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Abstract Despite their small scales, lunar crustal magnetic fields are routinely associated with
observations of reflected and/or backstreaming populations of solar wind protons. Solar wind proton
reflection locally reduces the rate of space weathering of the lunar regolith, depresses local sputtering rates
of neutrals into the lunar exosphere, and can trigger electromagnetic waves and small-scale collisionless
shocks in the near-lunar space plasma environment. Thus, knowledge of both the magnitude and scattering
function of solar wind protons from magnetic anomalies is crucial in understanding a wide variety of
planetary phenomena at the Moon. We have compiled 5.5 years of ARTEMIS (Acceleration, Reconnection,
Turbulence and Electrodynamics of the Moon’s Interaction with the Sun) observations of reflected protons
at the Moon and used a Liouville tracing method to ascertain each proton’s reflection location and
scattering angles. We find that solar wind proton reflection is largely correlated with crustal magnetic field
strength, with anomalies such as South Pole/Aitken Basin (SPA), Mare Marginis, and Gerasimovich reflecting
on average 5-12% of the solar wind flux while the unmagnetized surface reflects between 0.1 and 1% in
charged form. We present the scattering function of solar wind protons off of the SPA anomaly, showing
that the scattering transitions from isotropic at low solar zenith angles to strongly forward scattering at solar
zenith angles near 90°. Such scattering is consistent with simulations that have suggested electrostatic fields
as the primary mechanism for solar wind proton reflection from crustal magnetic anomalies.

1. Introduction

While the Moon is to first order a simple plasma absorbing object with no global upstream bow shock, lunar
crustal magnetic fields can significantly perturb this picture up to regional scales. Lunar crustal magnetic fields
are heterogeneously dispersed across the lunar surface on scales ranging from one to thousands of kilome-
ters with strengths up to at least hundreds of nanoTesla [Hood et al., 1981; Halekas et al., 2001; Mitchell et al.,
2008; Purucker and Nicholas, 2010]. Previous in situ measurements by spacecraft have observed a wealth of
plasma phenomena associated with lunar crustal magnetic anomalies, including reflected proton populations
[Futaana et al., 2003; Saito et al., 2010; Lue et al., 2011; Halekas et al., 2013], ambipolar electrostatic fields [Saito
etal., 2012], limb compressions and/or shocks [Russell and Lichtenstein, 1975; Halekas et al., 2006a, 2014], and
a variety of electromagnetic waves [e.g., Halekas et al., 2006b, 2008; Tsugawa et al., 2011; Harada et al., 2015].
Energetic neutral atom (ENA) observations have also provided evidence that lunar magnetic anomalies can
deflect and/or reflect solar wind protons before they strike the surface via the development of large-scale
electrostatic potentials [Wieser et al., 2010; Vorburger et al., 2012; Futaana et al., 2013].

Numerous investigations have explored the potential mechanisms at work within crustal magneticanomalies
with laboratory experiments [Wang et al., 2012, 2013] and numerical simulations, including magnetohy-
drodynamic (MHD) [e.g., Harnett and Winglee, 2002, 2003; Xie et al., 2015], hybrid [Fatemi et al., 2014, 2015;
Jarvinen et al., 2014; Giacalone and Hood, 2015; Poppe et al., 2016], and kinetic/particle-in-cell methodologies
[e.g., Poppeetal., 2012; Deca et al., 2014, 2015; Zimmerman et al., 2015; Bamford et al., 2016]. These simulations
have suggested that large-scale ambipolar and/or Hall electrostatic fields may be the primary mechanism of
proton reflection from lunar crustal magnetic fields, rather than magnetic reflection. Indeed, Kaguya observa-
tions of simultaneously decelerated solar wind protons and accelerated solar wind electrons over a magnetic
anomaly have been interpreted as electrostatic fields [Saito et al., 2012]; however, direct measurements of this
have proven rare. Reflected protons are much more often seen in correlation with crustal anomalies and thus
present a powerful data set with which to constrain various models of solar wind/crustal field interactions.
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Shielding of the lunar surface by crustal magnetic anomalies has implications for weathering of the lunar
regolith, the formation and variability of the lunar neutral exosphere, and the lunar plasma environment.
Protons that are reflected by crustal magnetic anomalies before striking the lunar surface do not partici-
pate in space weathering of lunar regolith, a process that changes the chemical and optical characteristics
of regolith grains [e.g., Richmond et al., 2003; Loeffler et al., 2009; Kramer et al., 2011; Hemingway et al., 2015].
The reduction of local space weathering rates due to crustal magnetic anomalies is one of the leading the-
ories for the formation of lunar swirls, which are sinuous, superficial, high-albedo markings on the lunar
surface [e.g., Hood and Schubert, 1980; Hood and Williams, 1989]. Crustal magnetic anomalies are also believed
to play a role in locally suppressing the formation of the lunar neutral exosphere by decelerating and/or
reflecting solar wind protons such that charged-particle sputtering of the lunar surface is locally diminished
[Poppe et al., 2014]. Preliminary evidence for this phenomenon has been identified in ARTEMIS (Acceleration,
Reconnection, Turbulence and Electrodynamics of the Moon’s Interaction with the Sun) observations of exo-
spheric pickup ion distributions at the Moon [Halekas et al., 2016]. Finally, the reflection of solar wind protons
from crustal anomalies has significant impact on the near-lunar plasma environment. Reflected protons gen-
erate both limb compressions and shocks [e.g., Russell et al., 1973; Fatemi et al., 2014; Halekas et al., 2014] and
disturbances in the lunar wake [Nishino et al., 2009; Dhanya et al., 2016] as reflected protons are “repicked
up” in the solar wind flow. Thus, understanding each of these separate phenomena requires an accurate and
detailed understanding of the magnitude and variability of solar wind proton reflection from lunar crustal
magnetic fields.

Here we present an analysis of more than 5 years of ARTEMIS observations of reflected solar wind protons from
lunar crustal magnetic anomalies. We use a backward Liouville tracing method to map ARTEMIS observations
at altitude to reflection locations and angles at the lunar surface. Section 2 describes an example ARTEMIS
observation of reflected protons and the methodology for tracing the proton observations back to the lunar
surface. Section 3 presents the global map of reflected solar wind protons from the lunar surface compiled
from more than 5 years of ARTEMIS data, while section 4 presents the solar wind proton scattering function
off of the South Pole/Aitken Basin magnetic anomaly. Finally, we discuss the results and conclude in sections 5
and 6, respectively.

2. ARTEMIS Observation: 2 July 2014

The ARTEMIS mission consists of two identical probes, termed P1 and P2, respectively, with low- and
high-energy ion and electron spectrometers and electric and magnetic field measurements [McFadden et al.,
2008; Auster et al., 2008; Angelopoulos, 2011]. Both probes are in highly elliptical, near-equatorial orbits around
the Moon with periselenes between 10 and 1000 km and aposelenes of 20,000 km (~10 lunar radii) and have
been nominally operating in lunar orbit since mid-2011. During many of the ARTEMIS periselene passages,
ion fluxes at energies and angles other than the solar wind are routinely observed. Figure 1 shows an ARTEMIS
observation of reflected solar wind protons on 2 July 2014, including (a) the lunar position with respect to
the Earth in Geocentric-Solar-Ecliptic (GSE) coordinates, (b) the ARTEMIS P1 and P2 positions with respect to
the Moon in Selenocentric-Solar-Ecliptic (SSE) coordinates, (c) P1 ion energy flux, (d) P2 ion energy flux, (e) P1
magneticfield, (f) P1 electric field, () P1 and P2 altitudes, respectively, and (h) the P1 solar zenith angle. P1 flies
through a periselene of ~450 km near 20° solar zenith angle while P2 remains above 2000 km and off the
dawn flank of the Moon. By comparing the ARTEMIS ion energy spectra in Figures 1c and 1d, one sees that
ARTEMIS P1 observes the solar wind proton beam at energies near 430 eV (~280 km/s) and an additional
population of protons at energies from 100 eV to 2 keV not seen by ARTEMIS P2.

To further explore this additional population of protons, we computed energy distributions for both probes
for two separate populations: (i) those protons with velocities within a cone angle of 30° of the direction of
the solar wind (-X SSE) and (ii) those protons with velocities outside this cone (i.e., nonsolar wind). Figure 2
compares these two energy distributions for both probes. Figures 2a and 2b show the solar wind-only ions
for P1 and P2, respectively, while Figures 2c and 2d show the nonsolar wind ions for each probe. One can
clearly see that P1 observes the additional population of nonsolar wind protons while P2 observes only the
solar wind. Given that P1 flies through a periselene of ~450 km while P2 is greater than 2000 km from the
Moon during this time, we can safely conclude that P1 is observing protons that have interacted with and
been reflected from the Moon. Figures 2e and 2f show the angular ion spectra for P1 and P2 during this time,
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Figure 1. (a—h) ARTEMIS observations of solar wind protons reflected from the South Pole-Aitken Basin anomaly on 2 July 2014 as described in the text.

with the main solar wind beam observed by both probes at approximately 180° (i.e., in the antisolar direc-
tion) with the additional population of protons seen varying across all other (i.e., nonsolar wind) angles in P1
only. Finally, we computed the partial density as seen by P1 for the solar wind population and nonsolar wind
(or “reflected”) population, shown in Figure 2f. The reflected population is approximately 20% of the solar
wind density through the entire observation.

To identify the reflection location for the nonsolar wind protons observed by P1, we used a backward
Liouville tracing algorithm making use of the conservation of particle phase space density along trajectories
[e.g., Fatemi et al., 2012]. We used ARTEMIS Electrostatic Analyzer (ESA) reduced ion data which measures the
ion distribution function in 24 logarithmic energy bins from 1 to 25,000 eV and 50 angular bins covering 4z str
every spin period (~4.3 s) [see McFadden et al., 2008]. Each ARTEMIS observation was first converted to phase
space density and stored in a distribution function, f(r, v) (in units of s> m=9), as a function of observed time,
angle, and energy (velocity). With the electricand magnetic fields measured locally by ARTEMIS, a fourth-order
Runge-Kutta integration was used to trace the trajectory of each nonsolar wind observation backward in time
from the ARTEMIS position until the trajectory either struck the Moon or left a 2 R, (lunar radii) sphere cen-
tered on the Moon. Given typical proton gyroradii in the solar wind of ~0.5 R;, this is a sufficient volume to
accurately capture the reflected proton dynamics. We note that this tracing method does not include electric
and magnetic fields from the crustal magnetic anomalies themselves and thus is subject to some error close
to the lunar surface (<~30 km altitude). This error will contribute some amount of blurring of the reflected
proton locations; however, we expect this to be small relative to our chosen spatial distribution mapped onto
the lunar surface.

For trajectories that struck the Moon, we recorded the reflection location (including both solar zenith angle
and selenographic longitude/latitude), scattered velocity and angle, phase space density, upstream solar wind
parameters, and interplanetary magnetic field (IMF) orientation. After all individual traces from the flyby were
completed, we constructed phase space distributions, fs(f’g)(v), for the scattered distribution at each spatial
point on the lunar surface (denoted by longitude, ¢, and latitude, ) with 5° x 5° spatial resolution. Using the
subset of trajectories that traced back to each spatial bin on the lunar surface, we populated the local scattered
distribution function with the average of all trajectories that fell within each 3-D velocity bin. At each location,
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Figure 2. (a—g) A comparison of solar wind and nonsolar wind populations from both ARTEMIS probes on 2 July 2014.

fs(f”g)(v) can then be used to determine the moments of the scattered proton distribution, for example, the
scattered flux, T's.(¢, 0), as a function of selenographic location [¢, 8], given by,

r0.0 = [ dvurdo, M

where we have integrated over the scattered proton velocity vector, v.

Figure 3 shows the results of the backward Liouville tracing algorithm for the single P1 lunar flyby shown in
Figure 1, including (a) the lunar surface crustal magnetic field strength [Purucker and Nicholas, 2010], and the
5° x 5° spatial distribution of (b) the total number of particle trajectories backtraced from ARTEMIS P1 to the
lunar surface and (c) the reflected proton flux relative to the incident solar wind flux. Figure 3b shows that
for the 2 July 2014 flyby, particle trajectories traced back from ARTEMIS P1 to a broad swath of the moon
spanning longitudes between 50° and 180° and latitudes between —70° and 40° with the highest concen-
tration of locations centered under the ARTEMIS periselene location near selenographic latitude/longitude of
[-10°, 140°]. This region includes several groups of crustal magnetic fields including the South Pole-Aitken
Basin, Firsov, and Mare Moscoviense anomalies. The reflected proton flux (i.e., the result of equation (1))
mapped back from this observation, Figure 3¢, shows that the reflected protons observed by ARTEMIS P1 on
2 July 2014 originated mainly from the northwest corner of the highly magnetized South Pole-Aitken (SPA)
Basin. The reflected flux observed by ARTEMIS P1 peaks at approximately 0.2% of the incoming solar wind flux.
We stress that the reflection percentage observed on this single ARTEMIS flyby represents only a small frac-
tion of the total reflected solar wind flux from any given location on the lunar surface. For each ARTEMIS flyby,
only a fraction of all scattered velocity vectors from a given location on the surface can intersect the spacecraft
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Figure 3. Backtracing results for ARTEMIS P1 observations on 2 July 2014 (Figure 1): (a) The surface crustal magnetic
field strength [Purucker and Nicholas, 2010], (b) the number of observations traced back to each 5 x 5° latitude and
longitude bin, and (c) the reflected proton flux relative to the incident solar wind flux. Red labels in Figure 3a denote
prominent magnetic anomalies: Mare Marginis (MM), South Pole/Aitken Basin (SPA), Gerasimovich (GER), and Reiner
Gamma (RG). In Figures 3b and 3¢, contours denote the modeled lunar surface crustal magnetic field strengths of 10, 50,
and 100 nT [Purucker and Nicholas, 2010].

orbital trajectory, and thus, the total reflection percentage at each location must be obtained from aggre-
gating observations from many ARTEMIS flybys (see section 3). Nevertheless, the observations from ARTEMIS
P1 on 2 July 2014 are consistent with previous observations that indicate significant reflection of solar wind
protons from crustal magnetic anomalies such as SPA [e.g., Lue et al., 2011].

3. Global Proton Reflection Map

Using the methodology outlined in section 2, we processed all currently available ARTEMIS observations
(September 2011 to January 2017, nearly the entirety of the ARTEMIS mission to date) in order to construct
a global map of proton reflection efficiency. We selected only observations that satisfied several conditions:
(1) the Moon was located in the solar wind (i.e., outside of the terrestrial magnetosheath or magnetotail),
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Figure 4. Backtracing results for 1602 compiled ARTEMIS observations: (a) The total number of observations per spatial
bin, (b) the percentage of the reflected proton velocity distribution, fs(f’a)(v), in each spatial bin, and (c) the average
reflected solar wind proton flux. Data for Figure 4c are provided in the supporting information.

(2) no terrestrial foreshock ions were present in the ESA data, and (3) the ARTEMIS trajectory crossed through
a hemispherical volume of space 2 R, in radius on the dayside of the Moon. The first two filters ensure that
any observed nonsolar wind species are indeed due to reflection from the lunar surface or crustal magnetic
fields. The third filter selects all regions where ARTEMIS will observe reflected protons given that typical gyro-
radii of reflected protons range between 0.2 and 1.5 R, (350-2500 km, assuming typical ranges of solar wind
velocities, [275, 600] km/s, and interplanetary magnetic field strengths, [2.5, 7.5] nT). We note that the orbital
design of the ARTEMIS mission is favorable for mapping of reflected proton distributions since the ARTEMIS
periselenes occur over all lunar local times (or equivalently, solar zenith angle) and lunar selenographic loca-
tion (i.e., nearside/farside) [Sweetser et al., 2011], although one limitation is the generally ecliptic orbits of
ARTEMIS which does partially limit the ability to observe reflection from high latitudes. We also filtered the
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ARTEMIS data by upstream solar wind conditions, selecting only data with solar wind density, 1<n,,, < 10cm~3
and solar wind velocity, 275<v,, < 600 km/s. This was implemented to ensure that observations were cho-
sen from “nominal” solar wind conditions [e.g., Dmitriev et al., 2011], excluding, for example, coronal mass
ejections, major interplanetary shocks, and other heliospheric disturbances. Following these filters, all ESA
proton velocity vectors were then traced backward in time, and if the trajectory struck the Moon, all asso-
ciated metadata were recorded. In total, we processed 1602 ARTEMIS flybys (811 for P1, 791 for P2) which
yielded >1.5 x 10° individual measurements of reflected proton distribution function from across the lunar
surface.

To compute the reflection map for all locations across the lunar surface, we took three additional steps. First,
each measured distribution function was normalized by the incoming solar wind flux. Second, we averaged all
measured values of the reflected distribution function for instances in which ARTEMIS measured the reflected
distribution function for a specific spatial location and scattered velocity multiple times. Third, for instances
in which ARTEMIS made no measurements of the reflected distribution function at a specific location and
scattered velocity, we filled such bins in the distribution function with the average measured distribution
function at the same scattered speed and the same spatial location. The third step is critical in ensuring that
we do not artificially underreport the reflected flux due to the fact that the ARTEMIS observations do not cover
the entire reflected proton distribution at every point on the lunar surface.

Figure 4a shows the distribution of the 1.5 x 10° proton reflection points obtained from the backtracing
algorithm for all ARTEMIS measurements displayed in selenographic coordinates (0° is the nearside, 180°
the farside). The observations cluster strongly near the equatorial plane due to the low-inclination ARTEMIS
orbits. The observations also peak on the farside and have a minimum on the nearside, as the lunar near-
side is mainly within the terrestrial magnetotail during local daytimes (and thus, is often excluded from this
analysis). Figure 4b shows the fraction of the reflected velocity distribution, f;;’*")(v), measured by ARTEMIS
within each 5° x 5° spatial bin on the surface, with greater than 80% measured in the equatorial region.
Similar to Figure 4a, the measured fraction declines both toward the lunar nearside and toward higher
latitudes. For latitudes greater than 60°, 10% or less of the distribution function has been measured by
ARTEMIS and, thus, total reflected flux values above these latitudes carry greater uncertainty than those at
lower latitudes.

Figure 4c shows the fraction of reflected proton flux relative to the incoming solar wind flux as a function of
selenographiclongitude and latitude. The highest levels of reflected flux are associated with several groupings
of magnetic anomalies, including South Pole/Aitken Basin, Mare Marginis, and Gerasimovich. At the 5x 5° spa-
tial resolution presented here, the maximum reflected flux is 12% of the incoming solar wind flux, consistent
with Chandrayaan measurements [Lue et al., 2011]. Most of the unmagnetized lunar surface reflects between
0.1% and 1% of the solar wind flux, also in line with previous observations [Saito et al., 2008]. Not all magnetic
anomalies display solar wind reflection above the 0.1-1% typical of the unmagnetized surface, including, for
example, the various magnetic anomalies in the southern hemisphere at selenographic longitudes of 0-90°;
however, this could be observational bias since ARTEMIS cannot observe protons strongly forward scattered
from high latitudes. The Reiner Gamma magnetic anomaly displays a reflection fraction only slightly above
1%; however, this relatively low value is attributed to the small spatial size of Reiner Gamma (~1.5° x 1.5°)
with respect to the 5°x 5° spatial bins used here, such that the locally strong reflection from Reiner Gamma
is averaged with neighboring unmagnetized surface at lower reflection values.

4. Magnetic Anomaly Scattering Function

In addition to calculating the net reflected solar wind flux from lunar crustal magnetic anomalies, the back-
ward Liouville tracing algorithm also allows study of the scattering function of solar wind protons off of lunar
magnetic anomalies. At any spatial point on the lunar surface, the reduced angular distribution function,
F(y, y), where y is the azimuthal angle and y is the polar angle in a local coordinate system normal to the
surface (i.e., y is defined with respect to the local surface normal at each location and y is defined such that
yw = 0° is toward the Sun and w = 180° is antisunward), can be calculated as

F@D(y, x) = / Oy, )vidv, ?
0
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Figure 5. The angular scattering functions for the South/Pole/Aitken Basin magnetic anomaly for different cuts in solar zenith angle. (a, d, and g) The number of
observations per bin. (b, e, and h) The two-dimensional scattering function; (c, f, and i) the reduced, one-dimensional angular scattering function as a function of
the azimuthal angle. The red dashed line in Figures 5f and 5i show the empirical fit, as discussed in the text.

where fs(f”g)(v, v, y) is the full scattered distribution function at any spatial point and v is the reflected proton
speed. The distribution function can be further reduced to also study scattering against the azimuthal angle
only as

/2 ©
FOOy) = / / O, w, v sin(x)dvdy, 3)
0 0

by integrating over both the speed, v, and polar angle, y.

Using the reflected distribution function compiled in section 3, we calculated both reduced angular distri-
bution functions for the South Pole/Aitken Basin anomaly, for three separate ranges of solar zenith angle, a:
(1) a <30°%,(2)30° < a <60°,and (3) 60° < a < 80°. We excluded solar zenith angles greater than 80° from our
analysis as we found that the occasional presence of limb shocks and/or compressions [e.g., Russell and
Lichtenstein, 1975; Halekas et al., 2014] contaminated the backtracing of proton trajectories due to highly dis-
turbed magnetic and electric fields in the vicinity of the limb. Figure 5 shows the number of observations per
angular bin, N(y, y), and the two reduced distribution functions, F(y, y) and F(y), for each range of solar
zenith angle, respectively. All three ranges in solar zenith angle possess sufficient statistics (i.e., at least sev-
eral hundred observations per angular bin). In Figures 5b and 5¢, the angular scattering function is broadly
isotropic in both polar and azimuthal angles for a < 30°. For 30° < a < 60°, shown in Figures 5e and 5f, the
angular scattering function contains both an isotropic component and a forward scattering component
[e.g., Fatemietal., 2014, Figure, 2]. In Figure 5f, we overplot as the red dashed curve an empirically fit function of
a constant term plus a forward scattering Gaussian, F(y) = 0.25+0.48 exp(—(180 —w)?/20?), where ¢ = 45°.
Finally, Figures 5h and 5i show the angular scattering function for a > 60°, which displays both the isotropic
component and a strongly forward scattering angular distribution. Figure 5h also shows stronger scattering
toward y = 90° (i.e., perpendicular to the local surface normal). The empirically fit azimuthal scattering curve
for this case, shown in Figure 5i, is F(y) = 0.25 + 0.75 exp(—(180 — y)? /262), where ¢ = 30°.
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Figure 6. A cartoon of proton scattering from lunar
magnetic anomalies for (top, middle, and bottom) different
incident solar zenith angles.

5. Discussion

Similar to previous observations by both the
Kaguya [Saito et al., 2008, 2012] and Chandrayaan
spacecraft [Lue et al., 2011], ARTEMIS observes the
highest percentage of reflected solar wind flux
over regions of strong crustal magnetic anomalies.
The two strongest regions of solar wind proton
reflection are the South Pole/Aitken Basin on the
lunar farside and Mare Marginis near 90° longitude,
with maximum reflected flux fractions of 12% and
5.5%, respectively. The Gerasimovich anomaly near
230° longitude is also visible with a peak reflec-
tion fraction of 2.5% and the Reiner Gamma mag-
netic anomaly near 300° longitude registers 1.1%
solar wind reflection. The unmagnetized lunar sur-
face reflects between 0.1 and 1% of the solar wind
in charged form. We again note that anomalies
significantly smaller than our spatial resolution of
5°x 5° will appear with a reduced reflected frac-
tion, as any reflection is averaged out with nearby
unmagnetized surface. Higher spatial resolution
mapping may be possible with improved computa-
tional resources; however, the error inherent in the
ARTEMIS observations (i.e., finite angle and energy
bin widths), the Runge-Kutta backtracing, and the
lack of exact knowledge of the electromagnetic
fields within anomalies (especially very close to
the surface) prevents higher-resolution mapping.
Nevertheless, we note that the reflection map pro-
duced here agrees well with that from Chandrayaan
[Lue et al., 2011] and Kaguya [Poppe et al., 2014].

The ARTEMIS observations, averaged over up-
stream conditions, show that reflection from the
South Pole/Aitken Basin crustal magnetic anomaly
is well described by two components: an isotropic
function and a forward scattered Gaussian func-
tion with a strength and width that is depen-
dent on the solar zenith angle of the anomaly. For
low solar zenith angles, depicted as a cartoon in
Figure 6 (top), simulations suggest that the electro-
static fields within the anomaly are roughly normal
to a hemispherically shaped surface [e.g., Jarvinen
et al., 2014, Figure 3], and thus, the outgoing angle
of a scattered solar wind proton would roughly

depend on the impact parameter relative to the center of the anomaly. At low SZA, solar wind protons are
incident on anomalies at a full range of impact parameters and thus, the electrostatic fields would scatter
and reflect the protons nearly evenly over 2 [see, e.g., Zimmerman et al., 2015, Figure 6b]. At moderate solar
zenith angles, Figure 6 (middle), the isotropic scattering is still generally present yet protons that have larger
impact parameters to the anomaly experience an electrostatic field more transverse to their undisturbed
momentum vector and thus have a net scattered velocity vector both in the transverse and forward directions.
This yields a broad forward scattering component to the distribution. Finally, for large solar zenith angles,
Figure 6 (bottom), the majority of solar wind protons are incident to the anomaly at large impact angles
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relative to the local surface normal and thus are more likely to receive only transverse momentum from the
electrostatic fields within the anomaly. In turn, this leads to a relatively small isotropic component and a larger
forward scattering component.

This scattering function is consistent with the proposed theory that proton reflection from crustal magnetic
anomalies is mainly due to the presence of large electrostatic fields above and within the anomaly [e.g., Wang
etal.,2012,2013; Jarvinen etal., 2014; Fatemi, 2014; Fatemi et al., 2015; Decaetal., 2015; Zimmerman et al., 2015].
Specifically, Zimmerman et al. [2015] used an electrostatic particle-in-cell model to study the possible mecha-
nism(s) of proton reflection from crustal magnetic fields. By comparing simulation runs with both electric and
magnetic fields and simulations with only magnetic fields, they found that the magnetic fields were unable to
deflect the energetic solar wind protons. Only the presence of electric fields, generated through ambipolar,
Hall, or convective terms [see also, e.g., Jarvinen et al., 2014; Fatemi et al., 2014], were able to sufficiently reflect
and or deflect the solar wind. Furthermore, the qualitative proton scattering function found by Zimmerman
etal.[2015] as a function of solar zenith angle closely matches that found with ARTEMIS here, namely, isotropic
scattering at low solar zenith angles and strong forward scattering at high solar zenith angles [i.e., Zimmerman
etal., 2015, Figure 6]. Furthermore, we note that analyses of Chandrayaan observations of reflected solar wind
protons and a comparison of these observations to hybrid modeling found that a forward scattering function
for protons off of crustal magnetic anomalies yielded the best fit to the data [Lue et al., 2011; Fatemi, 2014].
The forward scattering of solar wind protons off of lunar magnetic anomalies is also distinctly different from
solar wind proton scattering from the unmagnetized lunar surface, which has been observed as dominantly
backscattered in both charged [Saito et al., 2008; Lue et al., 2016] and neutral forms [Schaufelberger et al., 2011].

An accurate understanding of the proton reflection magnitude and scattering function has important impli-
cations in the study of the lunar plasma environment and lunar geophysics. As solar wind protons and alphas
(He**) impact the Moon, they induce optical and chemical changes in the lunar surface at a rate propor-
tional to the incoming proton flux. A prominent chemical consequence of solar wind irradiation of the lunar
surface is the production of OH and/or H,O in lunar soil, which has been remotely observed at the Moon
[e.g., Pieters et al., 2009; McCord et al., 2011; Hendrix et al., 2012] and verified experimentally in laboratory set-
tings [e.g., Hibbits et al., 2011; Burke et al., 2011; Managadze et al., 2011; Ichimura et al., 2012; Poston et al.,
2013; Bradley et al., 2014]. Solar wind irradiation (along with micrometeoroid bombardment) also changes
the albedo and spectra of lunar regolith via the production of nanophase iron embedded within the rims of
lunar regolith grains (i.e., “space weathering”) [e.g., Wiesli et al., 2003; Noble et al., 2007; Loeffler et al., 2009;
Hemingway et al., 2015]. Critically, Hemingway et al. [2015] have presented observations that show a latitudinal
trend in space weathering signatures that matches weathering trends observed in lunar swirls, with higher
rates of weathering found near the equatorial regions. This correlation supports the conclusion that solar wind
irradiation of lunar material is a prominent process in the alteration of regolith optical properties and that
variations in incident solar wind flux, including that induced by the shielding presence of crustal magnetic
anomalies, may significantly alter the space weathering rates of the underlying regolith.

Variations in solar wind flux to the lunar surface also impact the lunar neutral exosphere and energetic neutral
atom population via local suppression of proton implantation and/or reflection at the surface, which serves
as a source of both ENAs [e.g., Wieser et al., 2009; Saul et al., 2013; Allegrini et al., 2013] and exospheric Hand H,
[Hodges, 2011; Stern et al., 2013; Farrell et al., 2015; Hurley et al., 2017], and suppression of local charged-particle
sputtering, which serves as a source for various refractory species in the exosphere [Wurz et al., 2007; Sarantos
et al,, 2012]. Magnetic anomalies have been shown to locally suppress the flux of backscattered ENAs from
the lunar surface as solar wind protons are reflected from electrostatic fields in charged form before strik-
ing the surface [Wieser et al., 2010; Vorburger et al., 2012; Futaana et al., 2013]. For the sputtered lunar neutral
exosphere, Poppe et al. [2014] made theoretical predictions for the degree to which exospheric neutral densi-
ties may be affected by the presence of crustal magnetic anomalies, finding that densities can be diminished
by over an order of magnitude in crustal magnetic anomaly regions. Preliminary evidence for such an effect
has been found in analysis of exospheric pickup ion distributions observed by the ARTEMIS mission [Halekas
et al., 2016]. Thus, the solar wind proton reflection percentage map constructed here is critical in correlat-
ing reduced solar wind sputtering fluxes with variations in both the fluxes of energetic neutral atoms and
exospheric pickup ions.

Finally, the reflection and scattering function of solar wind protons from crustal magnetic anomalies has
direct implications on the lunar near-space plasma environment. As protons reflected from crustal magnetic
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anomalies gyrate around the interplanetary magnetic field, they can generate electromagnetic waves
[e.g., Halekas et al., 2006b, 2008, 2012; Tsugawa et al., 2011; Harada et al., 2015] and small-scale shocks in the
solar wind [Russell and Lichtenstein, 1975; Fatemi et al., 2014; Halekas et al., 2014], and can gyrate into the
low-density lunar wake, significantly disturbing the current and field structure behind the Moon [Nishino et al.,
2009, 2013; Dhanya et al., 2016]. Understanding each of these phenomena requires knowledge of the scat-
tered/reflected proton population from the Moon (including from both the unmagnetized and magnetized
lunar surface); thus, the maps and scattering functions constructed here can be used in further modeling and
data analysis studies.

6. Conclusion

We have compiled over 5 years of ARTEMIS observations of solar wind protons reflected from the lunar surface
and crustal magnetic anomalies in order to construct a global proton reflection map and study the scattering
characteristics of lunar crustal magnetic anomalies. For each ARTEMIS passage through a 2 R, hemispherical
volume on the dayside of the Moon, we used a Runge-Kutta algorithm to trace proton trajectories backward
in time under the influence of the local electromagnetic fields. Liouville’s Theorem provides that the pro-
ton distribution function is conserved along these trajectories and thus, the distribution function observed
by ARTEMIS at each time, velocity, and angle can be associated with a corresponding reflected velocity and
pair of scattering angles. By averaging together approximately 1.5 x 10° individual measurements of the
reflected proton distribution function across the lunar surface and filling points in each local scattered distri-
bution function not measured by ARTEMIS, we have constructed both a global map of proton reflection from
the Moon as well as the angular scattering function of solar wind protons from the South Pole/Aitken Basin
anomaly region.

The database of reflected proton observations constructed here should yield additional insight into the fun-
damental electromagnetic interactions of lunar crustal magnetic anomalies with the solar wind. Indeed, the
observations of reflected solar wind fractions and scattering functions are critically important for comparison
to the various hybrid and particle-in-cell simulations recently undertaken in an effort to understand the mech-
anism(s) underlying the interaction between lunar crustal anomalies and the solar wind. These (and other)
simulations have suggested that solar wind reflection is sensitive to both the overall field strength and the
topology of any given magnetic anomaly [Deca et al., 2015; Bamford et al., 2016; Poppe et al., 2016]. One would
also expect the response of lunar crustal magnetic anomalies to depend on the upstream parameters, includ-
ing the solar wind density, velocity, and pressure [e.g., see Fatemi et al., 2015], as well as the interplanetary
magnetic field strength and direction. A combination of continued analysis of the ARTEMIS-reflected proton
data set and comparison to high-quality modeling of lunar magnetic anomalies will provide continued insight
into these unique examples of planetary magnetism.
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