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a b s t r a c t

The solar wind continuously flows out from the Sun, filling interplanetary space and directly interacting
with the surfaces of small planetary bodies and other objects throughout the solar system. A significant
fraction of these ions backscatter from the surface as energetic neutral atoms (ENAs). The first
observations of these ENA emissions from the Moon were recently reported from the Interstellar
Boundary Explorer (IBEX). These observations yielded a lunar ENA albedo of ∼10% and showed that the
Moon reflects ∼150 metric tons of neutral hydrogen per year. More recently, a survey of the first 2.5 years
of IBEX observations of lunar ENAs was conducted for times when the Moon was in the solar wind. Here,
we present the first IBEX ENA observations when the Moon is inside the terrestrial magnetosheath and
compare them with observations when the Moon is in the solar wind. Our analysis shows that: (1) the
ENA intensities are on average higher when the Moon is in the magnetosheath, (2) the energy spectra are
similar above �0.6* solar wind energy but below there are large differences of the order of a factor of 10,
(3) the energy spectra resemble a power law with a “hump” at ∼0.6 * solar wind energy, and (4) this
“hump” is broader when the Moon is in the magnetosheath. We explore potential scenarios to explain the
differences, namely the effects of the topography of the lunar surface and the consequences of a very
different Mach number in the solar wind versus in the magnetosheath.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The Interstellar Boundary Explorer (IBEX) (McComas et al.,
2009a) was launched on Oct. 19, 2008 and has been delivering a
number of exciting results ever since. Aside from its goals to study
the global interactions between the heliosphere and the local
interstellar medium using energetic neutral atom (ENA) imaging,
IBEX also observes nearby objects (McComas et al., 2011a), namely
the terrestrial magnetosphere (e.g., McComas et al., 2011b, 2012;
Petrinec et al., 2011; Fuselier et al., 2010) and the Moon (McComas
et al., 2009; Rodriguez et al., 2012; Funsten et al., 2013).

IBEX has two single-pixel, high-sensitivity ENA imagers (or
sensors), IBEX-Lo and IBEX-Hi, that have overlapping energy
ranges from ∼0.01 to 2 keV and from ∼0.3 and 6 keV, respectively.
ll rights reserved.

nstitute, P.O. Drawer 28510,
ax: +1 210 520 9935.
Both sensors use a similar detection technique: a collimator
to define the field-of-view (FOV) and repel charged particles,
a charge conversion system to convert the ENAs into charged
particles, an energy analyzer to filter the ionized ENAs by energy
and to block UV radiation, and a coincidence detection section. For
the charge conversion system, IBEX-Lo utilizes a very smooth
conversion surface (e.g., Scheer et al., 2006), whereas IBEX-Hi
utilizes an ultra-thin carbon foil (e.g., Funsten et al., 1993;
McComas et al., 2004). Their FOVs are similar (∼71�71 FWHM)
and their look directions are on opposite sides of the spacecraft,
perpendicular to the spin axis, such that they both sample the
same swath in the sky over a full spacecraft spin. Both IBEX
sensors resolve energy (ΔE/E∼0.7 FHWM in eight steps for IBEX-Lo
and ∼0.5 to 0.7 FHWM in six steps for IBEX-Hi). More detailed
information on these sensors can be found in the respective
instrument papers (Fuselier et al., 2009; Funsten et al., 2009).
IBEX also has a background monitor (IBaM for IBEX Background
Monitor) (Allegrini et al., 2009) that is used to infer the ion
background environment and to identify time intervals when the
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Table 1
Time intervals in UT of the lunar viewings. The abbreviations of the location are SW
for solar wind and MS for magnetosheath.

orbit Date start Time start Date stop Time stop Location
yyyy/mm/dd hh:mm:ss yyyy/mm/dd hh:mm:ss

29 2009/05/16 13:43:28 2009/05/17 02:01:36 SW
43 2009/08/30 21:46:51 2009/08/31 10:01:22 MS
44 2009/09/07 20:21:02 2009/09/08 23:52:50 MS
58 2009/12/21 15:32:16 2009/12/22 03:50:24 SW
72 2010/04/08 11:54:40 2010/04/08 22:41:04 SW
126 2011/05/24 09:38:08 2011/05/24 17:18:56 SW
136a 2011/08/17 00:01:50 2011/08/17 13:47:59 MS
138b 2011/09/07 11:40:15 2011/09/07 22:22:55 MS
139b 2011/09/15 03:05:15 2011/09/16 15:54:08 MS
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background signal is above an energy and flux threshold. The IBaM
makes an integral measurement of protons intensities above
∼14 keV.

The first report of ENAs from the Moon (McComas et al., 2009b)
used IBEX-Hi observations taken in December 2008, during the
first IBEX-Hi commissioning orbit. This study established that
the ENAs were solar wind backscattered from and neutralized by
the surface of the Moon. The reflected portion, or ENA albedo, was
estimated to be ∼10% based on this one observation of the Moon.

Soon after, Wieser et al. (2009) reported the first observations
of ENAs measurements from the Chandrayaan-1 Energetic Neutral
Atom (CENA) (Kazama et al., 2007) sensor part of the SARA
instrument (Bhardwaj et al., 2005; Barabash et al., 2009). CENA
is based on the conversion surface technique, similar to IBEX-Lo
(Wurz, 2000). Chandrayaan-1 was in a polar orbit around the
Moon at 100 km altitude. CENA measured an ENA albedo of
∼16–20% in the energy range ∼40 to 650 eV. Using a large
collection of CENA measurements, Schaufelberger et al. (2011)
determined a scattering function of lunar ENAs over this energy
range. Contrary to what is observed with atomically smooth
surfaces for which forward scattering is favored, the results
showed that backscattering was favored in the case of the lunar
regolith, probably because of the large porosity. Using the full
energy range of CENA (10–3300 eV), Futaana et al. (2012) reported
ENA energy spectra. They found that the best fit to their spectra
was with Maxwell–Boltzmann distributions and with the only
correlation between the fit parameters and the upstream solar
wind parameters was the solar wind speed with the characteristic
energy of the ENAs.

Recently, Rodríguez et al. (2012) reported IBEX-Lo observations
of lunar ENAs. They derived an ENA albedo of ∼0.09. Building on
Schaufelberger et al. (2011) scattering function, Saul et al. (2013)
recalculated the ENA albedo from the IBEX-Lo measurements and
found an albedo about 25% higher, i.e., 0.11.

Since the first report of lunar ENA measured by IBEX-Hi,
Funsten et al. (2013) analyzed many more observations when
the Moonwas in the solar wind. They derived key properties of the
lunar ENAs, and in particular found that the albedo varies from
about 0.08 to 0.20 depending on solar wind speed. It is lowest for
the highest solar wind speed and is empirically fitted with the
function RN¼1/(2.3+6.3 ESW [keV]). They also found strong evi-
dence of an ENA spectral distribution at energies greater than
∼250 eV that decreases linearly with increasing energy up to the
solar wind energy.

There are times, however, when the Moon is in the magne-
tosheath as it transits IBEX's FOV. In the magnetosheath, the
plasma incident on the Moon is different from the solar wind
input of previous studies. Specifically, the solar wind is slowed,
compressed and heated at the bow shock, and flow is diverted
around the magnetosphere. This contrasts to direct exposure to
the solar wind, which is generally beam-like. Some parameters,
such as the Mach number, are changed in the magnetosheath and
that may result in a different reflection coefficient because more of
the surface visible from IBEX could be exposed to the solar wind.

In this study, we combine for the first time IBEX-Lo and -Hi
observations of lunar ENAs to create spectra over the broad energy
range from ∼14 eV to ∼4.1 keV for the viewings when the Moon is
in the magnetosheath or in the solar wind. We then compare these
spectra and evaluate the differences between observations when
the Moon is in the magnetosheath and the solar wind.
2. Data selection

We examine all data intervals, when the Moon is either in the
solar wind or in the magnetosheath, in which IBEX observes
statistically significant counts in both IBEX-Lo and -Hi. Specifically,
the number of counts attributed to lunar ENAs is larger than one
standard deviation in more than one energy step (total of eight
steps for IBEX-Lo and six for IBEX-Hi). The driver for good intervals
is usually the IBEX-Lo sensor because IBEX-Hi is more sensitive
than IBEX-Lo. We end up with a total of nine viewings from orbit
11 (end of December 2008) up to orbit 139 (mid September 2011),
four of them being when the Moon is in the solar wind, and five
when the Moon is in the magnetosheath. Table 1 lists the intervals
and Fig. 1 shows two examples of the configuration when (a) the
Moon is in the solar wind (orbit 58, December 2009) and (b) when
the Moon is in the magnetosheath (orbit 136a, August 2011). We
use a model of the magnetosphere to determine if the Moon is in
the magnetosheath (more details are given below).

Figs. 2 and 3 show examples of data for the orbit arc 136a for
IBEX-Lo and -Hi, respectively. The counts per time bin (923 s bin
for IBEX-Lo and 919 s bin for IBEX-Hi) are color-coded and plotted
in angle from north ecliptic pole (NEP) versus time for each energy
step on the right-hand side. The orange vertical bars represent the
time intervals of the lunar viewing. The top panel displays the
background monitor counts in the same representation for the full
angle range. The rectangle corresponds to the range of angles
covered in the lower panels. Times when the background monitor
rates are above a defined threshold or when the Moon is outside
the magnetosheath (for a magnetosheath interval) are disregarded
as indicated by the gray shading. The counts are then integrated
over the time interval and plotted as a function of angle from NEP
on the right-hand side.

IBEX’s FOV is ∼71�71 FWHM with a roughly triangular trans-
mission function. IBEX data are binned in histograms of sixty
six-degree bins. From IBEX's point-of-view, the Moon's full disk in
the FOV ranges from ∼0.551 to 2.11 for the selected viewings.
Therefore, the lunar ENA counts appear at most within three
consecutive angle bins.

To extract the lunar counts from a residual background (that
can be partly attributed to heliospheric signal) we fit an empirical
second-degree polynomial (dark blue curve) to the pixels (green
dots) on each side of the peaks (red dots) and subtract it from the
counts in the peaks. The total lunar ENA counts with background
subtracted are indicated as well as the one-sigma uncertainty for
each energy step.
3. Results

3.1. Lunar ENA energy spectra

The lunar ENAs counts for IBEX-Lo and -Hi are then converted
into rates and subsequently into fluxes using the respective geo-
metric factors for hydrogen (see Table 2). The fluxes for IBEX-Lo are



Fig. 1. Examples of observations when (a) the Moon is in the solar wind and (b) when the Moon is in the magnetosheath. IBEX's orbital path is shown in green and that of
the Moon (gray point), for the duration of IBEX's orbit, is shown in black. The locations of IBEX and the Moon for the selected viewing intervals are shown in red on their
respective orbit paths.
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Fig. 2. Example of data from IBEX-Lo for the viewing in orbit arc 136a (mid Aug.
2011). The bottom panels show the counts per bin plotted in angle from north
ecliptic pole (NEP) versus time for each energy step. Times when the background
monitor (top panel) measures a signal above a defined threshold rate or when the
Moon is outside the magnetosheath (for a magnetosheath interval) are disregarded
(gray shading). The counts are integrated over the time interval delimited by the
orange vertical lines. A second background subtraction uses the pixels around the
peaks. The lunar ENA counts are clearly visible for energy steps 2, 3, 5, 6, and 7 on
the right panels.
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calculated using

FLo;i ¼ CLo;i=ðΔTLon8nGLo;iÞ ð1Þ
where CLo,i are the total lunar ENA counts at energy step “i”, ΔTLo
is the integration time of the viewing for IBEX-Lo, GLo,i is the
geometric factor at energy step “i”, and the factor of 8 accounts for
the eight energy steps of an IBEX-Lo measurement cycle. Similarly,
for IBEX-Hi we have:

FHi;i ¼ CHi;i=ðΔTHin6nGHi;iÞ ð2Þ

where the “Lo” subscript has been replaced with “Hi” and the factor
8 by a factor 6 because IBEX-Hi steps over six energy steps.

As mentioned in the introduction, the charge conversion
system in the IBEX-Lo sensor is a specialized surface (Wurz
et al., 2006). Some of the neutral atoms sputter residual material
(e.g., water) present on the surface. Thus, an ENA at a given energy
can produce sputtered components at a somewhat lower energy.
The sputtered ion may have the right energy to pass through the
energy analyzer and be detected in the detector section, thus
masquerading as a legitimate count. The sputtered contributions
to the signal have been calibrated before flight and are summar-
ized in the form of Table 3 (adapted from Rodríguez et al. (2012)).
We use this information to determine the corrections to apply to
the fluxes calculated with equation (1).

We proceed as follows. We start with the last column of the
table “E step 8,” for which the flux is not corrected. We assume that the
sputtering contributions from higher energies than energy step 8 are
negligible because the flux at higher energies is small in comparison to
that in energy step 8 or below due to the steep power law of the
energy spectra as will be shown below. Then, we subtract 0.304 times
the flux in step 8 to the flux in step 7. The result is the corrected flux in
step 7. To calculate the corrected flux in step 6 we subtract 0.107 times
the flux in step 8 and 0.334 times the corrected flux in step 7—that we
just calculated above—to the flux in step 6. The value we obtain is the
corrected flux in step 6. The method continues until we calculate the
corrected flux in energy step 1.

The sputter correction to the measured ENA flux values is
relatively modest. For example, the fluxes are reduced by ∼25% in
average for all energy steps and viewings. The minimum correc-
tion is ∼5% for energy step 7 and the maximum is ∼45% for energy
step 5. For energy step 5 and below, the average correction reduces
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the flux by ∼35%. These values are comparable to, though slightly
higher than, those calculated in Fuselier et al. (2012) where they
corrected fluxes for heliopsheric ENAs.
Table 2
IBEX-Lo and -Hi geometric factors for hydrogen.

E step 1 2 3

IBEX-Lo E0 [keV] 0.014 0.027 0
GLo 1E−5 * [cm2 sr eV/eV] 0.729 1.41 2

IBEX-Hi E0 [keV] 0.45 0.71 1
GHi 1E−3 * [cm2 sr eV/eV] 0.13 0.41 0

Table 3
Relative flux correction factors due to sputtering on the conversion surface in IBEX-Lo (

E step 1 E step 2 E

Relative flux contributions to lower energy steps 1 0 0
0.523 1 0
0.0859 0.4a 1
0.0225 0.05a 0
0.0213 0.03a 0
0.0216 0.03a 0
0.0235 0.0209 0
0.0216 0.00752 0

a These values are interpolated.
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Fig. 3. Same as Fig. 2 for IBEX-Hi data.
The final energy spectra are shown in Fig. 4. The data points are
in green for IBEX-Hi and in orange for IBEX-Lo. Note that since
IBEX-Lo and -Hi are co-located, there is no correction required to
compare the fluxes on the same scale. There is excellent agree-
ment between the average flux values in the overlapping energy
range of the IBEX-Lo and -Hi sensors. Because they use different
detection techniques to register the ENAs, this makes for an
independent verification of the fluxes. The lighter colors symbols
are used when one standard deviation is larger than the flux value.
The dotted curves represent the one-count limit for the entire
viewing interval. Two data points (in Orbit 126 and 138b) fall
below this one-count limit because of the background subtraction
and the sputter correction. Even though they have a large relative
uncertainty, these points are not removed from the analysis below
unless stated. To make sure that we did not include a bias one way
or another, we verified that the end results did not change much
whether they are included or not.

The average energy spectra in physical units have similar
shapes in that they are fairly flat below some energy and decrease
with energy as power laws for higher energies. This is very similar
to what is expected for backscattered hydrogen from a regolith-
like material when simulated with the Transport of Ion through
Matter (TRIM) software (see Funsten et al., 2013).

To compare the energy spectra across different observations,
we need to apply several normalization factors: (1) the IBEX-Moon
distance, (2) the Moon location in IBEX's FOV, (3) the solar wind
speed, (4) the solar wind flux, and (5) the solar wind flow
direction. We describe below how we apply these normalizations
in more details.

From IBEX's point-of-view, the Moon can be approximated as a
point source. We assume that the ENA flux decreases as 1/R2,
where R is the IBEX-Moon distance. The lunar observations span a
few hours, typically around 12 h except for orbit 44 (∼28 h) and
orbit 139b (∼79 h), where the Moon and IBEX happened to be
moving together in a similar way in their orbits. The IBEX-Moon
distance over these relatively short periods of time does not vary
much and we use the average distance and multiply the fluxes by
R2 for our correction.

As mentioned earlier, the IBEX collimator has a roughly
triangular angular response function. When the Moon passes
across the FOV, the transmission varies from zero to a maximum
and back to zero as illustrated in Fig. 5(a). But sometimes, such as
4 5 6 7 8

.052 0.102 0.197 0.451 0.908 1.903

.17 2.43 2.41 2.82 5.23 7.41

.08 1.85 2.70 4.09

.75 1.3 2.4 4.5

adapted from Rodríguez et al., 2012). See text for the method.

step 3 E step 4 E step 5 E step 6 E step 7 E step 8

0 0 0 0 0
0 0 0 0 0
0 0 0 0 0

.28 1 0 0 0 0

.0552 0.3a 1 0 0 0

.0399 0.05a 0.3795 1 0 0

.0314 0.0549 0.107 0.334 1 0

.0254 0.0451 0.0541 0.107 0.304 1
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shown in Fig. 5(b), the combination of the motion of IBEX and that
of the Moon makes the Moon spend more time in the center of the
FOV where the collimator transmission is higher. To account for
these differences we calculate the average transmission for each
viewing interval and divide the fluxes by these averages.
The energy distribution of the reflected and neutralized solar
wind depends on the impinging solar wind energy (Wieser et al.,
2009; Rodríguez et al., 2012; Futaana et al., 2012; Funsten et al.,
2013). Since IBEX resolves the energy of the ENA, we have to
account for these differences in the distributions and we
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normalize the energy to the solar wind energy. The solar wind
parameters are downloaded from the OMNIWeb Plus website
(http://omniweb.gsfc.nasa.gov/hw.html). To estimate the magne-
tosheath plasma parameters, we asked the Community Coordi-
nated Modeling Center at Goddard Space Flight Center (http://
ccmc.gsfc.nasa.gov/) to run a magnetosphere model (BATSRUS) for
the intervals in orbits 43, 44, 136a, 138b, and 139b. From the model
output we calculated the average bulk speed (assuming protons)
of the magnetosheath flow. We divide the IBEX energy per charge
by the derived energy per charge.

The ENA flux from the Moon is directly proportional to the
input plasma flux, as demonstrated by McComas et al. (2009b).
Therefore, we normalize the measured ENA fluxes with the
average solar wind or magnetosheath flux (speed times density)
obtained from OMNIWeb Plus or the simulations above.

The last normalization factor has to do with the area of the
Moon illuminated by the solar wind that is visible from IBEX. The
solar wind propagates roughly radially from the Sun. Because of
the Earth's motion around the Sun, the solar wind direction is
slightly aberrated. Therefore, the portion of the lunar disk that is in
the solar wind and at the same time visible from IBEX depends on
the aberration angle. The aberration angle is calculated using the
solar wind velocity components which are obtained either from
OMNIWeb for the solar wind intervals or the BASTRUS model
for the magnetosheath intervals. The aberration angle ranges
(in absolute value) from 2.91 to 4.91 when the Moon is in the
solar wind and from 8.91 to 12.71 when the Moon is in the
magnetosheath. We then calculate the portion of the disk that is
illuminated as viewed by IBEX and divide the ENA flux by this
number.

We now normalize the energy spectra from Fig. 4 and compare
them in Fig. 6 by plotting the normalized differential energy fluxes as
a function of energy normalized to solar wind energy. Fig. 6(a) shows
the spectra when the Moon is in the solar wind and Fig. 6(b) shows
the same when the Moon is in the magnetosheath.

When the Moon is in the solar wind, the spectra all show the
similar intensities except for the viewing during orbit 72 which
has about a factor of ten less intensity at ∼0.6*solar wind energy.
The largest differences between the energy spectra are seen at
energies around 0.1–0.2*solar wind energy. All the spectra show a
“hump” around 0.6* solar wind energy. The solar wind protons are
not mono-energetic and their energy distribution extends beyond
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E/ESW¼1. Moreover, the IBEX-Hi energy bins are about ∼0.5 to 0.7
(ΔE/E at FWHM). It is therefore not surprising to see ENAs above
one solar wind energy.

When the Moon is in the magnetosheath, the spectra also have
more or less the same characteristic shape with a “hump” around
0.6–0.8 times the solar wind energy. There seem to be more
variations from spectrum to spectrum compared to the solar wind
intervals. The spectra for the viewings in orbits 44 and 136a are
significantly higher than the others. The viewings in orbit 43 and
139b are remarkably similar.

While the spectra above �0.6* solar wind energy all have
similar shape for all intervals, there are noticeable differences at
energies below the “hump”: the spectra from the magnetosheath
intervals appear harder (flatter) than the spectra in the solar wind
intervals. Moreover, the “hump” is a lot broader for the magne-
tosheath than for the solar wind intervals.

In Fig. 7 we compare the solar wind intervals (in blue) with
the magnetosheath intervals (in red). It is clear that at least two
viewings in the magnetosheath have higher intensities than the
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other ones. The intensities of magnetosheath intervals also appear
to be higher for energies below ∼0.6 ESW, even if we disregard the
spectrum from orbit 72 (the lowest intensity at ∼0.6 ESW).
All supersonic solar wind cases fall at the lower edge or below
the range of the magnetosheath cases.

3.2. Integrated energy spectra

To perform a more quantitative comparison of the relative
intensities of the different energy spectra, we integrate the
normalized differential flux over a common range for E/ESW.

Fig. 8 shows each energy spectrum individually. The range of
the integration is indicated by the vertical lines. The intensities are
interpolated between the data points. The red plot boxes refer to
solar wind intervals and the blue ones to the magnetosheath
intervals.

We can now compare the total integrated intensity of the
different energy spectra.
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Fig. 8. Energy spectra shown individually for each lunar viewing. The vertical lines show
and the blue ones for the magnetosheath intervals. The data points are plotted with the s
In Fig. 9, we plot the integrated intensities, which are propor-
tional to the reflection coefficient, as a function of average solar
wind energy during the viewing interval. The color coding is the
same as for the previous figures. The letter “M” next to the dots
refers to magnetosheath intervals and the letter “S” to solar wind
intervals. The numbers refer to where the Moon was with respect
to the GSE coordinate system. Looking at Fig. 1(a) or (b), the
number 1 corresponds to the quarter at the lower right corner,
number 2 to the quarter at the upper right, and so on counter-
clockwise. We chose the solar wind energy for the x-axis because
Funsten et al. (2013) reported that the reflection coefficient
depends on the solar wind speed. It is about 0.18 for 0.5 keV and
decreases to ∼0.07 for 2 keV.

Here, we observe a similar dependence between the integrated
intensity and the solar wind energy, except that the amount of
variation seems much more pronounced here than from the
differences in the reflection coefficient quoted above. There is a
factor of about 25 between the dark green point (M1) at ∼0.75 keV
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and the cyan point (S2) at ∼1.8 keV. The dark green point (M1) has
a much higher integrated intensity than the large group of points
at similar solar wind energies. Moreover, it does not seem to
follow the trend outlined by the rest of the data points. If we were
to remove this point because of some unaccounted for error, then
the trend would be very clear. However, we cannot think of a good
reason why this particular point should be removed. It is a point
from one of the spectra that has very good statistics.

The integrated intensity of the spectrum of orbit 72 (cyan point
S2), which spectrum looked rather below the others (see
Figs. 6 and 7), corresponds to the highest solar wind energy—
twice the energy of the next point down.

The different integrated intensities do not seem to be ordered
by location of the Moon when the viewing occurred. For example,
there are three viewings when the Moon was in the magne-
tosheath (“M”) and the first quarter (“1”), but the three data points
(blue, dark green, and violet) are not grouped in the same area
of the plot. The only trend, which was already identified above, is
that the intensities of magnetosheath intervals are higher than
those of the solar wind intervals in average.

We mention in the introduction that the Mach number is
different in the solar wind and in the magnetosheath because the
magnetosheath plasma is “shocked” solar wind at the bow shock. The
Mach number is smaller in the magnetosheath, i.e., the solar wind
velocity distribution function is broader. Fig. 10 shows the integrated
intensities as a function of the solar wind Mach number (proton
speed divided by thermal speed). The proton temperature and the
solar wind speed are obtained from OMNIWeb and the BASTRUS
model. As expected, the magnetosheath lunar viewings have a much
lower (below 6) Mach number than the solar wind viewings (above
10). There is no clear trend showing a relationship between the
integrated intensities and the Mach number, except that the inte-
grated intensities for Mo6 are higher in average than for M410.
4. Discussion

Summarizing the main points of our results, we find that:
1.
 The lunar ENA intensities are higher on average when the
Moon is in the magnetosheath than when the Moon is in the
solar wind;
2.
 The energy spectra for all the viewings show a “hump” at about
�0.6 * solar wind energy. Above the “hump” the spectra have a
similar form. Below the “hump” the energy spectra for the
magnetosheath viewings appear harder (flatter) than for the
solar wind viewings. The “hump” is broader for the magne-
tosheath intervals; it is narrower for the solar wind intervals.

In the following, we discuss ideas regarding these findings.

4.1. Solar wind parameters

The normalization of the energy spectra requires knowledge of
a number of solar wind parameters (velocity, density, tempera-
ture). Those that are determined by propagating the solar wind
from L1 to Earth are probably the most reliable. It is possible,
however, that those inferred from the magnetospheric model are
inaccurate. If that were true, we do not know which ones would be
inaccurate and by how much. It would only be speculative.
However, the model output can be used to estimate the uncer-
tainty of the parameters that we obtain by sampling these
parameters around the location of the Moon. We use the viewing
in orbit 136a as an example. We calculate the average and the
standard deviation of the density, the speed, and the flow direc-
tion of the plasma in a three-dimensional grid of 1 RE in every
direction around the Moon. At the beginning of the viewing, the
standard deviation in this grid is 11% for the density, 1% for the
speed, and 0.21 for the flow direction. At the middle of the
viewing, it is 6% for the density, 0.3% for the speed, and 0.41 for
the flow direction. And at the end of the viewing, it is 6% for the
density, 0.6% for the speed, and 0.21 for the flow direction. These
uncertainties are much smaller than the differences observed in
the integrated intensities.

The ARTEMIS mission (Angelopoulos, 2011) (orbiting around
the Moon) could help determining the solar wind parameters in
future studies.

4.2. Backscatter locations on the Moon

A separation of the intervals by “quarters” in the GSE coordinate
(as shown in Figs. 9 and 10) system may be too coarse to identify
systematic differences. Thus, in the following we try to identify the
regions on the Moon where the observed ENAs will most likely
come from.

Fig. 11 shows on the top a full map of the Moon (from NASA PDS
Imaging Node, USGS Astrogeology Research Program) in cylindrical
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coordinates and on the bottom the different spectra with the
viewing configuration. The longitude (−1801 to +1801) is indicated
on the top, the latitude range goes from −901 (bottom) to +901 (top),
and the equator is horizontal in the middle of the picture.

Because the Moon day is equal to its orbital period around the
Earth, the Moon always shows the same face from the Earth point
of view. But IBEX “sees” the Moon from a very different vantage
point than the Earth because of its high altitude, highly elliptical
orbit. The viewings occurred at roughly five groups of locations
sketched on the bottom part. The portion of the Moon fromwhere
the solar wind can be reflected into IBEX's sensors' apertures is
shown in orange, and is simply determined from the solar wind
direction and IBEX's location. The other areas on the Moon are
either not visible from IBEX or not exposed to the solar wind at the
time of the viewings. This orange portion is the same for all the
Fig. 11. Full map of the Moon (top) in cylindrical projection showing the near side in t
delimited by the vertical colored lines represent the areas from where the observed ENA
the bottom. The approximate location of the Moon in a GSE coordinate system is illustr
magnetosheath intervals in terms of longitudinal range, but it is
different for the solar wind intervals. The ranges in longitude of
the orange sectors are delimited by the respective colored vertical
lines on the map. For example, the portion where the solar wind
reflected from the Moon and potentially detected by IBEX for the
viewing during orbit 58 (magenta) corresponds to the interval
delimited by the magenta lines on the map. The resulting
spectrum is also shown with the same color (on top of the other
spectra in gray) on the left. The location of the Moon in orbit 58 is
shown next to the number 58 in magenta on the bottom. Other
ranges are shown the same way with other colors. The blue range
corresponds to all magnetosheath intervals.

Note that two of these areas (orbit 58, magenta; orbit 72, red)
are not only limited to the near side of the Moon but also include
some areas from the far side. The near and the far sides differ in
he middle (longitude from −901 to +901) and the far side on the sides. The ranges
s come from on. The colors correspond to the spectra and orbit numbers shown on
ated.



Fig. 12. High Mach number (cold) solar wind in blue has a narrower angular
distribution compared with low Mach number (hot) solar wind. Hot solar wind has
access to more surface area that can backscatter ENAs into IBEX's aperture.
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composition and also in terrain. The far side is more highland–like,
whereas the near side contains a lot of mare. We can reduce the
size of the ranges because even though ENAs from these ranges
can reach IBEX, not all the area reflects the same amount of solar
wind towards IBEX. Using the results from Schaufelberger et al.
(2011), we determined that the dashed ovals were the areas that
should produce the highest intensities of ENAs measurable from
IBEX's point of view. In other words, we can expect that most
of the intensities are due to ENAs that were reflected from
these areas.

The green oval (for orbits 29 and 126) covers almost entirely
mare while the red oval (for orbit 72; lowest integrated intensity)
and the magenta oval (for orbit 58) cover mostly highlands. The
blue oval (for all magnetosheath viewings; highest integrated
intensities) covers about half mare and half highlands. There does
not seem to be a systematic pattern based on the topography that
can explain the differences between the intensities observed.

4.3. Effects of the Mach number

The plasma in the magnetosheath has a lower Mach number
than outside the magnetosphere in the solar wind. Thus, the
velocity distribution function (VDF) in the magnetosheath is
broader than that in the solar wind. In other words, the angular
distribution of the solar wind impinging on the lunar surface is
broader in the magnetosheath than it is in the solar wind. We
examine the effects that this broader distribution has on the
backscattered ENAs at two different scales: a macroscopic scale
where the Moon is viewed as a sphere and a microscopic scale
where we focus on the grains that backscatter solar wind.

On a macroscopic scale, the area illuminated by the solar wind
and visible from IBEX is larger when the Mach number is lower
(the angular distribution of impinging solar wind is larger). For our
observations, we expect an increase of about 3% in ENA flux.
Although this is not sufficient to explain a factor of 10 or more, it
contributes to the differences observed.

On a microscopic level, we have to take into account the
structure of the regolith. It is composed of small grains and rocks
with a very rough surface. Fig. 12 illustrates grains and back-
scattered ENAs and shows the effect of surface structure for two
cases where the magnetosheath plasma has a low M and the solar
wind has a high M. In the case of a high M number the angular
distribution of the impinging solar wind is narrow. The area that
the solar wind reaches is almost like a projection. In the case of
the magnetosheath plasma (low M), the angular distribution is
broader. As a consequence, some areas that the cold solar wind
could not reach are now illuminated by this hotter wind providing
additional surface area for backscattering solar wind. Hence, the
total surface illuminated by the hot solar wind is larger and there
are more backscattered ENAs that can reach IBEX.

While both mechanisms contribute to an increase in the back-
scatter ENA flux–at microscopic and macroscopic scales–are ana-
logous because they invoke the area where backscattered ENAs are
created, they differ in the sense that the mechanism at a micro-
scopic scale would not exist for a smooth surface. They both,
however, contribute to an increase of the backscattered ENA flux.

Another consequence of differences in theM number is that the
velocity distribution function (VDF) is also different. A higher M
number corresponds to a narrower VDF and a lower M number
corresponds to a wider VDF. Thus, there is more low-velocity
(or speed) solar wind for a lower M number than for a higher M
number. Since the ENA albedo is higher for lower speeds, it is
possible that, for a constant solar wind flux, the wider VDF favors
backscattering compared to the narrower VDF.

The shape of the “hump” in the energy spectra shows a hint of
the effects of the solar wind distribution functions. The “hump” is
narrow for solar wind intervals–narrow VDF–and it is broad for
magnetosheath intervals–wide VDF.

At this point it is not clear if the differences in the M number
that are described above can explain the large differences
observed in the integrated intensities. Nevertheless, they all point
towards the same conclusion: a lower M number, as observed in
the magnetosheath, results in higher backscattered ENA intensi-
ties. From these observations and previous reports, a very likely
situation is that both the impinging plasma speed and Mach
number play a role in determining the intensities. More obser-
vations of this type will show if a relationship between the
Mach number and the ENA intensities exists and, if so, will help
quantifying that relationship.
5. Conclusion

IBEX measures ENAs from solar wind reflected off the surface of
the Moon. We selected nine intervals during which both IBEX-Lo
and -Hi sensors observed these lunar ENAs. For five of them the
Moon was inside the magnetosheath, and for the remaining four
the Moon was in the solar wind. We showed for the first time
combined IBEX-Lo and -Hi energy spectra of the lunar ENAs.
The spectra are very consistent above ∼0.6*solar wind energy,
but there are large differences (4 factor of 10) between them at
lower energies. We calculated the total integrated intensities and
compared them for all the viewings. On average, the integrated
intensities are higher when the Moon is in the magnetosheath
thanwhen it is in the solar wind. The energy spectra have the form
of a power law with a “hump” at ∼0.6* solar wind energy. The
shape of the “hump” is narrower for solar wind viewings than for
magnetosheath viewings.

By mapping the regions on the Moon where most of the ENAs
are coming from, we did not find any systematic topographical
pattern that could explain the differences between the spectra.
A more likely scenario is based on the differences in the Mach
number. Solar wind with a smaller Mach number can reach more
of the lunar surface and naturally produces more backscattered
ENAs. It is difficult to estimate the increase factor at this point. We
expect that with more lunar ENA observations by IBEX, we will be
able to shed more light on this issue. Thus, we have shown the first
IBEX observations of ENAs from the Moon inside the
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magnetosheath which reveals the higher neutralization and
reflection of plasma potentially due its reduced Mach number.
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