lunar orbit to investigate the density, structure, and dynamics of the faint lunar
ionosphere and its interaction with the local environment of the geomagnetic tail.

1. Introduction
The Moon has a tenuous collisionless exosphere composed of neutral particles derived from the solar wind,
micrometeorites, and the lunar subsurface, and liberated from the regolith by charged particle and photon
sputtering, micrometeorite impact, and thermal and chemical release (Cook et al., 2013; Sarantos, Killen,
et al., 2012; Stern, 1999). Some release processes, including solar wind sputtering (Elphic et al., 1991; Wurz
et al., 2007) andmicrometeorite impact (Horányi et al., 2015), can produce charged and neutral particles from
the surface. Meanwhile, photoionization, charge exchange, and electron impact ionization produce ions and
electrons from the exosphere (Huebner & Mukherjee, 2015; Sarantos, Hartle, et al., 2012). The wide range of
neutral and charged particle production and ionization processes, each with different spatial and temporal
characteristics, leads to time-dependent and asymmetric plasma production around the Moon.

For the majority of each lunation, the Moon lies exposed to the comparatively fast dense solar wind plasma.
Here lunar-derived plasma has much lower density than the ambient plasma except in the near-surface
photoelectron sheath (which extends only a few meters above the surface). The electromagnetic fields of
the ambient plasma can therefore efficiently accelerate lunar charged particles and sweep them down-
stream. Despite their low density, spacecraft can easily measure the resulting pickup ions (Halekas et al.,
2015, 2012, 2013; Hilchenbach et al., 1991; Mall et al., 1998; Yokota et al., 2009), thanks to their high energy.
However, their presence has little observable effect on the ambient plasma.

Each lunation, the Moon passes through an environment affected by the presence of the Earth, encountering
shocked solar wind plasma in the magnetosheath, the tenuous and slowly moving plasma of the geomag-
netic tail lobes, and sometimes the variable plasma sheet and plasma sheet boundary layer. Even in the near
vacuumof the tail lobes, withmany release and ionizationmechanisms dramatically reduced, spacecraft have
observed ions of lunar origin (Poppe et al., 2012; Tanaka et al., 2009). In this unique environment, the density
of lunar-derived plasma can become comparable to or exceed the ambient plasma density (Harada et al.,
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2013; Poppe et al., 2012; Zhou et al., 2013). Here the presence of lunar plasma can measurably affect the local
environment, leading to observable perturbations to electron distributions (Harada et al., 2013) and electric
currents (Zhou et al., 2014). Measuring tenuous plasma presents observational difficulties. We now explore
the use of plasma wave data to better constrain the plasma density in the lobes.

2. The Lunar Plasma Environment in the Geomagnetic Tail

The interaction of a localized charged particle source with flowing plasma is a well-studied problem from an
experimental, observational, and theoretical perspective. The form of the resulting interaction depends on
the relative magnitude of the source and ambient plasma densities and pressures, the ratio between the
ambient plasma and magnetic field pressures (the plasma β), and the relative flow speed vamb between
the ambient plasma and the source.

The Moon in the solar wind provides an example of a plasma release in swiftly flowing β ~1 plasma, with
source density much lower than ambient density. In this case, the test particle approximation holds, and lunar
charged particles follow simple analytically describable cycloidal trajectories under the influence of the mag-
netic field and the �vamb × B motional electric field of the flowing plasma (Halekas et al., 2013; Hartle et al.,
2011; Sarantos, Hartle, et al., 2012).

On the other hand, the Moon in the geomagnetic tail provides an example of a plasma release in slowly flow-
ing β ≪ 1 plasma, with source density comparable to or greater than ambient density. In this case, the test
particle approximation does not apply, and conservation of momentum requires the ambient plasma to
change its velocity appreciably as the plasma source adds mass to the flow, in turn leading to inhomogene-
ities and driving electric currents. Several analytical/simulation approaches (Chapman & Dunlop, 1986; Sauer
et al., 1994; Winske, 1985) can describe this mass loading process (Szego et al., 2000).

Figure 1 illustrates the fields and currents predicted around the Moon in the geomagnetic tail, based on
scenarios with comparable parameters such as active experiments by Combined Release and Radiation
Effects Satellite (Reasoner, 1992) and the interaction of the inner moons of giant planets with corotating
plasma (X. Jia, Kivelson, et al., 2010; Kivelson et al., 2004). In this regime, the source plasma, rather than
accommodating immediately to the ambient flow, skids before fully coupling to the ambient plasma (Huba

Figure 1. Schematic illustration of the plasma flows, electromagnetic fields, and electric currents around the Moon in the
geomagnetic tail.
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et al., 1992). This initial decoupling results in part from polarization of the source plasma, which creates an
electric field Epol that opposes the motional electric field Em of the ambient plasma. Mass loading locally
slows the flow near the source, resulting in a bending of the magnetic field embedded in the plasma (ΔB),
driving currents (J) across the source, and producing a J × B magnetic tension force that acts on the source
plasma (Vasylunias, 2016). The resulting structure, known as an Alfvén wing (Drell et al., 1965), extracts
momentum from the ambient plasma along an extended region to accelerate the source plasma. The electric
current across the source plasma closes, typically primarily along the magnetic field, carried by electron flows
(velectron). However, parallel electric fields may further decouple the source plasma and complicate the struc-
ture of the interaction (Delamere et al., 2000).

TheMoon’s interaction with the geomagnetic tail has unique aspects due to the presence of a solid insulating
obstacle, in contrast to active releases that have no macroscopic obstacle or outer planet moons that have
more significant ionospheric and/or subsurface conductivity. Y.-D. Jia, Russell, et al. (2010) simulated plasma
flow onto a mass loading region centered on an absorbing body but for a lower ratio of source to ambient
density. They did not incorporate the effects of charge accumulation on the surface from photoemission
and the resulting outward electric fields Esurf in the near-surface plasma sheath (shown in Figure 1), which
add another source of acceleration at low altitudes and perturb the trajectories of ions around the Moon
(Poppe et al., 2013). These near-surface fields may also affect the closure of mass loading currents and alter
the electromagnetic structure of the interaction. Parallel currents and/or electric fields may lead to the
observed perturbations to electron distributions (Harada et al., 2013).

A continuity equation of the form
∂n
∂t

¼ Q� ∇� n v
*

� �
should govern the dynamics of the plasma around the

Moon, with n, v, and Q representing the local plasma density, flow velocity, and production rate. In equili-
brium, transport away from the Moon should balance plasma production (recombination is negligible at
low densities). Given that plasma can move both along and transverse to the magnetic field, the local density
observed near the Moon likely depends sensitively on the source production rate Q and the transverse
plasma flow (Daily et al., 1977). For low production rates and/or high flow speeds, lateral transport should
rapidly convect plasma away from the Moon, resulting in lower density near the Moon. On the other hand,
for high production rates and/or low flow speeds, diffusion along the magnetic field (possibly aided by accel-
eration in the near-surface sheath) may dominate, leading to denser plasma extending sunward along mag-
netic field lines from the surface. Modern simulations constrained by observations could potentially
differentiate between these scenarios.

3. Lunar Ionosphere Observations

To investigate the lunar environment in the geomagnetic tail, we utilize data from the two-probe
Acceleration, Reconnection, Turbulence, and Electrodynamics of Moon’s Interaction with the Sun
(ARTEMIS) mission (Angelopoulos, 2010), focusing primarily on measurements from the electrostatic analyzer
(ESA; McFadden et al., 2008) and Electric Field Instrument (EFI; Bonnell et al., 2008). The ARTEMIS probes
occupy elliptical near-equatorial orbits around the Moon, providing two-point observations from a variety
of distances and local times, over a long time range extending from late 2011 to the present.

In Figure 2, we show sample observations from the two probes in the geomagnetic tail, during a time period
with both tail lobe and plasma sheet/plasma sheet boundary layer encounters (with the latter identifiable by
the higher charged particle fluxes). The two probes observe the same structures except when their orbits
approach the lunar dayside, where the ESAs observe tenuous additional ion populations and a reduction
in energetic electron flux due to absorption of incident electrons by the solid obstacle.

Lunar plasma creates a detectable signature in the density moments computed from both electron and ion
distributions, though more clearly so for electrons. The smaller increase in the ion density moment in part
reflects the limitations of the moment computation, which assumes all ions are protons, not accounting for
the presence of heavy lunar ions (Zhou et al., 2013). In addition, the spacecraft has a large positive electro-
static potential in the tail, which prevents the measurement of low-energy ions and leads to further underes-
timation of the density. The ion density moments also have an effective floor from background counts caused
by energetic cosmic rays and natural radioactivity in the microchannel plate detectors, comparable to real
counts in low-density regimes. The electron density moments, on the other hand, though they more clearly
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reveal the presence of lunar plasma, become noisy at low densities. This noise arises from the need to subtract a
high-flux population of spacecraft-generated photoelectrons at lower energies, a separation that the limited
ESA energy resolution makes difficult to perform precisely. Therefore, neither ion nor electron moments
provide an ideal means to survey the plasma density in a tenuous environment such as the tail lobes.

The alternating current electric field measurements made by the EFI provide an alternative means of inves-
tigating the plasma near the Moon. As seen in Figure 2, sporadic narrowband features at 1–10 kHz exist in
the electric field spectra observed by the EFI. These represent plasma oscillations at the electron plasma fre-
quency fp = ωpe/(2π), which we can convert to an estimate of the local plasma density using the relation
n = meε0ωpe

2/e2 (note that the difference between the upper hybrid and plasma frequencies is at most a
few percent for the parameter regime in question, so we need not distinguish the two). The EFI frequency
range (0- to 8-kHz Nyquist) enables measurement of charge densities up to ~0.8 cm�3, adequate to cover

Figure 2. Acceleration, Reconnection, Turbulence, and Electrodynamics of Moon’s Interaction with the Sun probe 1 and 2
(P1/P2) measurements in the geomagnetic tail of ion and electron energy spectra (eV/[eV·cm2·s·sr]), electric field power
spectra (Fast Fourier Transforms), and plasma density estimated from ion and electronmoment computations and electron
plasma frequency oscillations. Red and orange diamonds show plasma frequency values from the fitting and selection
process described in the text. Labels indicate probe positions in selenocentric solar ecliptic coordinates and universal time.
Orange vertical lines bracket times when probe orbits pass above the dayside surface.
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the range typically observed in the tail. The EFI measurements agree with the ESA electron moments for
moderate densities but providemuchmore accurate measurements of plasma densities below ~0.2–0.3 cm�3.

We identify the plasma frequency line by fitting each observed electric field power spectrum (for frequencies
greater than 500 Hz, avoiding lower-frequency noise due to probe-shadowing and other sources) to a five-
parameter model consisting of a constant plus a linear term plus a Gaussian function. We discard as unreli-
able fits for which the inferred plasma frequency lies below 1 kHz, the standard deviation of the Gaussian
exceeds 15% of the center value, the amplitude of the Gaussian lies below 10�13 (V/m)2/Hz, or the standard
error of the fit exceeds 30% of the amplitude. Figure 2 includes sample results from this fitting and selection
process. We commonly identify the plasma frequency near the Moon but typically only observe it for sporadic
intervals at larger distances. This reflects the fact that some type of nonequilibrium electron distribution must
generate plasma line oscillations. When ambient and/or lunar plasma is present, the presence of loss cones
and/or beams on magnetic field lines that intersect the lunar surface reliably generates plasma oscillations.

Figure 3. Acceleration, Reconnection, Turbulence, and Electrodynamics of Moon’s Interaction with the Sun observations
around the Moon in the geomagnetic tail, including the plasma line observation frequency at two spatial scales, the
average electron plasma frequency fp retrieved from Electric Field Instrument measurements, the average plasma density
determined from fp, and the average ion and electron density moments computed from electrostatic analyzer measure-
ments. Orange and green lines outline the dayside Ionosphere and the Control regions used in the subsequent analysis.
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We repeat the analysis described above for all EFI measurements from both ARTEMIS probes made from 29
October 2011 to 25 April 2018. We also compute ESA density and velocity moments for the same time period.
In order to focus only on low-density environments where EFI can measure the plasma frequency, we restrict
our study to lunar phase angles from 160 to 200° (180° = full Moon) and times where the ion density moment
from the probe farther from the Moon does not exceed 0.5 cm�3. We show the results of this analysis in
Figure 3. As expected given the prevailing magnetic field geometry in the tail, the highest probability of
detecting plasma oscillations occurs in a region extending sunward and antisunward from the Moon, with
rates of detection up to ~50% within a few lunar radii above both the day and night sides. Outside of this
region, rates of plasma line detection rarely exceed a few percent.

Within the region of frequent detection, the average plasma frequency and the density derived from it have
clear systematic variations. We find much higher plasma densities above the dayside, with the largest densi-
ties at the lowest altitudes, consistent with plasma production by photoionization of an exospheric source.
Given the less than 100% detection rate, we can obtain only an incomplete and potentially biased view of
the lunar plasma. However, we find that the highest plasma densities occur not in the region with the highest
detection rate but at lower altitudes, consistent with the spatial structure expected for an exospheric source.
Furthermore, despite roughly equal rates of detection, we find a very clear day-night asymmetry in the value
of the plasma density, as expected given the dominant role of photoionization in plasma production in the
low-density geomagnetic tail.

To check the results from EFI, we also show the average density from ion and electron moments in Figure 3.
Consistent with the observations of Figure 2, we find a clear signature of lunar plasma in the electron
moments, with an average density and spatial structure in close agreement with that derived from the
plasma frequency; however, the high level of noise in the electron moments in low-density environments
obscures the lunar signal. Furthermore, we observe artifacts in and near the shadow region, which result from
changes in the spacecraft potential that occur as the EFI changes its biasing scheme before/after shadow per-
iods (note that the probe bias does not affect the alternating current electric field measurements we use to
identify the plasma frequency). Meanwhile, the ion moments reveal only a faint signal of lunar plasma, sug-
gesting that most lunar ions lie at energies below the effective detection threshold in the tail. Despite these
confounding effects, the ion and electron density moments are not obviously inconsistent with the observed
plasma frequency.

We find no obvious evidence of a dense dust-related ionosphere (Imamura et al., 2012) at low altitudes. The
observed plasma density appears symmetric between dusk and dawn, which seemingly disfavors a major
contribution frommicrometeoritic or thermal sources, since bothmechanisms should produce higher neutral
densities at dawn (Szalay & Horányi, 2015). This is surprising, given the major role for micrometeoritic impact
indicated by the Lunar Atmosphere and Dust Environment Explorer mission (Colaprete et al., 2015). Instead,
the ARTEMIS observations appear more consistent with photoionization of a symmetric neutral exosphere
such as that produced by photon sputtering (photon-stimulated desorption; McGrath et al., 1986). On the
other hand, the effects of transport may obscure asymmetries in production rate.

4. Lunar Ionosphere Variability

We next investigate the variability of the lunar plasma density in the geomagnetic tail. This variability should
reflect not only the spatial and temporal variability of the exosphere itself (which may depend on microme-
teoritic flux [Colaprete et al., 2015], plasma properties [Sarantos et al., 2008; Wilson et al., 2006], and solar
photon flux) but also variability in plasma production (primarily dependent on solar ionizing photon flux)
and/or plasma transport, as discussed above in section 2. It may also reflect the variability of conditions that
favor the observation of plasma oscillations. In Figure 4, we compare the relative probability distributions of
retrieved densities derived from the plasma frequency measured in the Ionosphere region to those from the
Control region, for the same data shown in Figure 3.

During time periods with ambient plasma densities in the bottom quartile of our sample (namb < 0.06 cm�3),
we find a much higher probability of observing total plasma densities greater than ~0.05 cm�3 near the
Moon than in our control region, reflecting the dominance of lunar plasma at these times. On the other hand,
during time periods with ambient densities in the top quartile (namb > 0.17 cm�3), the probability of
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observing a given density near the Moon does not differ as greatly from that in the control region, since the
ambient density comprises a greater fraction of the total. The average total density observed near the Moon
increases by ~55% from times in the bottom quartile to times in the top quartile, providing a first-order
estimate of the contribution of the ambient plasma to the total density. Note that the total density
estimated from the plasma frequency does not necessarily exceed the ambient density derived from ion
moments, because of the background contribution to the ion moments.

The probability of detecting the plasma frequency near the Moon increases significantly for large ambient
densities, with a ~95% higher chance of observing the plasma line for times in the top quartile. This indicates
that higher ambient density (and thus higher total density) leads to more favorable conditions for generating

Figure 4. Probability distributions of total plasma densities retrieved from plasma frequency detections by the two
Acceleration, Reconnection, Turbulence, and Electrodynamics of Moon’s Interaction with the Sun probes in the geomag-
netic tail in the Ionosphere and Control regions defined in Figure 3, for different ranges of ambient plasma density and
flow speed (estimated from electrostatic analyzer ion moments), local times, and solar andmagnetospheric activity indices.
We normalize the distributions so that the two histograms for the ionosphere sample and the two histograms for the
control sample independently sum to unity in each panel.
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observable plasma frequency oscillations near the Moon, possibly suggesting a minimum total density
threshold for detecting lunar plasma. If correct, times with no detections may indicate a lack of appreciable
ambient or lunar plasma density near the Moon.

The probability of detecting the plasma frequency near the Moon also increases for lower ambient plasma
flow speeds, with a ~37% higher chance of observing the plasma line at times with flow speeds in the bottom
quartile, and a ~30% higher average total density for those detections. While we do not consider the flow
speed derived from ion moments completely reliable, given the background and energy threshold issues,
to first order this supports our conjecture that during periods with high flow speeds we should observe lower
(or no) lunar plasma density, since faster convection efficiently transports lunar plasma away from the Moon.

Higher Lyman α flux decreases the probability of detecting the plasma frequency near the Moon by ~23% but
increases the average total density for those detections by ~40%. To the extent that Lyman α provides a
useful proxy for other solar ultraviolet wavelengths, the increase in total inferred density could reflect an
increase in plasma production by photoionization, but the decrease in detection frequency has no
obvious explanation.

We find no statistically significant difference in the probability of detecting the plasma frequency near the
Moon or in the density retrieved from those detections, between the dawn and dusk hemispheres of the
Moon. This confirms the result from the spatial mapping shown in Figure 3 and disfavors a major contribution
from asymmetric plasma production mechanisms.

Lower magnetospheric activity (smaller Kp and more positive Dst) dramatically increases the probability of
detecting the plasma frequency near the Moon, with a ~120% higher chance of observing the plasma line
during the bottom quartile of magnetospheric activity and a ~20% higher average total density for those
detections. This result also may support our conjecture regarding the role of transport in regulating the local
plasma density near the Moon.

It remains unclear to what degree the variations in plasma density that we observe near the Moon reflect
variations in exospheric neutral density. Previous studies have suggested that the neutral density for some
exospheric species may increase in the plasma sheet (Sarantos et al., 2008; Wilson et al., 2006). Our results
suggest that the higher ambient density in the plasma sheet would not significantly increase the lunar
plasma density, and the higher flow speeds in and near the plasma sheet might even decrease the lunar
plasma density. However, given the significant role of transport in regulating the local plasma density, we
cannot necessarily infer similar systematics for the neutral density.

5. Conclusions

The lunar environment in the geomagnetic tail provides an intriguing area of study, with broad relevance to
surface-bounded exospheres throughout our solar system and beyond, and to our understanding of the fun-
damental physics of plasma releases in tenuous environments. The presence of lunar-derived plasma in the
geomagnetic tail may also have relevance for the coupling between the Moon and the Earth. Charged parti-
cles can travel from the Moon to the near-Earth environment (Halekas et al., 2011) and may thus affect the
environment not only near the Moon but also where magnetic field lines connect the Moon to the Earth’s
ionosphere. Conversely, plasma observed near the Moon may include not only lunar-derived material but
also material derived from the terrestrial ionosphere (Poppe et al., 2016).

Although many aspects of the unique lunar environment in the geomagnetic tail remain challenging to
measure and interpret, the ARTEMIS EFI plasma frequency oscillation measurements discussed in this paper
provide new constraints on the lunar exosphere and its interaction with the tenuous plasma in the geomag-
netic tail. These measurements demonstrate that 50% or more of the time, a tenuous collisionless ionosphere
populated by lunar-derived plasma exists above the dayside of the Moon as it passes through the geomag-
netic tail. The density, spatial distribution, and variability of this plasma all provide valuable constraints on the
sources, sinks, composition, and structure of the lunar exosphere, and upon the nature of the interaction
between lunar-derived plasma and the geomagnetic environment. Developing a detailed understanding
of the physics of this unique scenario will require a more thorough theoretical treatment and likely detailed
multidimensional plasma simulations. This observational investigation provides a starting point for these
future studies.
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