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Abstract

The solar wind particles reflected by the lunar magnetic field are the major energy source of electromagnetic wave activities, such
as the 100 s magnetohydrodynamic waves and the 1 Hz whistler-mode waves generated by protons and the non-monochromatic
whistler-mode waves generated by mirror-reflected electrons. Kaguya found a new type of whistler-mode waves at 100 km
altitude above the polar regions of the moon with a broad frequency range of 1-16 Hz. The waves appear diffuse in both
the time and frequency domains, and their occurrence is less sensitive to the magnetic connection to the lunar surface. The
polarization is right-handed with respect to the background magnetic field, and the wave number vector is nearly parallel to
the magnetic field perpendicular to the solar wind flow. The diffuse waves are thought to be generated by the solar wind ions
reflected by the lunar magnetic field through cyclotron resonance. The resonant ions are expected to have a velocity component
parallel to the magnetic field larger than the solar wind bulk speed; however, such ions were not always simultaneously detected
by Kaguya. The waves may have been generated above the dayside of the moon and then propagated along the magnetic field

being convected by the solar wind to reach the polar regions to be detected by Kaguya.
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Key Points:

e Diffuse emission of whistler-mode waves from 1 Hz to 16 Hz is found over the polar
regions of the moon in the solar wind.

e Right-hand polarized waves propagate parallel to the background magnetic field without
a significant Doppler shift.

e The waves are thought to be generated by the ions reflected by the moon and propagate
along field lines convected by the solar wind.
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Abstract

The solar wind particles reflected by the lunar magnetic field are the major energy source of
electromagnetic wave activities, such as the 100 s magnetohydrodynamic waves and the 1 Hz
whistler-mode waves generated by protons and the non-monochromatic whistler-mode waves
generated by mirror-reflected electrons. Kaguya found a new type of whistler-mode waves at 100
km altitude above the polar regions of the moon with a broad frequency range of 1-16 Hz. The
waves appear diffuse in both the time and frequency domains, and their occurrence is less
sensitive to the magnetic connection to the lunar surface. The polarization is right-handed with
respect to the background magnetic field, and the wave number vector is nearly parallel to the
magnetic field perpendicular to the solar wind flow. The diffuse waves are thought to be
generated by the solar wind ions reflected by the lunar magnetic field through cyclotron
resonance. The resonant ions are expected to have a velocity component parallel to the magnetic
field larger than the solar wind bulk speed; however, such ions were not always simultaneously
detected by Kaguya. The waves may have been generated above the dayside of the moon and
then propagated along the magnetic field being convected by the solar wind to reach the polar
regions to be detected by Kaguya.

Plain Language Summary

Unlike Earth, the moon is not shielded by a global magnetic field; hence, solar wind particles can
access the lunar surface. Although most of these particles are absorbed by the surface, a small
fraction is scattered by the surface or reflected by intense lunar magnetic fields (magnetic
anomalies) back into the solar wind and can become an energy source of wave activities. The
protons reflected by these magnetic anomalies generate 0.01 Hz ultra-low frequency waves and 1
Hz electron cyclotron waves. The electrons reflected by the lunar magnetic field form a field-
aligned beam that generates broadband electromagnetic waves, whose detection depends on the
magnetic connection of spacecraft to the lunar surface. Kaguya found a new type of
electromagnetic waves with a broad frequency range like the waves generated by the electrons,
but less sensitive to the magnetic connection like the waves generated by the reflected protons.
These electromagnetic waves are preferentially observed above the polar region of the moon, not
above intense magnetic anomalies. They are thought to be generated by the solar wind ions
reflected by the lunar magnetic fields and propagate along the solar wind magnetic field to the
polar region being convected down the solar wind flow.
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1 Introduction

Solar wind particles directly hit the moon due to the lack of a global-scale magnetic field
or a dense atmosphere. Most of them are absorbed by the lunar surface, leaving a plasma void,
called a lunar wake, on the downstream side (Lyon et al., 1967; Colburn et al., 1967; Schubert &
Lichtenstein, 1974; Bosqued et al., 1996; Ogilvie et al., 1996). A small fraction of these particles
is scattered, reflected, or diffracted by the lunar surface or its crustal magnetic field.
Observations from Kaguya and Chandrayaan-1 revealed that 0.1-1% of the incident plasmas is
backscattered by the lunar surface, while 10-50% is reflected by the local crustal fields, called
magnetic anomalies (Saito et al., 2008, 2010; Lue et al., 2011). Above intense magnetic
anomalies, the deceleration of ions and the acceleration of electrons parallel to the magnetic field
were observed together with heating of reflected ions (Saito et al., 2012). Chandrayaan-1 and
IBEX showed that up to 20% of the incident solar wind particles is backscattered in the form of
energetic neutral hydrogen atoms with energy of several tens of eV. Some of the particles
experience charge exchange with ambient plasmas and begin to behave as reflected protons
thereafter (McComas et al., 2009; Wieser et al., 2009, 2011; Poppe et al., 2014; Bhardwaj et al.,
2015).

Backscattered, reflected, or diffracted particles are the main source of various wave
activities (Harada et al., 2015; Nakagawa, 2016; Harada & Halekas, 2016, and references
therein). The most prominent waves in the low-frequency range are the 0.01 Hz ultra-low-
frequency waves (Nakagawa et al., 2012) and the 1 Hz whistler-mode waves (Halekas et al.,
2006b; Tsugawa et al., 2011) generated by the reflected protons through cyclotron resonance
with solar wind magnetohydrodynamic waves or the whistler-mode waves propagating against
the solar wind flow. Figures 1a and 1b show typical examples of such waves. They are Doppler-
shifted and detected as narrowband, often left-handed polarized waves with respect to the
background magnetic field. Their occurrence is not sensitive to the magnetic connection between
spacecraft and the lunar surface estimated from the intersection of the linearly extrapolated line
of force of the magnetic field observed at Kaguya and the lunar surface. The red and blue bars at
the bottom of each spectrum in Figure 1 indicate the magnetic connection to the dayside and
nightside surfaces of the moon, respectively. The narrowband waves in Figures 1a and 1b were
continuously observed, while the magnetic connection was intermittent. The detection was not
controlled by the magnetic connection, suggesting that they were generated by protons with a
large gyro radius.

Another kind of prominent wave found around the moon is the non-monochromatic
whistler-mode waves in the extremely low frequency (ELF) range of 0.1 Hz to 10 Hz (Nakagawa
etal., 2011; Tsugawa et al., 2012). They are often observed on the dayside of the moon, and their
occurrence is severely controlled by the magnetic connection of spacecraft to the lunar surface.
Figure 1c shows an example of a non-monochromatic whistler-mode wave. The broadband
emission was mainly observed when Kaguya was magnetically connected to the dayside surface
of the moon. The wave activity was reduced at around 3:08, 3:30, and 3:37-3:42 when the
magnetic connection was lost and immediately recovered as the connection recovered. The wave
intensity enhanced when the spacecraft was magnetically connected to the magnetic anomalies,
suggesting that the energy source was the electrons bound to the magnetic field lines within a



101
102

103
104
105
106
107
108
109
110
111
112
113
114

115

116
117
118
119
120
121

122
123
124
125
126
127

128

129
130

131
132
133
134
135
136
137
138
139
140

141
142

manuscript submitted to Radio Science

small gyroradius. The waves are thought to be generated by the mirror-reflected electrons above
the lunar crustal magnetic field (Saito et al., 2012).

These low-frequency waves around the moon can be categorized into two types: (1)
monochromatic waves with a sharp boundary in the frequency domain not sensitive to the
magnetic connection to the lunar surface; and (2) non-monochromatic waves with a sharp
boundary in the time domain sensitive to the magnetic connection to the lunar surface. In
addition to these known waves, a new type of diffuse ELF wave was also found by Kaguya
above the polar region of the moon. It is a diffuse emission both in the frequency and time
domains. The waves appeared in a broad frequency range from 1 Hz to 16 Hz like the ELF
waves generated by the reflected electrons. However, different from that of the electron-
generated ELF waves, their occurrence was not sensitive to the magnetic connection to the lunar
surface like the waves generated by protons. Their generation mechanism is not known. This
paper reports the characteristics and the possible generation mechanism of the newly found
diffuse ELF waves.

2 Data

The magnetic field and the plasma data used in this study were obtained by Lunar
MAGnetometer (LMAG) and Plasma energy Angle and Composition Experiment (PACE) of the
MAgnetic field and Plasma experiment (MAP) (Saito et al., 2008, 2010; Tsunakawa et al., 2010;
Shimizu et al., 2008) onboard Kaguya on its polar orbit around the moon during the period from
January 1, 2008 to September 30, 2008. The spacecraft altitude was approximately 100 km
above the lunar surface (Kato et al., 2010). The period of orbital motion was approximately 2 h.

The magnetic field vectors obtained by the LMAG at 32 Hz sampling frequency
(Takahashi et al., 2009) were Fourier transformed every 32 s. Minimum variance analysis
(Sonnerup and Cahill, 1967) was applied to each Fourier component to obtain the direction of the
wavenumber vector k. The k vector was assumed to be parallel to the minimum direction. The
intermediate and maximum variance components were separated into left- or right-handed
polarized components with respect to the background magnetic field. The sense of rotation

(polarization) with respect to the background magnetic field of the wave is defined as (Bf - Bé)/

(Bf + B; ), where B, and B, are the amplitudes of the left- or right-handed components,
respectively.

The three-dimensional (3D) energy distributions of the ions and the electrons were
obtained using four sensors of the MAP-PACE, lon Energy Analyzer (IEA), and lon Mass
Analyzer (IMA) for the ions and Electron Spectrum Analyzer (ESA)-S1 and ESA-S2 for the
electrons. The IMA and ESA-1 sensors were installed on the nadir-looking panel of the
spacecraft to detect the particles coming from the moon, while the IEA and ESA-2 sensors were
installed on the zenith-looking panel. The energy range was 7 eV/q-29 keV/q for the IEA, 7
eV/g-28 keV/q for the IMA, 6 eV-9 keV for the ESA-S1, and 9 eV-16 keV for the ESA-S2
(Saito et al., 2010). The densities of the ions observed by the IMA and the IEA were separately
calculated from each distribution function (Saito et al., 2010) and combined to obtain the total
ion density.

The upstream solar wind condition was monitored using Level 2 data from the Solar
Wind Electron, Proton, and Alpha Monitor (SWEPAM) onboard the Advanced Composition



143
144

145

146

147
148
149
150
151
152
153
154

155
156
157
158
159

160
161

162

163
164
165
166
167
168

169

170

171
172
173

174
175
176
177
178
179
180
181
182
183
184

manuscript submitted to Radio Science

Explorer (ACE) spacecraft. The data were extracted from the OMNI data set of NASA/GSFC
through OMNIWeb Plus.

3 Observations

3.1 Diffuse ELF waves in the solar wind

Figure 2 shows an example of the diffuse ELF waves found by Kaguya on March 8, 2008
when the moon was in the solar wind (Figure 3a). A diffuse emission was observed in the
frequency range of 4 Hz to 16 Hz during the period from 7:03 to 7:13 when the spacecraft was
above the southern polar region of the moon (Figures 2f and 3c—d). In the previous spacecraft
evolution, faint, but similar waves were seen from 5:11 to 5:17 in a range of 6-12 Hz in the same
region over the south pole. The frequency range was between the ion and electron cyclotron
frequencies of 0.075 Hz and 0.14 kHz (for the magnetic field of 4.9 nT at 7:05). The ion bulk
density calculated from the velocity distribution functions from the IEA and the IMA was

approximately 8.0x10° m™ during the period, which resulted in a lower hybrid frequency of 3.2
Hz. The diffuse ELF wave frequency was close to the lower hybrid frequency. Figure 4 shows a
comparison of the cross-cut spectrum of the power density of the diffuse wave (Figure 4b) with
that for a quiet period (Figure 4a). The power density enhanced over a wide range from 4 Hz to
16 Hz.

The diffuse waves were detected when Kaguya was not magnetically connected to the
lunar surface, as indicated by the blanks in Figure 2b. The background magnetic field B, was

almost in the y,, direction of the selenocentric solar ecliptic (sse) coordinate system during the

diffuse ELF wave detection (Figure 29g).
Figure 2c shows the sense of polarization in the spacecraft frame of reference for each

Fourier component, whose power density was greater than 5x10~ nT?/Hz. The red color in the
figure indicates the right-handed polarization with respect to the background magnetic field. The
diffuse ELF wave polarization was predominantly right-handed with respect to the background
magnetic field. The wave number vector k of the diffuse ELF wave was nearly parallel to the

background magnetic field B,. Figure 2d shows the angle (9.(_50 between vectors k and B, . The

red color indicates that vector k was parallel to B, . The polarization and propagation directions

suggested that the diffuse ELF emissions were whistler-mode waves. No significant Doppler
shift was expected because the k vector was nearly perpendicular to the bulk flow of the solar
wind in the x, direction (Figure 2e).

The diffuse waves were not detected above intense magnetic anomalies. Figure 5 shows
the Kaguya position during the detection of the diffuse wave projected onto a color-coded map
of the crustal magnetic field magnitude at the lunar surface calculated from the Kaguya
observation (Tsunakawa et al., 2015). No intense magnetic field was found at the Kaguya
position. Most of the intense magnetic anomalies extended sunward and equatorward of Kaguya.

As shown in Figure 2g, the diffuse ELF waves were observed on the positive gradient of
the magnitude toward a lunar external magnetic enhancement (LEME, see Halekas et al., 2006a)
with a peak magnitude at 7:13. The diffuse waves disappeared at the LEME peak. Another type
of low-frequency wave was observed at around 0—4 Hz at the LEME. However, its properties of
mixed polarization and direction of wave number vectors nearly perpendicular to the magnetic
field were quite different from the diffuse ELF waves.
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Figures 2h and 2i show the energy—time spectra of the ions detected by the IEA and the
IMA sensors of the MAP-PACE, respectively. During the diffuse ELF wave detection, the IMA
observed a bunch of protons reflected by a crustal field from 7:02 to 7:10 in the energy range of
0.1 keV to 1 keV, but the start and end times of the reflected ions were not exactly the same as
those of the diffuse ELF waves. The IEA consistently detected incident solar wind ions centered

at 0.5 keV with the ACE observation of 330 km/s at 1.52x10° km upstream in the solar wind
shifted by approximately 1 h for traveling the distance. The upstream number density of the solar

wind at the ACE was 2x10” m~®, which was higher than the nominal value of the solar wind.
The IMA detected another bunch of reflected protons from 6:53 to 7:00, which were not
accompanied by diffuse ELF waves.

3.2 Diffuse ELF waves in the magnetosheath

Figure 6 shows another diffuse ELF event found in Earth’s magnetosheath. Kaguya was
on the nightside of the terminator, but was exposed to the magnetosheath flow (Figures 7c, 7d
and 8). A diffuse emission was found in a frequency range from 1 Hz to 8 Hz during the period
from 20:40 to 21:00 on June 14, 2008 above the northern polar region of the moon. The emission
appeared diffuse both in the time and frequency domains, making a clear contrast with the
broadband emissions with a sharp appearance and a mixed polarization observed from 21:00 to
22:00.

The observed frequency of 1-8 Hz corresponded to 3-24 times of the ion cyclotron
frequency of 0.34 Hz calculated from the magnitude of the background magnetic field of 19.4—
22.1 nT. Figure 6 presents three lanes of falling tone starting at around 20:40, 20:45, and 20:50.
The polarization was right-handed with respect to the background magnetic field, and the k
vector was again nearly parallel to the magnetic field. The k vector was nearly perpendicular to
the bulk flow of the magnetosheath plasma (Figure 6e) because the magnetic field was almost in
southward direction (Figure 69). Thus, Doppler-shift effect was supposed to be small.

Throughout the diffuse ELF wave event, Kaguya was magnetically connected to the
lunar surface (Figure 6b). Figure 8 shows how the line of force of the magnetic field at Kaguya
was connected to the moon. The line of force of the magnetic field was connected to the lunar
surface just below the spacecraft, where no intense crustal magnetic field was found. A cluster of
intense crustal fields is instead seen at the lower latitude, upstream side (orange line pointing to
the sun at the lower left) of the spacecraft. Figure 9 depicts the polar view in the Lambert
azimuthal equal area projection.

The diffuse appearance and insensitiveness to the magnetic connection suggest that the
emission was generated by ions. An attempt was made to search for the ions that would generate
the waves in the energy—time spectrogram of the ions detected by the IMA (Figure 6i), but it was
difficult to distinguish the reflected ions from the incident solar wind component because the
latter also entered the IMA sensor of Kaguya on this orbit just behind the terminator. The ion
energy typically ranged from 0.5 keV to 2.0 keV, consistent with the bulk speed of 400 km/s of
the sheath flow calculated from the distribution functions obtained by the IMA and the IEA
during the period of the diffuse ELF event. The number density of the ions calculated from the

IEA and IMA observations was 1x10” m >,
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4 Discussion

4.1 Summary of observation

The properties of the diffuse ELF waves observed by Kaguya around the moon are
summarized as follows:
1) The waves were magnetic fluctuations in a frequency range of 1 Hz to 16 Hz between the
local ion and electron cyclotron frequencies.
2) The waves were right-hand polarized with respect to the background magnetic field.
3) The wave number vector was nearly parallel to the background magnetic field.
4) The waves were detected irrespective of the magnetic connection to the lunar surface.
5) The waves were preferentially observed in the polar region.

4.2 Possible explanation for the broad frequency range

Considering the frequency range and the right-handed polarization with respect to the
background magnetic field, the diffuse ELF waves are thought to be whistler-mode waves
propagating nearly parallel to the background magnetic field. The energy source is supposed to
be the ions reflected by the crustal magnetic field, which have broader energy and angular
distributions compared to the incident solar wind (Saito et al., 2010, 2012). They would form a
ring-beam distribution in the velocity space that can generate whistler-mode waves through
cyclotron resonance (Gary, 1991).

The broadband, diffuse emission is expected to be caused by the ineffectiveness of the
Doppler shift. If the wave number vector k is antiparallel to the solar wind velocity V,_, , the

resonant waves will be heavily Doppler-shifted, and the observed bandwidth would be narrowed
with reversed polarization (Figure 10a). The dashed lines in Figure 10 represent the Doppler-

shift relationship between the angular frequencies @ in the solar wind frame and g in the
spacecraft frame of reference

@+K-Vgy = @ogs. (1)
The polarization @, which is positive (negative) for the right-handed (left-handed) polarization,
would be reversed if the k -V, term is large. In contrast, if the wave number vector k is nearly
perpendicular to the solar wind flow, the term k -V, would be small and would not narrow the

bandwidth or reverse the polarization (Figure 10Db).

The real resonance occurred at a higher frequency than that illustrated in Figure 10. The
resonant conditions will be investigated in the next section by using the dispersion curves drawn
with the parameters observed.

4.3 Dispersion relation and resonant condition

Figure 11 shows the dispersion relation @(k) of parallel propagating whistler-mode

waves drawn with the parameters of the diffuse ELF event observed on July 14, 2008. The
magnitude of the magnetic field was 22.1 nT at 20:58. The plasma density was assumed to be

equal to the ion density 1x10" m ~ calculated from the 3D velocity distribution functions
obtained from the IEA and IMA sensors of the PACE. The observed 1-8 Hz frequency
normalized by the ion cyclotron frequency of 0.34 Hz corresponded to 3-24 Q,. The wave

number vector was assumed to be parallel to the background magnetic field.
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The dashed lines in Figure 11 represent the Doppler-shift equation (Eq. (1)) for the upper
and lower boundaries of the observed frequency. The —100 km/s of inclination was calculated
from the bulk speed of 400 km/s observed by the MAP—PACE on the assumption that the wave
was propagating away from the moon, and the k vector was antiparallel to the background
magnetic field (5.6, —7.6, —20.0) nT. The dispersion curve intersected the upper and lower
boundaries at (w,k ) = (21 Q,, 9x10°Q,c ™) and (2 Q;, 3x10°Q,c™), respectively. Thus, the
whistler-mode wave frequency in the sheath flow frame was estimated to range from 0.6 Hz to 7
Hz, and the wavelength was between 100 km and 300 km.

In Figure 11, the cyclotron resonance condition of the reflected ions with velocity V,

o+K-Vy, —K-V; =-0Q, (2)
is represented by the gray solid lines with positive inclinations. Three lines represent the ions
with a parallel speed V, = (k- Vg, —K-V,)/ | K| of 440 km/s (1 keV), 620 km/s (2 keV), and 760

km/s (3 keV) as a measure of the energy of the solar wind (or magnetosheath) protons. A line
with a very small inclination does not intersect the curve in a positive @ range. That is, very
slow ions cannot be resonant with the whistler-mode waves. The line for the 1 keV ions
intersects the dispersion curve at two points around 12, and 4 Q,, and the latter agrees with the

observed frequency range. This is different from the illustrations in Figure 10, in which the
resonance is assumed to be at a lower frequency. The lower limit of the possible intersection
would be at around 2 €2, , consistent with the lowest frequency of the detected diffuse ELF waves

in the sheath flow frame.
To account for the upper boundary of the observed frequency, we need V, as large as 760

km/s (3 keV), which is approximately /3 times faster than the solar wind bulk speed. In Figure
61, the upper boundary of the ion energy was approximately 2 keV in the spacecraft frame of
reference. The reflected ions with velocity V; in the spacecraft frame had velocity V, —V,, in

the solar wind (or magnetosheath flow) frame of reference. However, in this event, the wave
number vector k is nearly perpendicular to the solar wind flow, and the term k -V, does not

contribute to V,. The reflected ions must have a higher velocity than the solar wind speed to have
the parallel component V, as estimated.

Figure 6 shows a falling tone structure of the diffuse ELF waves. The magnetic field,
plasma density, and bulk velocity were stable during the period. Any distinct feature, which
might correspond to the falling tone structure, was searched for in the MAP-PACE data, but no
such feature was found. The frequency decrease can be interpreted as a decrease in the parallel
velocity component of the reflected ions responsible for the wave generation. Whether it was
temporal or spatial variation remains unclear. During the 5 min interval of the three lanes of
falling tone, Kaguya traveled approximately 15° in longitude. The direction of the velocities of
the reflected ions may have varied depending on the distance from their reflection point, but it is
not understood why the falling tone repeatedly appeared.

Figure 12 depicts the Doppler-shift relation of the observed frequencies overlaid on a
dispersion relation (k) of the parallel propagating whistler wave for the March 8, 2008 diffuse

ELF event. The plasma density was assumed to be equal to the ion density 8x10°m™ calculated
from the velocity distribution measurements by the IEA and the IMA. The magnetic field
magnitude of 4.9 nT at 07:05 was employed. The observed frequency 4-16 Hz normalized by the
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ion cyclotron frequency of 0.075 Hz corresponded to 54-210 €, . Note that the upper boundary

of the frequency range was limited by half of the sampling rate (32 Hz) of the magnetic field
observation.

The Doppler shift was small for this case. The bulk velocity of the solar wind calculated
from the MAP-PACE observation was 250 km/s, and the velocity component parallel to the
background magnetic field (0.47, 4.6, 1.5) nT was as small as 24 km/s. The lines of the Doppler-
shift equation (Eq. (1)) with positive and negative inclinations were drawn for two possible
propagation directions parallel or antiparallel to the magnetic field. The frequency in the solar
wind frame fell in the range from54+8Q, (4+0.3 Hz) to 210+£10¢2, (16+0.75 Hz). The wave

number |k | was estimated to be 6x10* |, |/c -1.2x10° | Q, | /c, corresponding to the
wavelength from 66 km to 33 km.

The gray lines in Figure 12 depict the cyclotron resonance conditions for the ions with
three different values of V, = 310 km/s (0.5 keV), 440 km/s (1 keV), and 540 km/s (1.5 keV). To

account for the observed frequency range, the ions should have velocity components V, in the

range of 310 km/s—540 km/s, which is approximately 1-+/3 times larger than that of the incident
solar wind.

4.4 Possible generation mechanism

The velocity component V, of the reflected ions must be larger than the solar wind bulk

speed to be resonant with the observed waves. On the contrary, in a magnetic field perpendicular
to the solar wind flow, the velocity component V, cannot exceed the incident speed. The speed of

the reflected ions can be two times as large as the incident speed in the solar wind frame of
reference, but it contributes a perpendicular component V , not a parallel component V.. The

parallel component V, is maximized when the ions are reflected into the direction parallel to the

magnetic field with the same speed as the initial speed. We need an initial speed larger than the
solar wind bulk speed to obtain fast enough V. High-energy components and the core

component of the solar wind ions must be reflected into the magnetic field direction.

Another possibility is that the diffuse waves were generated in the upstream flow, not at
the Kaguya position. Figure 2i shows a slight disagreement in the appearance/disappearance time
between the diffuse waves and the reflected ions. Bunches of reflected protons at around 6:55
and 4:55 were not accompanied by the diffuse ELF waves. In Figures 8 and 9, we can hardly find
magnetic anomalies that would reflect incident ions. The ions responsible for the diffuse wave
generation might not be detected at the Kaguya position.

Figure 13 schematically illustrates the wave generation and propagation. The solar wind
ions reflected by the lunar magnetic field can have a large velocity component V| perpendicular

to the magnetic field (Saito et al., 2010) and a large gyroradius (Nishino et al., 2009, 2013). A
whistler-mode wave was generated in the upstream solar wind by the reflected ions and began
propagating along the magnetic field line convected by the solar wind flow. The slower wave
components might crash into the lunar surface before they reach the limb. Only the wave
component that is fast enough can propagate to the limb (polar region or the terminator) to be
detected by Kaguya. The group velocity of the whistler-mode wave is higher than the phase
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velocity that determines the resonant condition; hence, the resonant ions may not reach Kaguya
above the polar region. The ions might hit the moon to be absorbed by the surface or reflected by
the lunar magnetic field again into directions that are different from those of the wave. Multiple
reflections might increase the ion velocity by the self-pickup process (Saito et al., 2010).

5 Conclusions

Diffuse, right-hand polarized whistler-mode waves propagating parallel to the magnetic
field were found by Kaguya over the polar regions of the moon. These waves are thought to be
generated by the solar wind ions reflected by the lunar magnetic field into directions
perpendicular to the solar wind flow. Due to ineffectiveness of the Doppler shift, the polarization
was not reversed, and the frequency range was not narrowed. The reflected ions resonant with
the whistler-mode waves must have a higher velocity component parallel to the magnetic field
than the solar wind bulk speed, although such higher-energy ions were not always
simultaneously detected. A possible explanation for this is that the cyclotron resonance occurs
upstream in the solar wind above the lunar magnetic anomaly, and the waves propagate along the
magnetic field to the polar region during the travel time of the solar wind to pass from the
resonant site to the observer at the polar region.
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Figure Captions

Figure 1. Examples of the low-frequency waves detected by Kaguya at 100 km altitude above
the lunar surface. (a) Ultra-low-frequency waves at 0.010-0.012 Hz and (b) whistler-mode
waves at 1.1-1.4 Hz generated by the reflected ions. (c) Non-monochromatic extremely low-
frequency waves generated by the reflected electrons. The red (blue) bars at the bottom of each
spectrum indicate that the linearly extrapolated line of force of the magnetic field at the
spacecraft intersects the dayside (nightside) surface of the moon.

Figure 2. Diffuse ELF waves observed by Kaguya at 100 km altitude above the moon on March

8, 2008. (a) Power density of the magnetic fluctuation. (b) Magnetic connection of Kaguya to the
nightside (blue) or dayside (red) surface of the moon estimated by the linear extrapolation of the

line of force of the magnetic field at Kaguya. (c) Sense of rotation of the magnetic field variation
with respect to the background magnetic field (red for right-hand and blue for left-hand), (d) the

angle between the k vector and the background magnetic field B, for the Fourier components

with a power density larger than 5x10°° nT?/Hz . (e) Angle between the k vector and the Xy
axis of the selenocentric solar ecliptic (sse) coordinate system. (f) Position of Kaguya (

X...) Vous 2., ) together with the distance \/y2, +z2, from the Xy, axis. (g) 32 s-averaged

background magnetic field. (h) Omni-directional energy—time spectrogram of the ions from the
IEA sensor of the PACE looking at the zenith direction and (i) from the IMA sensor facing the
lunar surface.

Figure 3. Kaguya’s position at the diffuse ELF wave detection on March 8, 2008. (a) Position of
the moon in geocentric solar ecliptic (gse) coordinates. (b—d) Kaguya’s position projected on the
(b) x-y, (c) x—z, and (d) y-z planes of the selenocentric solar ecliptic (sse) coordinate system.

Figure 4. Spectra of the magnetic field variation observed by Kaguya around the moon on
March 8, 2008. (a) Quiet period from 6:30:22 to 6:30:54. (b) Diffuse ELF wave period from
7:08:12 to 7:08:44. The black curves are the power density resulting from the Fourier transform
applied for every 32 s of 32 Hz magnetic field data. The red lines depict the linear fit to the
observed spectra in the low-frequency range from 0.031 Hz to 1 Hz. The power density of the
higher-frequency range in panel (a) gives the noise level measurement. The enhancements in
panel (b) over the frequency range from 4 Hz to 16 Hz are significantly higher than the noise
level.

Figure 5. Kaguya’s position during the diffuse ELF wave event on March 8, 2008 projected onto
the map of the lunar crustal magnetic field. The colors indicate the magnetic field magnitude at 0
km altitude (Tsunakawa et al., 2015) on the Lambert azimuthal equal area projection. Kaguya’s
position (red crosses) is plotted every 1 min from 5:11 to 5:17 and 7:03 to 7:13.

Figure 6. A diffuse ELF event observed by Kaguya on June 14, 2008. See the legend of Figure
2.

Figure 7. Kaguya’s position at the diffuse ELF wave detection on June 14, 2008. (a) Position of
the moon in geocentric solar ecliptic (gse) coordinates. (b—d) Kaguya’s position projected on the
(b) x~y, (c) x-z, and (d) y-z planes of the sse coordinate system.
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Figure 8. Magnetic connection between Kaguya and the lunar surface at 20:50 on June 14, 2008.
Kaguya is represented by a cube (not in scale). The line of force of the magnetic field observed
at Kaguya is represented by a purple bar extending from Kaguya. The magnetic connection to the
lunar surface is examined. The red, green, and blue lines indicate the X,,., Y. and z,,. axes,

respectively, of the mean Earth/Polar Axis (ME) reference system, in which the x,,. axis is
defined by the mean Earth direction, and the z,,. axis is defined by the mean rotational pole

(LRO Project and LGCWG, 2008). The orange line extending from the equator to the lower left
direction indicates the Sun’s direction. The lunar surface is color-coded with the magnitude of
the lunar crustal field at 0 km altitude (Tsunakawa et al., 2015).

Figure 9. Kaguya’s position and the lunar crustal magnetic field on the northern hemisphere at 0
km altitude (Tsunakawa et al., 2015). Kaguya’s position from 20:40 to 20:59 is plotted every 1
min on the Lambert azimuthal equal area projection.

Figure 10. Schematic of the observed bandwidth of the Doppler-shifted waves. The curves represent the
dispersion diagrams for the plasma waves in the extremely low-frequency range with a positive @ for the
right-hand polarized waves and a negative @ for the left-hand polarized waves propagating parallel to the
background magnetic field. The solid lines depict the cyclotron resonance conditions. The dashed lines
represent the Doppler shifts. In (a) the heavily Doppler-shifted case, the bandwidth is narrowed, and
the polarization is reversed. In (b) the slightly Doppler-shifted case, the bandwidth remains broad, and
the polarization remains right-handed.

Figure 11. Dispersion relation of the whistler-mode wave, cyclotron resonance condition, and Doppler
shift relation for the diffuse ELF waves on 20:58 of June 14, 2008. The angular frequency is normalized

by the magnitude of the ion cyclotron frequency | Q, |. The wave number is normalized by | €2, | /c,
where ¢ is the speed of light.

Figure 12. Dispersion diagram, cyclotron resonance condition, and Doppler shift for the diffuse ELF
waves on 7:05 of March 8, 2008. See the legend of Figure 11.

Figure 13. Schematic of the whistler-mode wave propagating parallel to the magnetic field convected by
the solar wind. The reflected ion trajectory is not in the exact direction. The position and size of
Kaguya are not in scale.
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