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Abstract The lunar plasma wake refills from all directions, with processes operating both parallel and
perpendicular to the magnetic field. The resulting wake structure depends sensitively on the properties of
the flowing plasma, including the form of the ion and electron velocity distributions. In this manuscript,
we discuss theoretical approximations for the refilling of the lunar wake along the magnetic field. While an
often-used treatment for the parallel refilling assumes cold ions, one can derive solutions for arbitrary ion
velocity distributions. Similarly, though the most tractable theory utilizes Maxwellian electrons, one can
derive solutions for other types of distributions. We discuss the theoretical framework for various one-dimensional
solutions, spanning the full range from cold-ion theories to gas-dynamic solutions, and utilizing both Maxwellian
and kappa electron distributions. We compare these solutions to ARTEMIS observations of the lunar wake,
for time periods with appropriate plasma parameters. We also present cases that reveal the inherent limitations
of one-dimensional approximations, including those related to electron anisotropies and those related to
perpendicular processes associated with both fluid flow and ion gyro-motion.

1. Introduction

The lunar wake provides a natural example of the expansion of plasma into a vacuum. As plasma flows past the
Moon, it encounters a sharp boundary between the undisturbed plasma and the trailing void established by
plasma absorption and/or neutralization at the dayside surface. Because of the pressure gradient across this
discontinuity, plasma expands into the vacuum as it flows downstream. Many spacecraft have observed the
refilling of the lunar wake, including the Explorer 35 and the Apollo sub-satellites (as reviewed by Ness [1972]
and Schubert and Lichtenstein [1974]), the Wind spacecraft [Ogilvie et al., 1996], and the low-altitude polar
orbiting spacecraft Lunar Prospector [Halekas et al., 2005, 2011a, 2011b], Kaguya [Nishino et al., 2009a, 2009b,
2010], and Chandrayaan [Futaana et al., 2010]. Most recently, the two ARTEMIS probes [Angelopoulos, 2011]
have made over a thousand orbits through the lunar wake at a wide range of downstream distances, providing
a new perspective on the lunar wake [Halekas et al., 2011c, 2014; Zhang et al., 2012, 2014].

Modelers have applied numerous simulation techniques to plasma wakes, including Vlasov simulations
[Umeda et al., 2011], 1-d and 2-d particle-in-cell (PIC) simulations [Farrell et al., 1998; Birch and Chapman, 2002;
Kimura and Nakagawa, 2008; Nakagawa and Kimura, 2011; Nakagawa, 2013], and 2-d and 3-d hybrid
simulations [Kallio, 2005; Trávnicek et al., 2005; Wang et al., 2011; Wiehle et al., 2011; Holmstrom et al., 2012]
(see Halekas et al. [2014] for a more comprehensive review). Each of these models contains a tremendous
amount of physics (so much that one must do “data analysis” to understand the results of the simulation), but
each also employs approximations. Each also expends considerable computer resources, and only recently
has anyone published time-dependent wake simulations [Wiehle et al., 2011].

Therefore, we find it useful to consider simple theoretical approximations to the wake refilling, since these
provide additional physical insight. Also, we can easily and rapidly update them to reflect the constantly
changing plasma density and flow direction, magnetic field strength and orientation, etc. encountered by the
Moon. Previously, investigators have fruitfully compared 1-d plasma expansion theories appropriate for cold ion
distributions to Wind [Ogilvie et al., 1996], Lunar Prospector [Halekas et al., 2005, 2011a], Chandrayaan [Futaana
et al., 2010; Hutchinson, 2013], and ARTEMIS [Halekas et al., 2011c] observations. In this paper, we consider a
variety of 1-d approximations for the plasma expansion along the magnetic field line into the wake, each
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appropriate for a different combination of electron and ion velocity distributions, and compare them to
observations from ARTEMIS.

2. One-Dimensional Approximations for Plasma Refilling a Vacuum

Gurevich et al. first explored the basic theory for plasma refilling a vacuum, using the approximation of quasi-
neutrality [Gurevich et al., 1969; Gurevich and Pitaevsky, 1975]. In this work, we follow their conventions in
normalizing variables and setting up the equations, by defining the normalized variables:

u ¼ v
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M=2Te

p
; τ ¼ s=t

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M=2Te

p
; ψ ¼ eφ=Te; β ¼ Te

T i
: (1)

In these normalized self-similar variables (with M the ion mass, Ti the ion temperature, Te the electron
temperature, e the electron charge, φ the electrostatic potential, v the ion velocity, s the distance from the
original plasma-vacuum discontinuity, and t the expansion time), using a normalized ion distribution function
g, the ion continuity and momentum equations can be combined to give:

u� τð Þ ∂g
∂τ

� 1
2
∂g
∂u

∂ψ
∂τ

¼ 0: (2)

We can then write the equation of the characteristics:

du
dτ

¼ 1
2
F τð Þ
u� τ

: (3)

We require an expression for the normalized electric force F to solve this equation. In the case of a
Maxwellian electron distribution the following expression, equivalent to the Boltzmann equation, holds
(assuming quasi-neutrality):

F τð Þ ¼ � dψ
dτ

¼ � 1
n
dn
dτ

: (4)

We can solve equations (3) and (4) by integrating along the characteristics, using a normalizedMaxwellian ion

distribution function (written as g ¼ e�βu2 in our normalized variables) as the boundary condition in the
undisturbed plasma outside of the rarefaction region.

For themore general case of a kappa electron distribution, we can proceed analogously, with a slightly different
electric force term (we can derive this, and similar force expressions for arbitrary electron distributions, by
solving for the partial density as a function of electrostatic potential, and taking the derivative):

F τð Þ ¼ � 2κ � 3
2κ � 1

� �
dn
dτ

n
1þ2κ
1�2κð Þ: (5)

Gurevich and Pitaevsky [1975] found the analytic solution of the expansion equations for the case with
Maxwellian electrons and cold ions (β=∞):

n ¼ e�
ffiffi
2

p
τ�1; u ¼ τ þ 1

2
τ > � 1ffiffiffi

2
p

� �
: (6)

This solution, with an exponential reduction in density and a linearly increasing acceleration of the ions into
the void, has been re-derived and utilized by numerous authors [e.g., Samir et al., 1983; Ogilvie et al., 1996].
Halekas et al. [2005, 2011a] also derived a similar set of equations for cold ions and kappa electron
distributions, which we will not repeat here.

Meanwhile, in the opposite extreme, the zero-electric field, gas-dynamic approximation (β= 0), we can
write the solution as (normalizing τ by the ion temperature rather than the electron temperature, to
avoid division by zero):

n ¼ 0:5 1� Erf τIð Þð Þ: (7)

Gurevich and Pitaevsky [1975] also presented numerical solutions of the general result for Maxwellian ions and
electrons, each with a finite temperature. For this paper, we have similarly calculated numerical solutions
for this warm ion case and have also computed the full warm ion solutions for kappa function electron
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distributions (ions remainMaxwellian). Purely analytic solutions have been calculated for the finite temperature
Maxwellian ion case, assuming a constant polytropic index of 1 (isothermal expansion) for both ions and
electrons [Nakagawa, 2013]. The work of Gurevich and Pitaevsky [1975] shows that the polytropic index for ions
will in fact vary during the expansion and should asymptote to 2. Meanwhile, Maxwellian electrons have a
polytropic index of 1, and kappa electrons have a polytropic index of (2κ� 3) / (2κ� 1).

We show a few of the resulting family of solutions for density as a function of τ in Figure 1. We note that the
finite ion temperature solutions asymptote to the cold-ion solutions at large values of τ but have a more
rounded density profile near the edge of the wake (due to the spread in ion velocities), slightly more efficient
filling of the region near the edge of the wake, and a broader rarefaction outside the cavity. Lower values of β
(comparatively warmer ions) result in more significant deviations from the cold-ion solutions. Kappa function
electron solutions show only minor differences at the outer edge of the wake but predict significantly higher
density in the innermost region of the wake. The gas-dynamic solution, on the other hand, has the greatest
density in the outer wake, but the lowest density in the innermost region of the wake.

In Figure 2, we show the ion and electron velocity distributions corresponding to five of the seven solutions
shown in Figure 1 (all but the β=2 and β= 0.5 curves). As expected, the velocity distributions for the β= 1
case lie intermediate between the β=0 (gas-dynamic) and β=∞ (cold-ion) cases. For the gas-dynamic
case, we can interpret the spectra in terms of a simple velocity cutoff. Given the lack of an electric field force
or other source of acceleration, only ions with u> τ can reach a given point in the wake. For the intermediate
cases, we still see the effects of this ion velocity filtration but coupled with the acceleration from the
electric field. This has the effect of bunching the ions, so that at high values of τ, the distribution asymptotes
to the cold-ion solution, as we saw in the density in Figure 1. This parallel cooling of the ion distribution
agrees with that predicted by double adiabatic theory [Clack et al., 2004].

We note that while the effective temperature of the electron distribution for the Maxwellian cases remains
constant, in the kappa electron case it increases as a function of τ, as a result of electron velocity filtration
(this effect is not easily seen without an explicit moment computation). Halekas et al. [2005] previously showed
that this behavior more closely matched the electron temperature observed in the wake by Lunar Prospector.

All of the approximations presented in Figures 1–2 assume quasi-neutrality. Several studies have discussed
the effects of non-neutrality [Crow et al., 1975; Denavit, 1979; Singh and Schunk, 1982; Manfredi et al., 1993;

Figure 1. A comparison of seven different 1-d approximations for the density of plasma refilling a vacuum, on a logarithmic
scale in the top panels, and a linear scale in the bottom panels. The left panels use τ= s/t (M/2Te)

1/2 as the abscissa, and the
right panels use τI = s/t (M/2Ti)

1/2, with s the distance from the initial plasma-vacuum boundary and t the expansion time.
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Sack and Schamel, 1987]. Non-neutrality primarily affects the leading edge of the expansion front (high values
of τ ), and it remains debatable how much this affects the global structure of the lunar wake, though some
work has suggested its importance in the central wake [Farrell et al., 1998; Nakagawa, 2013].

We also do not take into account the shape of the Moon, though some observations [Futaana et al., 2010] and
theory [Hutchinson, 2013] suggest the importance of this factor in some cases. The theory presented here
essentially treats the Moon as an occulting disk (a better approximation for higher Mach number flows).

Finally, this theory only describes the free expansion of plasma into the wake along the magnetic field lines.
We do not include any effects of gyro-motion, or any perpendicular motion of the plasma or magnetic field
lines. As shown in numerous simulations [e.g. Holmstrom et al., 2012;Wang et al., 2011;Wiehle et al., 2011] and
confirmed by observations [Halekas et al., 2014], the wake also refills in the direction perpendicular to the
magnetic field, in a more fluid fashion, resulting in compression of the field in the central wake. Zhang et al.
[2014] have shown that the magnitude of this magnetic field compression depends on plasma beta, as
expected given basic considerations of pressure balance. In extreme cases, compression factors of over a

Figure 2. A comparison of velocity distribution functions for five of the theories of Figure 1. The left column shows normalized
ion distributions in a logarithmic color scale, and the right shows similarly normalized electron distributions. The top four rows
use τ= s/t (M/2Te)

1/2 as the x axis, and the bottom row uses τI = s/t (M/2Ti)
1/2. Ion velocities use a corresponding normalization,

while we express electron velocities in units of the electron thermal velocity (me/2Te)
1/2.
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factor of 2 can result for very high beta plasmas [Poppe et al., 2014]. Any significant perpendicular
compression effects reduce the fidelity of the approximations we use in this work, by changing the magnetic
field geometry that the parallel infilling takes place in, and compressing the refilling plasma in the
perpendicular direction. We will discuss such a case in section 4.2.

3. Comparing One-Dimensional Approximations to ARTEMIS Observations
3.1. Computing One-Dimensional Approximations

In order to compare the 1-d theories discussed above to ARTEMIS observations, we must calculate the
relevant wake coordinates and initial conditions, compute the solutions, and then convert the solutions to
the appropriate reference frame. To accomplish these tasks, we utilize plasma moments computed onboard
from the ARTEMIS ESA instruments [McFadden et al., 2008], using measurements from the upstream probe to
define the initial plasma flow velocity and the electron temperature in the undisturbed medium. At each
time, taking themagnetic field vectors measured by the FGM instruments [Auster et al., 2008], we find the two
points where a straight line extrapolation of the field line passing through the wake probe intersects a point
on a cylindrical surface tangent to the lunar limb and parallel to the flow velocity vector (in other words, the
projection of the initial plasma-vacuum discontinuity along the flow). These two points, together with the
flow speed, allow us to determine the expansion times t from the initial plasma-vacuum discontinuity at each
side of the wake. The distance along the field line from these points, meanwhile, defines the expansion
distances s from each side of the wake. Combining these terms, and using the upstream electron
temperature, we compute the wake coordinates τ associated with refilling from the two flanks. We evolve
these coordinates as a function of time, taking into account the varying flow velocity and magnetic field
geometry, and the motion of the ARTEMIS probe, and compute the solutions.

The one-dimensional solutions allow us to determine plasma density, ion flow velocity, and electron
temperature, as a function of time. We assume that the refilling populations do not interact in any way
(a better approximation for shorter expansion times, and progressively worse farther downstream as the
refilling ion beams begin to interpenetrate) and superpose the two solutions associated with refill from the
two sides of the wake. We also convert the results (valid in the plasma frame) to the Moon frame, by
performing a vector addition with the unperturbed upstream flow velocity. We do not take into account the
small (few 10’s of km/s) reduction in flow velocity in the wake associated with the pressure gradient parallel to
the flow [Zhang et al., 2014].

3.2. Preparing ARTEMIS Data for Comparisons

In order to compare with the solutions derived above, we must make several corrections to the raw
measurements. First, we correct vector quantities for spin-phase drift resulting from the loss of the sun pulse
in shadow and thermally driven changes in the spacecraft spin, using the methods described by Georgescu
et al. [2011]. Next, we remove background counts from the ion distributions. Backgrounds due to cosmic rays
and natural radioactivity in the ESA microchannel plate detectors do not typically affect plasma moments in
the solar wind significantly, but in the wake, where background rates reach levels comparable to or even
exceeding real ion counts, careful background subtraction becomes crucial for determining plasmamoments
(see Halekas et al. [2014] for more discussion). After subtracting background, we utilize the quasi-neutral
assumption in order to compute the spacecraft potential (by deriving the shift in the distribution required for
the electron density moment to agree with the ion density). This potential does not affect the supersonic ions
to any great degree but has significant effects on the thermal electron distributions. Once we arrive at an
estimate of the spacecraft potential, we can then correct the electron distributions and thus all electron
moments using this parameter.

Some discussion on the subtleties of working with ARTEMIS ESA data in the solar wind and wake seems
in order. For the ARTEMIS probes, the ESA instruments generally operate in magnetospheric mode
[McFadden et al., 2008], which has 32 energy sweeps per spin, each with 32 energy bins logarithmically
spaced from ~5 eV to ~25 keV. The data processing unit uses the 32 × 32 distribution to compute
moments onboard and then re-bins it into smaller arrays to reduce data volume before transmission. In
the spin plane, given the 11.25 degree spacing of the energy sweeps, and the ~6 degree full width at
half maximum (FWHM) intrinsic resolution, the measurements unevenly sample the distribution as a
function of the spin-plane angle. Therefore, for very cold ion populations, some overestimation or
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underestimation (depending on the velocity angle relative to clocking of the spin-plane angle bins) of
the ion density can occur. For typical solar wind temperatures and normally low levels of variability in
the velocity angle in the undisturbed solar wind, we can generally use the ARTEMIS measurements
with few corrections. However, in the wake, the spin-plane bins drift with time (as a result of the loss of
the sun pulse), which can produce spurious oscillations as the measurement successively under- and
oversamples the peak of the distribution. Parallel cooling of the ion distribution during the wake
refilling process exacerbates this issue. These issues can affect the ion velocity and density computations.
Since we use ion density to find the spacecraft potential and correct electron distributions, this can
also propagate to those values.

Though not a figure of merit for most comparisons, the ion temperature proves a useful quantity for
diagnostic purposes. Unfortunately, given the limited energy and angle resolution of the instruments
in magnetospheric mode, ESA measurements usually cannot fully resolve cold ion distributions,
particularly in a high Mach number flow. Therefore, in the solar wind, we generally must use a fitting
routine to estimate the true ion temperature. To accomplish this, we fit to a convolution of the ESA
intrinsic resolution with a sum of two convecting Maxwellian distributions, representing the protons
and alpha particles, in order to estimate both alpha abundance and proton temperature. In the
magnetosheath, given higher ion temperatures (lower Mach numbers), we need not employ this
fitting procedure.

Figure 3. The top three panels show the ARTEMIS P2 trajectory in a wake coordinate system (with the flow antipar-
allel to the x axis and the magnetic field in the x-z plane), showing magnetic field magnitude and ion density (cm�3)
normalized to upstream values for a cross section of the wake and density in cylindrical coordinates. The time series
panels show the magnetic field magnitude and components for upstream and downstream probes (B1 refers to the
magnetic field from P1, and B2 the field from P2, etc.), ion density and electron temperature (eV) measured by the
downstream probe P2, compared to a 1-d cold-ion approximation for electrons with a kappa distribution (κ= 4.5),
and the perpendicular pressure (Pa) components measured by the wake probe associated with the magnetic field,
the ion and electron thermal motion, and the total. We determine the ion temperature using a two-component fit to
the convecting protons and alpha particles.
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3.3. Comparisons to Cold-Ion Refilling Theory

For the conditions most commonly encountered by ARTEMIS in the solar wind, the cold-ion (β=∞) refilling
approximations described in section 2 often match the observations rather well. Figure 3 shows an example
comparison. For this case, the electron pressure exceeds the ion pressure, and the perpendicular pressure
associated with the magnetic field exceeds both ion and electron pressure (total plasma beta on the order of
unity). As a result, parallel processes dominate the wake refilling, ion thermal velocity effects prove relatively
unimportant, and cold-ion theory does a good job of matching observations. The trajectory of the ARTEMIS probe
through the central wake close to the plane of the magnetic field also helps to minimize the effect of any
perpendicular compression.

Given these favorable conditions, the plasma density and electron temperature calculated from the cold-ion
theory described in section 2match the observations extremely well (taking into account a finite ion temperature
does not improve the agreement). The increase in electron temperature in the wake requires the use of kappa
electron distributions to reproduce (Maxwellian electron distributions would result in a constant temperature
in the wake). We note a low level of spurious oscillations in the measured plasma density, resulting from the spin-
phasedrift effects andangular under-samplingdescribed in section3.2, on theexit sideof thewake. The large-scale
magnetic field oscillations seen outside thewake on the exit sidemay result from the presence of crustal magnetic
fields upstream and/or ions reflected from those crustal fields; however, these interesting effects lie beyond the
scope of this paper and do not in this case appear to affect the refilling of the wake.

In addition to plasmamoments, we can compare ion and electron energy spectra, as shown in Figure 4. For this
comparison, we employ several approximations. For ions, we take a constant ion temperature of 10 eV (strictly
speaking, the theory used for this comparison assumes zero ion temperature, but the real ion distribution has a
temperature on this order). We also add a second component to the ion distribution, corresponding to a 3%
abundance of alpha particles, in accord with the results of a two-component fit to the ion distribution
(as described in section 3.2). For electrons, we correct the measured spectra for spacecraft potential (also
described in section 3.2) and compute model spectra assuming pure kappa function distributions. We find a
rather good match for both electron and ion spectra, including good agreement with observed changes in the
ion velocity associated with variations in the magnetic field as the probe traverses the wake. The one-
dimensional solutions slightly overestimate the abundance of refilling plasma in the central wake, possibly
because we have not taken into account any interaction of the two refilling populations, which would tend to
reduce the electric field and slow the refilling. We also note that the ESA observations in the central wake have
very low counting statistics, making it difficult to observationally resolve such a tenuous ion beam.

Figure 4. Ion and electron energy spectra measured by ARTEMIS P2 during the time period shown in Figure 3, in units of
differential energy flux [eV/(cm2 s sr eV)], compared to theoretical predictions using the same approximation as Figure 3.
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3.4. Comparisons to Warm-Ion Refilling Theory

During time periods with more significant ion temperatures, we need to utilize the full warm-ion theory
described in section 2. To compare to observations, we compute a numerical solution for a finite value of the
temperature ratio β. In addition to a better approximation for the density, this allows us to compute ion
energy spectra with a more realistic temperature, allowing a more sophisticated comparison. For these
comparisons, we have not included an alpha component, though in principle this could also lead to a slightly
better match in the spectra.

We show a comparison of a case where Ti ~ Te, in Figure 5. For this time period, we cannot determine the ion
temperature with great accuracy. If we calculate moments by integration, we find that Ti ~ 2Te; however, as
we have discussed, moment computations overestimate ion temperature in the solar wind (due to the
limited instrumental resolution). If we instead rely on the fitting procedure described in section 3.2, we find
that Ti ~ Te/2. However, this fit neglects any significant flux outside the core. During this wake crossing, the
Moon traversed the Earth’s foreshock, resulting in a significant population of reflected ions at energies above

Figure 5. The top panels show the ARTEMIS P2 trajectory in the same format as Figure 3. The time series panels show the
magnetic field for the upstream probe P1, ion spectra measured by P2, modeled ion spectra for Ti = Te and κ=4.5, mea-
sured ion density compared to models with Ti = 0 and Ti = Te, on logarithmic and linear scales, and the perpendicular
pressure in the same format as Figure 3. In the bottom panel, solid lines show results using ion temperatures from a direct
integration, and dashed lines show results using a two-component fit as in Figure 3.
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the main core population. Therefore, the true bulk ion temperature should lie somewhere between the
results of the moment computation and the fit to the core. As a compromise, we assume Ti ~ Te when
computing the one-dimensional solution. We show the resulting model ion spectra along with the observed
spectra, along with a density comparison to both the full warm-ion theory and the cold-ion approximation, in
Figure 5. We note that, in the central wake, both approximations match the observations fairly well, since the
warm-ion case rapidly asymptotes to the cold-ion result. However, the warm-ion theory does a much better
job of matching the density at the edge of the wake, where the dispersion in ion velocities has the greatest
effect. Intriguingly, at the wake entry, even the warm-ion theory does not match the form of the density
rarefaction. This may result from the significant energetic ion population observed at that time, which could
cause a higher effective rarefaction speed; however, it could also account from other factors not accounted
for by the one-dimensional approximations, such as finite gyro-radius effects.

At some rare times, the ion temperature greatly exceeds the electron temperature. The Moon sometimes
encounters this condition in the Earth’s magnetosheath. We show an example in Figure 6, for a time with
Ti ~ 4Te (a very high temperature ratio, unusual even in the sheath). We find that the warm ion theory again
does a good job of matching the observed spectra and density, with the best match for the actual temperature
ratio, providing confidence in the approximations used.We note that a high plasma beta naturally accompanies
the high ion temperature. In principle this implies that perpendicular compression of the field should prove
significant. Indeed, we observe a rather large increase in themagnetic field in thewake (see the upper left panel
of Figure 6, and magnetic field pressure component in the bottom panel). However, this does not perturb the
results significantly in this case, since the probe orbit lies in the plane of the field, and so the perpendicular
compression does not significantly change the geometry of the field encountered by the probe. The increase in
magnetic field should also lead to some mirroring of the electrons, but this does not appear to affect the
refilling enough to greatly degrade the comparison. In section 4.2, we will show an orbit for a similar set of

Figure 6. The top panels show the ARTEMIS P2 trajectory in the same format as Figure 3. The time series panels show
the magnetic field for the upstream probe P1, ion spectra measured by P2, modeled ion spectra for a 1-d approxi-
mation with Maxwellian electrons with Ti = 4Te, measured ion density compared to models for Ti = Te and Ti = 4Te, and
perpendicular pressure in the same format as Figure 3. The ion temperature used in the bottom panel is determined
from a direct integration.
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parameters but in the plane perpendicular to the magnetic field. In that case, we will find much greater
discrepancies between observation and one-dimensional theory, as one would expect.

3.5. Comparisons to Gas-Dynamic Refilling Theory

At greater distances down the wake, the refilling ion populations from the two flanks completely
interpenetrate. Electric field effects should thus become significantly less important at these distances,
particularly during times with high ion temperatures, which already minimize the effects of electric fields. For
such cases, we can at times use a pure gas-dynamic theory with some success. At these times, we can simply
take the ion distribution measured upstream and cut it in velocity space according to the travel time
condition u< τ, for both parallel and antiparallel ion velocities (corresponding to refilling from the two
flanks). We show a comparison of this approximation to ARTEMIS observations in Figure 7, for an orbit well
down the wake, at a timewith a significant ion temperature (~50 eV). The spectra and density computed from
the travel time condition match the measured values for much of the wake crossing, even at times with
significant variability in the upstream conditions. The gas-dynamic model reproduces the two-component
form of the spectra in the wake, which results from the interpenetration of the refilling populations from the
two flanks. Before ~22:00, we observe larger densities than expected from simple one-dimensional
approximations, particularly given the inferred position in the central wake. These enhanced densities could
result from ion-ion instabilities driven by the two refilling populations [Farrell et al., 1998]. However, at these
large downstream distances, small offsets in velocities andmagnetic fields significantly change the predicted
location of the wake, resulting in great sensitivity to small measurement errors, and raising the possibility that
the unexpected behavior simply results from an inaccurate estimate of the wake orientation.

Figure 7. The top panels show the ARTEMIS P1 trajectory in the same format as Figure 3. The time series panels show the
magnetic field for the upstream and downstream probes, the ion spectra measured by P1, modeled ion spectra for a 1-d
gas-dynamic calculation, measured ion density compared to the gas-dynamic model, and perpendicular pressure in the same
format as Figure 3. The ion temperature used in the bottom panel is determined from a direct integration.

Journal of Geophysical Research: Space Physics 10.1002/2014JA020083

HALEKAS ET AL. ©2014. American Geophysical Union. All Rights Reserved. 10



4. Limitations of One-Dimensional Approximations for Wake Refilling
4.1. The Effects of Suprathermal Electron Anisotropies

The one-dimensional approximations discussed above neglect several important pieces of physics. First,
these approximations assume isotropic single-component electron distributions. In contrast, solar wind
electron distributions typically have multiple components and significant anisotropy, associated with the
core, halo, super-halo, and strahl populations. Accounting for multiple components to the spectra proves
relatively easy, merely involving a change to the electric field term in the equations (in essence, re-computing
the equivalent of the Boltzmann relation for the given electron distribution). Factoring in electron anisotropy
proves more challenging, given the one-dimensional nature of the approximations we have utilized.
However, at some times, we can improve the match to observations by simply using two different solutions
for the refilling along the directions parallel and antiparallel to the magnetic field. Figure 8 shows an example
of such a case. For this wake crossing, the cold-ion theory matches the observations quite well on the
entry side of the wake but significantly underestimates the density on the exit side of the wake. In an attempt
to correct this mismatch, we calculate the solution for an electron temperature twice the bulk temperature on
the exit side, resulting in a much better match to the observed density. This asymmetric approximation
does not match the observed bulk temperature but better matches the temperature calculated from the
portion of the distribution within 30° of parallel/antiparallel to the magnetic field (except in the central wake,
where we still find a discrepancy). As shown in Figure 9, the asymmetric approximation also does a
significantly better (though not perfect) job of matching the observed electron and ion energy spectra,
particularly the greater flux of infilling ions and the increased electron temperature from 20:53 to 21:12.

Figure 8. The top panels show the ARTEMIS P2 trajectory in the same format as Figure 3. The time series panels show the
magnetic field for the upstream probe P1, ion density, and electron temperature measured by the downstream probe P2
(calculated for the entire electron distribution in black and for pitch angles within 30° of parallel/antiparallel in green),
compared to a 1-d cold-ion approximation for electrons with a kappa distribution (κ=4.5), for a model assuming isotropic
electrons (“Symm”) and the same approximation for an electron distribution with a temperature twice as high on the
outbound side (“Asymm”), and the perpendicular pressure in the same format as Figure 3. The ion temperature is deter-
mined from a two-component fit to the convecting protons and alpha particles.
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In Figure 10, we show measured omnidirectional electron energy spectra at the entry and exit sides of the
wake, as well as those corresponding to the portion of the distribution within 30° of parallel/antiparallel to the
magnetic field, along with the two sets of model input spectra. We see that the symmetric one-component
model does not perfectly reproduce the observed spectrum (which has two components) on either side of the
wake but matches in an average sense on the entry side. On the exit side, though, the symmetric model
significantly underestimates the temperature of the distribution, particularly the field-aligned portion. As the
reader will recognize, this significant anisotropy in the observed electrons results from the strahl component of
the distribution. Our result implies that the strahl apparently has a significant effect on the refilling of the wake.

By increasing the electron temperature used in our
one-dimensional approximation to correspond to
that associated with the strahl, we find a better
match to the observations, even though the new
input spectrum does not match the observed
spectrum at low energies.

As we can see in the pressure components in the
bottom panel of Figure 8, this wake crossing
displays some magnetic field compression,
associated with perpendicular refilling of the
wake. This has at least two effects worth noting.
First, the increase in the field will mirror electrons
with low parallel velocities, ensuring that the more
nearly field-aligned component forms a greater
portion of the distribution in the central wake and
helping explain why the strahl has a seemingly
incommensurate effect on the refilling.

In addition, perpendicular compression may
explain the slight discrepancy remaining
between the one-dimensional approximation

Figure 9. Measured ion and electron energy spectra from ARTEMIS P2 from the time period shown in Figure 8, in units of dif-
ferential energy flux [eV/(cm2 s sr eV)], as compared to theoretical predictions using the same two approximations as Figure 8.

Figure 10. Measured electron distributions (averaged over all
pitch angles in black and for pitch angles within 30° of parallel/
antiparallel in green) on the inbound and outbound sides of the
wake for the wake crossing shown in Figures 8–9, as compared
to an isotropic distribution with κ=4.5 in red (the input spec-
trum used for the “Symm” case in Figures 8–9), and a distribution
with twice the temperature on the outbound side (the input
spectrum used for the “Asymm” case in Figures 8–9).
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and observations at the exit of the wake. With the increase in the effective electron temperature, the one-
dimensional solution matches the observed slope in density, but a small lateral offset in position still remains.
This offset likely results from perpendicular compression and shows up only at the exit side because the
magnetic field geometry ensures that the probe trajectory takes it through the perpendicular flank of the
wake (whereas the input trajectory lies in the plane parallel to the field). In the next section, we show a much
more significant example of this effect.

4.2. The Effects of Perpendicular Compression

At times with significant ratios of plasma pressure to magnetic field pressure (plasma beta), refilling of the
wake in the direction perpendicular to the magnetic field may prove as or more important than the refilling
along the field lines described above. We have already investigated several cases with relatively high plasma
beta in sections 3 and 4.1; however, in most of those cases the probe orbit lay close to the plane of the
magnetic field, minimizing the effects of perpendicular compression on the wake refilling. In Figure 11 we
show a case where the probe orbit lies in the plane perpendicular to the magnetic field, at a time with
significant plasma beta. In this case, we find that the one-dimensional parallel refilling approximation, though
it captures the form of the density and ion spectra in a general sense, significantly overestimates the width of
the wake at the downstream distance sampled by the ARTEMIS probe. The narrower observed width most
likely stems from the inward motion of flux tubes in response to the pressure gradient perpendicular to the
magnetic field, which results in compression of the magnetic field in the central wake. We can easily
understand this phenomenon in a fluid or MHD picture, even in a one-dimensional approximation (with the
dimension perpendicular to the field rather than parallel as in the theories described previously). In the
full three-dimensional lunar wake, of course, we must consider refilling both parallel and perpendicular to
the magnetic field, with the latter more important for cases with high plasma beta. We also observe a
recompression in the plasma pressure observed near the edge of the cavity. This most likely results from the

Figure 11. The top panels show the ARTEMIS P1 trajectory in the same format as Figure 3. The time series panels show
the magnetic field for the upstream probe P2, ion spectra measured by P1, modeled ion spectra for a 1-d cold-ion
approximation for electrons with a kappa distribution (κ= 4.5), measured ion density compared to the cold-ion model,
and perpendicular pressure in the same format as Figure 3. The ion temperature used in the bottom panel is determined
from a direct integration.
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piling up of the refilling plasma against the obstacle formed by the compressed magnetic field in the central
void, as predicted from simulations [Holmstrom et al., 2012], and associated with the fast mode wave fronts
(current systems) that bound the wake [Fatemi et al., 2013]

4.3. The Effects of Type-II Ion Entry

Another phenomenon that reduces the effectiveness of one-dimensional approximations for wake refilling,
like that discussed above in section 4.2, involves plasma motion perpendicular to the plane of the magnetic
field. However, unlike the perpendicular motion of flux tubes discussed above, easily understood in a fluid or
MHD framework, this involves fundamentally kinetic processes. As described effectively from the
observational standpoint by Nishino et al. [2009b, 2010] and from the simulation standpoint by Holmstrom
et al. [2010], solar wind protons that reflect from the dayside lunar surface [Saito et al., 2008] and from crustal
magnetic fields [Saito et al., 2010; Lue et al., 2011] feel the effects of the solar wind magnetic field and

Figure 12. The top panels show the ARTEMIS P1 trajectory in the same format as Figure 3. The time series panels show the
magnetic field for the upstream probe P2, ion spectra measured by P1, modeled ion spectra for a 1-d cold-ion approxi-
mation for electrons with a kappa distribution (κ=4.5), spectra from the same model with the addition of a test-particle
simulation of solar wind protons reflected from crustal magnetic fields on the dayside, the density measured by P1 as
compared to the results of the 1-d cold-ion approximation without (“1-D”) and with (“All”) a reflected proton component,
electron spectra measured by P1, model electron spectra from the 1-d cold-ion model, and perpendicular pressure in the
same format as Figure 3. The ion temperature used in the bottom panel is determined from a two-component fit to the
convecting protons and alpha particles.
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convection electric field, and for the right combination of magnetic field geometry and flow velocity, can
gyrate into the near lunar wake. We show an ARTEMIS observation of such a case in Figure 12. We see a
significant ion population, covering a broad range of energies above and below the main solar wind peak,
both inside and outside the lunar wake. Not surprisingly, a one-dimensional solution significantly
underestimates the density in the wake. As an instructive exercise, we attempt to account for the effects of
the reflected protons by using a test-particle model, while freely acknowledging the inherent non-self-
consistency of this approach. We launch reflected protons from above the dayside lunar surface with a
weight roughly corresponding to the reflection percentage observed by Kaguya and Chandrayaan (including
the effects of reflection from the surface and from crustal magnetic fields), assuming an isotropic reflection
function everywhere, and follow these particles in the magnetic field and electric field measured and inferred
from ARTEMIS observations, as a function of time, in order to construct ion distributions at the ARTEMIS position.
We then add the simulated reflected proton distribution to that calculated from the one-dimensional parallel
refilling theory, producing a result that at least qualitatively matches the observed density and ion spectra.
However, we do note several discrepancies. The distribution of reflected protons in the wake appears broader
than that predicted by our simple model. Furthermore, the density in the central wake and on the exit side
exceeds that predicted by the one-dimensional plus test particle model. This most likely results from the
perturbation of the wake structure by the reflected protons. As the reflected protons gyrate into the wake, they
create a local charge imbalance that electrons must attempt to compensate, by traveling along the magnetic
field lines. As a result, the electric field on the field lines populated by the reflected protons changes significantly
from that predicted by the one-dimensional approximation and in fact must reverse sign at least locally. While in
the typical refilling case electric fields point inward and accelerate ions into the wake, in these regions the
electric fields must point outward and accelerate electrons into the wake. We can see the effects of this reversed
electric field in the electron spectra (especially from 06:50 to 07:10), which contain a significant population of
accelerated electrons completely un-accounted for by the parallel refilling theory. Since this electric field reversal
can only exist on field lines passing through the localized regions of thewakewhere reflected protons penetrate,
the overall structure of the wake apparently remains relatively similar despite this local disruption.

5. Conclusions and Implications

In principle, only a full three-dimensional kinetic simulation of the lunar wake can fully reproduce its full
structure and complexity. However, for certain cases, we have shown that one can employ one-dimensional
approximations for wake refilling to successfully reproducemany features of the observed structure of the lunar
wake. One-dimensional approximations do the best job of reproducing the observed wake structure at times
with low plasma beta, and/or for orbits that traverse the wake near the plane of the magnetic field. For times
with higher plasma beta, particularly for orbits out of the plane of the field, perpendicular infill and magnetic
compression significantly perturb the wake structure. Other factors that compromise the fidelity of one-
dimensional approximations include electron anisotropies and reflected protons (Type-II entry). Nonetheless, if
used appropriately, one-dimensional theories provide a powerful tool for understanding and predicting the
structure of plasma wakes. We note that the wakes of the icy moons of Saturn would provide a revealing test
case for these theories. Rhea and Tethys have clear plasma wakes, with many similarities to the Earth’s Moon
[Khurana et al., 2007; Roussos et al., 2007; Simon et al., 2009]. However, in this regime, one would need to utilize
theory appropriate for a subsonic flow, for a high ion mass, and for rather significant ratio of ion temperature to
electron temperature. One could quite simply modify the parallel theories presented herein for this regime, and
they should work rather well given the low plasma beta typically encountered at their orbits. We leave the
details for future work, but note that one wouldmost likely need to employ a full numerical solution to take into
account the significant ion temperature, rather than using the cold-ion theory often discussed in the literature.
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