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Abstract

We present observations of what may be the inner region of a lunar mini-magnetosphere. If so, these likely represent the first such

observations. Previous studies of solar wind interaction with lunar crustal magnetic fields found increased particle fluxes associated with

magnetic amplifications, suggesting a shock/sheath region. The central density cavity expected in the inner mini-magnetosphere (if

analogous to other planetary magnetospheres) has proven elusive. We now present Lunar Prospector fly-throughs of a density cavity

near a strong crustal magnetic source in the solar wind, and compare these unique observations with typical orbits in the solar wind and

wake. We observed the density cavity on two consecutive orbits on July 14, 1999 with optimal viewing geometry, downstream from one

of the strongest lunar crustal sources (an anomaly centered at �235E, 20S), during very unusual solar wind conditions. We found no

other similar features in the solar wind in �7 months of low-altitude orbits, suggesting that fully formed lunar mini-magnetospheres are

rare and/or difficult to observe from orbit.

r 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The Moon has neither a global magnetic field nor a
significant atmosphere, and to first order behaves as a solid
obstacle. In the solar wind, the Moon blocks and absorbs
the supersonic flowing plasma, while allowing magnetic
fields to pass through with only minor modifications from
diamagnetic current systems around the wake boundary,
which produce a moderate magnetic amplification in the
wake cavity and a reduction in the magnetic field in the
surrounding expansion region (Colburn et al., 1971;
Halekas et al., 2005).

Extensive (albeit weak) lunar crustal magnetic fields (see,
e.g., Hood et al., 2001) perturb this basic picture. External
to the expansion region, many spacecrafts have observed
magnetic enhancements, clearly associated with crustal
magnetic sources (but too strong for uncompressed crustal
fields), which have been variously termed lunar external
e front matter r 2008 Elsevier Ltd. All rights reserved.
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magnetic enhancements (LEMEs), limb shocks, and limb
compressions (Ness et al., 1968; Colburn et al., 1971;
Russell and Lichtenstein, 1975; Lin et al., 1998; Halekas et
al., 2006, 2007). These magnetic amplifications form near
crustal magnetic fields large and strong enough to slow or
stop the solar wind plasma, creating magnetosonic
compressional waves which, for a sufficiently strong
interaction, may steepen to form a shock reaching up-
stream of the source. Early investigations found these
features only near the limb, but Lunar Prospector (LP)
observed LEMEs at spacecraft altitudes as high as
�100 km well upstream (4451) from the limb (Lin et al.,
1998). Given the Mach cone angle for magnetosonic waves
in the solar wind (o�201) and the resulting inability of
compressional waves to reach the spacecraft at these times,
these observations strongly argue for the presence of a
shock extending upstream of the source.
Simulations leave it uncertain as to whether we should

expect to find fully formed mini-magnetospheres associated
with lunar crustal magnetic sources, given the weakness of
the magnetic fields and the small size of the effective
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obstacles to the solar wind flow. Some simulations of solar
wind interaction with dipolar features would predict a
whistler wake or magnetosonic wake rather than a
magnetosphere for the lunar case (Omidi et al., 2002),
but other simulations show that the non-dipolar nature of
lunar crustal magnetic sources might increase the efficiency
of the interaction, perhaps producing a magnetosphere
(Harnett and Winglee, 2003). In any case, the ability of
crustal fields to stand off the solar wind, and the apparent
sporadic presence of bow shocks, suggests that mini-
magnetospheres could potentially form over the strongest
lunar crustal sources. One observational study, at least, has
claimed the positive identification of a mini-magneto-
sphere, based on magnetic field data over the Reiner
Gamma anomaly in the solar wind (Kurata et al., 2005).

Most previous investigations of LEMEs have focused on
the magnetic field amplifications. Those studies that
considered plasma data (Siscoe et al., 1969; Lin et al.,
1998; Halekas et al., 2007) all found increases in charged
particle fluxes associated with LEMEs. If lunar mini-
magnetospheres exist and are morphologically similar to
other planetary magnetospheres, this suggests that ob-
servations to date may have only revealed the structure of
the shock and possibly sheath regions (where plasma
density should increase), while missing the inner magneto-
sphere (where density should decrease). Lunar mini-
magnetospheres may completely lack central density
cavities, or density cavities may merely prove rare and/or
difficult to observe. If central density cavities do not exist,
the term ‘‘mini-magnetosphere’’ might, in our opinion,
prove something of a misnomer.

After an exhaustive search of the entire LP data set, we
now present observations which show the presence of a
density cavity just downstream from a strong crustal
magnetic anomaly in the solar wind (on two consecutive
orbits), potentially revealing for the first time the structure
of the inner regions of a lunar mini-magnetosphere. We
preface these unique observations by first discussing more
typical magnetic field and plasma observations over the
same crustal source in the lunar plasma wake and in the
solar wind, in order to compare and contrast these typical
observations with the newly discovered mini-magneto-
spheric observations.

2. Lunar prospector electron and magnetic field data

LP had two instruments relevant to lunar mini-magneto-
spheres—a magnetometer (MAG), and an Electron Re-
flectometer (ER) (Lin et al., 1998). The MAG was a tri-
axial fluxgate magnetometer, which measured the vector
magnetic field at 9Hz. The ER was a top-hat electrostatic
analyzer, which measured electron fluxes from tens of eV to
tens of keV, in two different modes. The ER collected 3-d
data (covering all energies and angles) every 80 s, and pitch
angle sorted data (sorted into pitch angle bins using the
instantaneous magnetic field measurement onboard the
spacecraft) for selected energies at higher time resolutions,
at best every 2.5 s (at 142 and 337 eV). The LP spacecraft
orbited at �1.6 km/s, so these time resolutions correspond
to lateral resolutions of �130 and �4 km, respectively,
both adequate to capture the interaction with most
significant crustal anomalies, though with poor resolution
in the case of the 3-d measurements. In this paper, we show
both low and high time resolution data (both summed over
all angles), allowing a determination of both the energy
dependence of the electron fluxes and their spatial variation
at the highest possible resolution.
In addition, we calculate electron moments by fitting

suprathermal electron distributions to Kappa distributions
(essentially Maxwellian distributions with high-energy
power-law tails, generally more representative of solar
wind spectra than a single Maxwellian), as described by
Halekas et al. (2005). We can only perform this calculation
using the full-energy spectrum, limiting moments to the
lower time resolution of the 3-d data. Because of the
limited low-energy coverage, the moments thereby calcu-
lated cannot always fully capture the thermal distribution
of the electrons, so we choose to divide by the average
moments in the solar wind in order to obtain normalized
quantities for both temperature and density, and focus on
relative magnitudes rather than absolute.

3. Observations over strong crustal fields in the lunar wake

We first consider typical observations over a strong
crustal source in the lunar wake, where the lunar surface
and crustal fields are shielded from the incidence of the
solar wind. Fig. 1 shows almost half an orbit on May 21,
1999 over the Crisium Antipode (CA) anomaly, one of the
strongest lunar crustal magnetic field sources (Hood et al.,
2001), as LP passes through the lunar wake. The CA
anomaly is roughly centered at 235E, 20S, and extends over
�101 in longitude and �201 in latitude, with a complex
non-dipolar morphology. We can easily identify the CA
anomaly by the large peak in magnetic field magnitude,
and rotations in the field direction. The full rotations in the
magnetic field are consistent with direct measurements of
unperturbed crustal fields, as expected in this near-vacuum
environment.
The overall density decrease and moderate temperature

increase in the central wake represent characteristic
features observed on most orbits through the lunar wake,
which have been successfully modeled in terms of non-
Maxwellian solar wind plasma refilling the wake cavity (see
Halekas et al., 2005). On top of the wake density depletion,
the electron density drops at least another order of
magnitude compared to the local plasma in the near
vicinity of the CA anomaly. The high time resolution data
suggests that the density drop may even exceed an order of
magnitude over a smaller region.
Unfortunately, at present we cannot correct electron

fluxes and moments for the effects of spacecraft charging in
shadow. Theoretical calculations and initial data analyses
suggest spacecraft charging in the wake to negative
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Fig. 1. An orbit over the CA (Crisium Antipode) magnetic anomaly in the

lunar wake, showing differential energy flux in eV/(cm2 s ster eV) at low

and high time resolution, fitted moments (normalized), and magnetic field

magnitude and angles (in Selenocentric Solar Ecliptic coordinates). The

orbital altitude, solar zenith angle (SZA), planetary longitude and latitude,

and UT time are listed at the bottom of the figure.

Fig. 2. An orbit over the CA magnetic anomaly in the solar wind, showing

differential energy flux at low and high time resolution, spacecraft

potential, moments, and magnetic field.
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potentials o100V (Halekas et al., 2005). Negative space-
craft charging will affect electron measurements by slowing
incoming electrons and excluding the lowest-energy part of
the distribution, so we must consider these wake electron
measurements only lower bounds. However, the inferred
electron temperature does not change markedly in the
plasma void, which ensures the approximate validity of at
least the relative flux and density drop shown here.

We searched through all low-altitude LP orbits (�7
months of data) in the lunar wake, and found over a
thousand such examples of plasma voids, most clearly
associated with crustal magnetic sources. Initial modeling
of the Reiner Gamma anomaly (utilizing an array of
dipoles corresponding in extent to the Reiner Gamma
albedo marking and fitting to LP MAG data) and particle
tracing in modeled fields indicates that plasma voids
correspond closely with regions with closed magnetic field
geometry. Plasma on these field lines has presumably hit
the surface, recombined, or otherwise been lost shortly
after lunar sunset, before LP encountered these regions.
Any source processes must operate more slowly than loss
processes, leading to the nearly complete plasma voids
associated with many crustal sources. These voids closely
resemble the much larger plasma voids observed over
crustal magnetic anomalies in the Martian magnetotail
(Brain et al., 2007), and the physical processes responsible
for their formation and evolution are likely also similar.
These observations show that, when shielded from the
solar wind, lunar crustal magnetic anomalies can sustain
density cavities.
4. Observations over strong crustal fields in the solar wind

We continue by considering typical observations over
the same CA magnetic anomaly, but now located in the
solar wind rather than the near-vacuum of the wake. Fig. 2
shows a portion of an orbit on April 10, 1999 at nearly the
same planetary longitude as Fig. 1, but on the dayside, well
upstream from the limb.
All of the quantities plotted in Fig. 2 correspond directly

to those in Fig. 1, with one exception. In sunlight, we can
now successfully correct the low time resolution 3-d data
for the effects of spacecraft charging. To achieve this
correction, we used data from the magnetotail, when the
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energy sweep of the ER at times extended down to a few
eV, to measure both the full incident electron distribution
and the photoelectron distribution attracted back to the
positively charged spacecraft. By identifying the break in
the electron energy spectrum between these two distribu-
tions, we determined the spacecraft potential as a function
of incident electron current, and successfully fit this to a
simple exponential function. With this function in hand,
we can now approximately correct for spacecraft poten-
tial for all LP ER 3-d data obtained in sunlight, by fitting
to the electron distribution to determine the incident
current, and employing an iterative method similar to that
described by Scudder et al. (2000). Ions also represent a
significant current source in the solar wind, but one can
easily determine that their effect on the equilibrium
spacecraft potential remains minimal in most regimes
(Scudder et al., 2000). We can therefore use the same
methodology to determine the spacecraft potential and
corrected electron fluxes and moments (shown in Fig. 2) in
the solar wind. We can only do this for the low time
resolution 3-d data, since we need the full-electron energy
spectrum.

In the solar wind, unlike in the wake, we can no longer
expect vacuum superposition of fields. Indeed, we observe
a qualitatively different magnetic signature. First, we find a
weaker magnetic field; however, the higher spacecraft
altitude and slightly different planetary longitude make it
difficult to make direct quantitative comparisons. More
importantly, though, we observe a very different character
in the magnetic field polarity. In contrast to the full
rotations observed in the wake, we find only a moderate
rotation from the unperturbed solar wind direction.
This suggests that the magnetic field we observe may
consist primarily of compressed solar wind magnetic
field, rather than a direct measurement of the crustal
magnetic field. This is consistent with magnetic field
draping and pileup over the magnetic obstacle, as
suggested by previous observations (Lin et al., 1998;
Halekas et al., 2006).

In addition, rather than the density depletion observed in
the wake, we now find a density enhancement roughly
coincident with the magnetic field amplification. This is
consistent with an observation of a shock, as suggested by
the magnetic field data. We find a similar morphology to
that observed here for most orbits over strong crustal
magnetic fields in the solar wind (Halekas et al., 2006,
2007). Interestingly, on this orbit the electron temperature
remains relatively constant. Previous observations suggest
heating of electrons near LEMEs (Lin et al., 1998), but
some evidence suggests that the electron heating correlates
more strongly with upstream magnetic turbulence and
whistler wave activity than with the shocks themselves
(Halekas et al., 2007). In any case, if these observations
represent mini-magnetospheres with a similar morphology
to other planetary magnetospheres, we have clearly
traversed only the outer regions thus far, without reaching
the inner magnetosphere.
5. Direct observations of a mini-magnetosphere

5.1. Observations

We conducted an exhaustive search of all low-altitude
LP electron data to locate density cavities (which might
represent the inner regions of mini-magnetospheres)
associated with crustal magnetic fields in the solar wind.
Fig. 3 shows the result of this search. Out of �7 months of
low-altitude data, we found only two examples of clear
density dropouts in the 3-d electron data, on two
consecutive orbits on July 14, 1999 near the CA anomaly.
These two orbits lie almost 101 away from those shown in
Figs. 1 and 2, at 243–244 E, actually slightly downstream
(with respect to the solar wind flow) from the CA anomaly.
The LP orbit at this time lies close to the dawn-dusk plane,
and thus the spacecraft remains sunlit over the entire orbit.
Wind SWE (Ogilvie et al., 1995) observations upstream
from the Moon during this orbit show very nearly anti-
sunward solar wind flow, and these potential mini-
magnetospheric observations lie 7–81 upstream from the
limb and�30 km above the surface, therefore inarguably in
the solar wind even taking aberration into account.
At the closest approach to the CA anomaly (at 15:43 and

17:33), on both orbits, we observe a density dropout of
over an order of magnitude associated with a magnetic
enhancement. The spacecraft potential increases signifi-
cantly in both of these density cavities, where the incident
electron current cannot balance as much of the escaping
photoelectron current. We found accurate corrections for
this spacecraft potential crucial in determining the true
variation of the electron fluxes, especially at the lowest
energies.
The magnetic field surprisingly shows very little rotation

in these possible mini-magnetospheres, remaining more
consistent with draped solar wind magnetic fields than with
direct measurements of crustal fields. Wind also observes
the large rotations in the phi component at approximately
16:10, 16:40, and 17:45 upstream, so they have no relation
to the interaction with the crustal fields. We find it
somewhat surprising that the density cavities would not
correspond to measurements of crustal magnetic fields.
These observations may actually represent the magnetotail
region downstream of the magnetic obstacle, rather than
the inner magnetosphere; however, even in this case one
would still expect strongly draped magnetic fields which
would not correspond so closely in polarity to the solar
wind field.

5.2. Context

At no other time during the LP low-altitude extended
mission did we see similar density cavities in the solar wind,
demonstrating the uniqueness of these observations. We
also investigated the high time resolution data to find more
localized flux dropouts, since though these would not
necessarily indicate density cavities (because of the limited
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Fig. 3. Two orbits just downstream from the CA magnetic anomaly in the solar wind, showing differential energy flux at low and high time resolution,

spacecraft potential, moments, and magnetic field.
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energy coverage), they might give us an idea of whether
more localized density cavities might exist. We found only
a few other order of magnitude drops in flux in the high
time resolution data in the solar wind, all of which
occurred on either this same day, the following day or on
February 10, 1999. One such localized dropout occurred
during the same time period shown in Fig. 3, at 16:15, over
a small crustal anomaly well to the north of CA (at 245E,
80N). If density dropouts commonly existed over such
small anomalies as this in the solar wind, we should
observe them quite frequently; indeed, we should see
thousands of plasma voids, as we do in the wake. The fact
that we do not suggests some special property of the orbits
shown in Fig. 3, either in terms of viewing geometry or
solar wind conditions.

The viewing geometry on these orbits is undeniably
fortuitous, allowing us to view the solar wind interaction
with a very strong crustal magnetic source near the
terminator, where the normal pressure of the solar wind
minimizes, allowing the interaction to extend to higher
altitudes. However, we have many LP observations in
similar orbits, many near equally strong crustal magnetic
sources, at equally low altitudes, and have never observed
any other density cavities on these orbits. Therefore, while
the viewing geometry certainly helps, it alone likely cannot
explain these observations.
Instead, it appears likely that unique solar wind
conditions may explain the observations presented here.
We determined the upstream solar wind conditions using
wind SWE and MFI data (Ogilvie et al., 1995; Lepping
et al., 1995), and shifted them in time appropriately
according to the solar wind velocity and the 3-d separa-
tion between wind and LP, as described by Halekas
et al., (2005). We found rather peculiar average solar
wind conditions (as compared to the rest of the LP
mission) during the period shown in Fig. 3, including a very
high solar wind density (15.8 cm�3), low solar wind
proton temperature (1.11 eV), low solar wind velocity
(303 km/s), low solar wind magnetic field (2.36 nT) and
high solar wind Alfven and magnetosonic Mach numbers
(23.4, 9.0). All of these values lie on the extreme wing of
their respective distributions as compared to observations
during the rest of the LP mission (96th percentile for
velocity, 98th for temperature, 92nd for density, 99th
for magnetic field, 99th for MA, and 98th for MMS—where
we define percentile as the percentage of observations
lying below a high value or above a low value), making
this a very unusual solar wind. It seems likely that
these solar wind conditions must contribute to an increased
likelihood of observing the central mini-magneto-
spheric density cavity (or an increased likelihood of its
existence).
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However, though the unique solar wind conditions
almost certainly contribute to observation of density
cavities on these particular orbits, the physical mechanism
remains unclear. What little we know about LEMEs would
not necessarily lead us to believe that these conditions
would prove particularly fortuitous for observing the inner
mini-magnetosphere. Indeed, high Mach number should
actually compress the interaction region, with previous
observations indicating that a high Mach number makes
the observation of an LEME less likely (Halekas et al.,
2006). Previous observations do show that low solar wind
proton temperature increases the likelihood of observing
an LEME, but solar wind density, magnetic field and
velocity do not obviously affect the interaction (Halekas et
al., 2006).

Given expectations from theory and simulations (Omidi
et al., 2002), one would expect that a reduction in the ion
inertial length would most significantly increase the chance
of observing the central density cavity, since the ion inertial
length sets the scale size of various interaction regions. In
accordance with this, we do find an ion inertial length of
57 km, only moderately smaller than the average value of
�97 km, but still a 92nd percentile observation (as defined
above) because of the relatively narrow distribution for ion
inertial length. One might not expect a 40% reduction in
this parameter to have such a huge effect, but perhaps
given the other unusual solar wind conditions, this may
provide at least part of the answer to the puzzle.

6. Implications and conclusions

We have presented what may be the first observations of
the inner regions of a lunar mini-magnetosphere; however,
many questions remain. We do not yet understand why
observations of density cavities over strong crustal
anomalies have proven so rare. In the wake, away from
the bombardment of the solar wind, plasma voids over
strong crustal fields have proven quite common. However,
in the solar wind, we instead usually observe density
enhancements, consistent with location in a shock or
sheath region. Though we have finally observed density
cavities, which may prove to represent the inner regions of
a mini-magnetosphere, we do not understand the magnetic
field morphology, nor do we know why we could observe
them on the two orbits presented in this paper (and only
those two orbits). It seems likely that the combination of a
fortuitous orbital geometry near one of the strongest
crustal magnetic sources, and very unique solar wind
conditions, can at least partially explain this. However, the
difficulty of observing these features suggests that fully
formed mini-magnetospheres may prove quite rare and/or
difficult to observe. In any case, many low-altitude
observations with a much more complete plasma package
than that afforded by LP will be required before we can
fully understand the unique solar wind interaction with
lunar crustal magnetic fields.
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