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Abstract

The planetary magnetic fields in the solar system deflect/reflect solar wind at bow shocks in front of their magnetospheres,

protecting the planets from direct solar wind bombardment. Indirect evidences suggest that the sporadic magnetic anomalies

on the Moon, i.e., the small-scale magnetic fields, do the same, protecting the lunar surface below and even modifying the

chemical/optical properties there. It is, however, still unclear how these anomalies interact with solar wind because of lack

of in-situ observations. Two key remotely-sensed symptoms, i.e., the lunar reflected ions and the associated ˜1Hz waves, are

organized in a particular coordinate system here to diagnose the solar wind interaction. We show that particles are reflected

around the specular direction above the lunar surface, hinting an electric-field effect in the reflection, and that whistler wings

form, suggesting a distinct solar wind interaction scenario to that of a giant planetary field.
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Abstract 17 

The planetary magnetic fields in the solar system deflect/reflect solar wind at bow shocks in front of 18 

their magnetospheres, protecting the planets from direct solar wind bombardment. Indirect 19 

evidences suggest that the sporadic magnetic anomalies on the Moon, i.e., the small-scale magnetic 20 

fields, do the same, protecting the lunar surface below and even modifying the chemical/optical 21 

properties there. It is, however, still unclear how these anomalies interact with solar wind because 22 

of lack of in-situ observations. Two key remotely-sensed symptoms, i.e., the lunar reflected ions 23 

and the associated ~1Hz waves, are organized in a particular coordinate system here to diagnose the 24 

solar wind interaction. We show that particles are reflected around the specular direction above the 25 

lunar surface, hinting an electric-field effect in the reflection, and that whistler wings form, 26 

suggesting a distinct solar wind interaction scenario to that of a giant planetary field.27 



 3 

Introduction 28 

 29 

On the Moon, despite lack of a global-scale magnetic field, many local 'magnetic anomalies' (MAs) 30 

scatter across its surface [Purucker, 2008]. Their sizes are typically ~100 km, comparable with the 31 

typical SW proton gyro-radii (~80 km). Their magnitudes are only several tens of nT at the lunar 32 

surface. The SW bombards and compresses the MAs, forming local magnetic structures [Lue et al., 33 

2011] which are often termed as the 'mini-magnetospheres' in the literature in order to depict a 34 

similar scenario that a magnetosphere forms on a magnetized planet. Bow shocks may also form 35 

ahead of the lunar mini-magnetospheres [Lin et al., 1998]. Distinct local environment is evident on 36 

the lunar surface right beneath these mini-magnetospheres, and the surface albedo can be 37 

remarkably higher, plausibly related to the reduction of SW implantation.  38 

 39 

The question of how SW interacts with the MAs, however, still puzzles us and we suffer mainly 40 

from lack of in-situ observations in the interaction region. The interaction region is most likely 41 

located at low altitudes, e.g., ~30 km [Kurata et al., 2005], where satellites less enter because of the 42 

much stricter orbit controls required there to avoid the impact of satellites upon the lunar surface or 43 

mountains. Computer simulations in different plasma regimes are thus powerful to study these 44 

interactions [Poppe et al., 2012; Fatemi et al., 2014; Xie et al., 2015; Bamford et al., 2016; Poppe et 45 

al., 2016]. In these simulations, the incident SW particles are seen to reflect by some specific 46 

magnetic geometries of MAs, for example, a magnetic mirror, or by the vertical ambipolar and/or 47 

Hall electric field over MAs. In the former scenario, the reflection direction depends on the 48 

geometry of the local fields, while in the latter, the specular-like reflection sounds reasonable 49 

[Zimmerman et al., 2015]. 50 
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 51 

The reflected particles are a critical remotely-sensed symptom to diagnose the SW-MA interaction. 52 

They have been frequently observed at ~100 km altitudes by ARTEMIS, Chang'E, 53 

SELENE(KAGUYA), and Chandrayaan-1 [Saito et al., 2008; Futaana et al., 2010; Wang et al., 54 

2010; Zhong et al., 2013; Harada et al., 2015]. A backward particle tracing technique has been 55 

facilitated to extract the reflection information from these observations. By applying this technique, 56 

Poppe et al. [2017] constructed a global proton reflection map of the Moon and confirmed that the 57 

reflected particles mainly originate from MAs. The reflection function was particularly investigated, 58 

and two reflection components, the isotropic function and the forward scattered Gaussian function, 59 

are found to coexist, the former dominates when the SPAB is of a low solar zenith angle while the 60 

latter dominates when the zenith angle increases. The vertical electric fields may be responsible to 61 

the reflection [Lue et al., 2011; Saito et al., 2012].  62 

 63 

The reflected particles can break equilibrium of the SW plasmas surrounding the Moon and excite 64 

waves. The waves around the Moon have been observed to cover a wide frequency range. They can 65 

be 0.01 Hz ultra-low-frequency waves, ~1 Hz low-frequency whistlers, or ~1 kHz high-frequency 66 

whistlers [Harada et al., 2015]. The ~1 Hz waves are very common in front of planetary bow 67 

shocks [Narita et al., 2006] and they are thought to be whistler waves, which can be excited by the 68 

reflected SW ions in the foreshock [Fairfield, 1974; Paschmann et al., 1979] or in the bow shocks 69 

[Orlowski et al., 1995]. The origin of the ~1 Hz whistlers near the Moon is also on debate [Tsugawa 70 

et al., 2012]. Their frequencies are as low as the ion gyro-frequency and it is reasonable to propose 71 

that they are excited by the reflected SW ions [Nakagawa et al., 2011; Tsugawa et al., 2012], the 72 

mismatch distributions of the reflected ions and the waves around the Moon, however, indicates that 73 
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the presence of the reflected ions is not a sufficient condition for the wave occurrence [Harada et 74 

al., 2015]. The magnetic connection of the observing satellite to the lunar surface shows a good 75 

correlation with the ~1 Hz wave occurrence [Tsugawa et al., 2012]. The Moon itself can act as a 76 

‘bow shock’ to the incident SW, and the reflected electrons can leave away from the Moon, 77 

resonate with and thus generate the narrow-band ~100 Hz whistlers in the ‘foreshock’ even at a 78 

height of 1450 km [Halekas et al., 2012]. The energies of the reflected electrons are up to ~100 eV 79 

and the corresponding thermal speeds can be as high as ~5000 km/s [Halekas et al., 2012]. How the 80 

low-frequency broad-band whistlers generates, the frequencies of which are typically close to the 81 

gyrofrequencies of protons, however, remains unclear [Tsugawa et al., 2012]. Certainly, these 82 

broad-band whistlers may not necessarily be excited at the locations where the reflected electrons 83 

arrive, but propagate to these locations after being excited just outside MAs. Kivelson et al. [1993] 84 

proposed that the diverted SW electrons may produce whistlers outside a small-scale magnetic 85 

obstacle. The frequencies of the whistlers are determined by the obstacle size, and they are several 86 

Hz when the obstacle size is 100-300 km in a typical SW. The whistlers propagate outward at a 87 

phase speed of ~ 500 km/s or a group speed of ~1000 km/s along magnetic field lines. A pair of 88 

whistler wings thus form in the ambient SW, and the flaring angles of the wings are ~45°. 89 

 90 

Here, by analyzing the ARTEMIS and LP observations in a unique coordinate system (CS), we find 91 

that the low-frequency broad-band whistlers form a pair of wings beside the Moon. The mismatch 92 

of the reflected ions and the whistlers suggests that these ions aren’t the wave source. These waves 93 

can be excited by electrons just outside the MAs, and the electron dynamics must play a 94 

determinative role in the SW-MA interaction. 95 

 96 
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Results  97 

Several CSs are adopted in this study to organize satellite observations. Besides the Moon-fixed 98 

selenographic (SEL) CS and the Sun-Moon line related selenocentric solar ecliptic (SSE) CS, two 99 

specific CSs are also involved. One CS is determined by both 𝑩𝐼𝑀𝐹 and 𝑬𝑆𝑊, and hereafter it is 100 

referred to as the 'BE' CS. Its 𝒀𝐵𝐸 axis is always along the instantaneous interplanetary magnetic 101 

field (IMF, 𝑩𝐼𝑀𝐹), 𝒁𝐵𝐸 along the electric field 𝑬𝑆𝑊 = −𝑽𝑆𝑊 × 𝑩𝐼𝑀𝐹, and 𝑿𝐵𝐸 = 𝒀𝐵𝐸 × 𝒁𝐵𝐸 . In 102 

this CS, the dayside loci where IMF lines initially touch the Moon are referred to as the 'Initially 103 

Touched Region' (ITR, with 𝒀𝐵𝐸 = 0 RL), and the rest downstream lunar surface is termed as the 104 

'Field Connected Region' (FCR). The head-on SW bombardment occurs in ITR only when 105 

𝜃𝑆𝑊−𝐼𝑀𝐹 = cos−1(𝑽𝑆𝑊 ∙ 𝑩𝐼𝑀𝐹 (|𝑽𝑆𝑊||𝑩𝐼𝑀𝐹|)⁄ ) is close to 90º. If necessary, another CS, denoted 106 

as the ‘VE’ CS, is used. 𝑿𝑉𝐸 axis is always against the instantaneous −𝑽𝑆𝑊, 𝒁𝑉𝐸 along 𝑬𝑆𝑊, 107 

and 𝒀𝑉𝐸 = 𝒁𝑉𝐸 × 𝑿𝑉𝐸. Here, 𝑽𝑆𝑊 and 𝑩𝐼𝑀𝐹 are obtained from the NASA/Goddard Space Flight 108 

Center (GSFC)’s OMNI data set and are further shifted forward or backward to the Moon. 109 

 110 

To examine the spatial distributions of the low-frequency broad-band waves around the Moon, the 111 

magnetic field observations from 1998 to 1999 by a low-altitude (20-120 km) Lunar Prospector (LP) 112 

mission [Walker and Russell, 2013] are analyzed in Fig. 1. The root mean square (RMS) in a 113 

5-second window of the magnetic fields observed by LP at a temporal resolution of 1/9 second is 114 

used to quantify the magnitude of the whistlers [Halekas et al., 2006]. The spherical distributions of 115 

the RMS around the Moon are unfolded by the zenith angles relative to the X axes of the 116 

aforementioned four CSs in Fig. 1b-f. For comparison, the distributions of the modeled lunar crustal 117 

fields at the 10 km altitude over the lunar surface [Purucker, 2008] is also shown in Fig. 1a in SEL. 118 

A big MA is clearly seen on the southern far-side, coincident with the position of the SPAB. When 119 
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the Moon is immersed inside the supersonic SW (the geocentric solar zenith angle of the Moon is 120 

less than 135°, Fig. 1b), the strong waves are observed closely related to the SPAB MA. These 121 

waves disappear, however, when the Moon is located inside the subsonic 122 

magnetosphere/magnetosheath (the geocentric solar zenith angle is greater than 135°, Fig. 1c). The 123 

waves in Fig. 1b are relocated in SSE as shown in Fig. 1d, and they show up only on the dayside 124 

and mainly in the southern hemisphere where the SPAB is located. All these observations indicate 125 

the waves are the consequence of the SW interaction of MAs. The wave activities scatter all across 126 

the dayside in the VE CS (Fig. 1e) and no special pattern is presented related to 𝒁𝑉𝐸 i.e., to 𝑬𝑆𝑊. 127 

In BE, however, the waves are well structured (Fig. 1f) and they do not appear near the ITR (the 128 

dark blue band in the center of Fig. 1f), at least at the LP heights of 20-120 km. Still, no asymmetric 129 

features is seen along 𝒁𝐵𝐸 or 𝑬𝑆𝑊 in Fig. 1f, which would have been observed if the waves were 130 

produced by the reflected particles since 𝑬𝑆𝑊 must have made an asymmetric distribution of these 131 

particles [Harada et al., 2015; Zhang et al., 2020].  132 

 133 

The waves observed by ARTEMIS, as well as by LP, are examined statistically in Fig. 2 from 134 

another perspective, i.e., in the XY plane of the BE CS, which is perpendicular to 𝑬𝑆𝑊. The 135 

ARTEMIS satellite orbits are higher than 100 km. The plasma data collected by the ESA instrument 136 

and the magnetic field data by the SCM instrument from the middle of 2011 to the middle of 2016 137 

are used here [Angelopoulos, 2011; McFadden et al., 2008; Roux et al., 2008]. The observations 138 

confined within the scope of |𝒁𝐵𝐸| < 0.5 𝑅𝐿 and 120 𝑘𝑚 < √𝑿𝐵𝐸
2 + 𝒀𝐵𝐸

2 − 𝑅𝐿<𝑅𝐿 are adopted 139 

in this Figure. Similar with the LP case, the RMS of the SCM data within 5-second sliding windows 140 

with a temporal resolution of 0.125 second is used to quantify the wave activities. The left three 141 

columns in Fig 2 show the XY plane projections of the waves observed by LP at low altitudes (Fig. 142 
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2, a-c: 20-60 km; a’-c’: 60-120 km) and by ARTEMIS at high altitudes (Fig. 2, a”-c”: 120 km-1 RL) 143 

as a function of height (in columns) and 𝜃𝑆𝑊−𝐼𝑀𝐹 (in rows). Since 𝑬𝑆𝑊 does not control the wave 144 

distribution pattern as seen in Fig. 1e and 1f, when 𝜃𝑆𝑊−𝐼𝑀𝐹 of a data point is greater than 90°, the 145 

signs of the 𝑋𝐵𝐸 and 𝑍𝐵𝐸 coordinates of all the vectors of this data point are reversed. In this case, 146 

𝑬𝑆𝑊 points along −𝒁𝐵𝐸, 𝑩𝐼𝑀𝐹 along −𝒀𝐵𝐸, and 𝑽𝑆𝑊 always in the direction of −𝑿𝐵𝐸 and 147 

+𝒀𝐵𝐸 as shown in Fig. 2.  148 

 149 

There are clear patterns shown for the wave-occupied regions as well as for the wave-absent regions 150 

in Fig 2. The low-frequency wave regions are rooted at the whole dayside region near the lunar 151 

surface except for the ITR. The wave regions expand outward along the background IMF, forming a 152 

pair of wings beside the ITR. The flaring angle seems to vary with 𝜃𝑆𝑊−𝐼𝑀𝐹, and from Fig. 2a” to 153 

Fig. 2c” it increases from ~65° (Fig. 2a”, 𝜃𝑆𝑊−𝐼𝑀𝐹 ∈ [72°, 108°]), via ~75° (Fig. 2b”, 𝜃𝑆𝑊−𝐼𝑀𝐹 ∈154 

[36°, 72°] or [108°, 144°]), to ~90° (Fig. 2c”, 𝜃𝑆𝑊−𝐼𝑀𝐹 < 36° or > 144°). The two wings are 155 

pretty asymmetric about the 𝒀𝐵𝐸 = 0 plane for the oblique case, and the wing is much smaller at 156 

the side near the lunar wake. At the IMF lines connecting to the nightside surface or to the wake, the 157 

waves cannot appear in the regions very close to the lunar surface or the wake, forming a wave 158 

absent cone behind the Moon with a flaring angle ~45°. This pattern is particularly very clear for 159 

the quasi-perpendicular case in Fig. 2a”, and the scale of the wings in the 𝑿𝐵𝐸 dimension is about 160 

1 RL, which is a little bit larger at the outer portion of the wings. These observations suggest that 161 

neither the wake nor the nightside lunar surface are the source region.  162 

 163 

The waves are observed to be all absent in the region around the ITR. The angular width of this 164 

dayside wave absent region is observed to be controlled both by satellite altitude and 𝜃𝑆𝑊−𝐼𝑀𝐹. If 165 
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comparing the ITR wave absent regions in a row in Fig 2, we will see that the angular width 166 

increases as the observing altitude increases. If comparing them in a column, we will see that the 167 

ITR wave absent region shrinks when 𝑩𝐼𝑀𝐹 and 𝑽𝑆𝑊 tend to be parallel or antiparallel. 168 

 169 

The wave absence near the ITR may hint some particular behaviors of the reflection SW if these 170 

ions can excite the waves. ARTEMIS satellites provide a full distribution of protons in the phase 171 

space at a resolution of ~4 seconds [McFadden et al., 2008]. To make it simple, the protons 172 

distributed within a 45º cone on the opposite side to the Sun are considered as the incident SW 173 

particles, while those outside the cone are taken as the lunar reflected particles [Harada et al., 2015]. 174 

The densities of the incident SW (𝑁𝑆𝑊) and the reflected SW (𝑁𝑅𝐹) can be calculated, respectively. 175 

The distributions of the normalized density of the reflected protons (𝑁𝑅𝐹/𝑁𝑆𝑊) are shown in the 176 

right column of Fig. 2. It is clearly seen that the reflected ions can occur all over the dayside lunar 177 

surface, not only in FCR but also in ITR. For the quasi-perpendicular case (Fig. 2a*), the reflected 178 

protons are observed to be able to traverse 𝑩𝐼𝑀𝐹 and reach a height up to ~400 km. For the 179 

quasi-parallel case (Fig. 2c*), the reflected protons can move upward along the IMF reaching the 180 

much higher altitudes up to 1 RL. The presence of the reflected protons and the disappearance of the 181 

waves in the ITR may also suggest that the reflected SW particles are not the source for the waves, 182 

unless some peculiar behavior occurs there for the reflected SW which can suppress the waves. 183 

 184 

In fact, the XY plane of the BE CS is convenient for examining the reflected properties, particularly 185 

because this plane is always perpendicular to 𝑬𝑆𝑊 and 𝑽𝑌,𝐵𝐸 of a reflected proton remained 186 

unchanged even at a high altitude. The XY projections of the distributions of the outward-going 187 

reflected protons in ITR are examined in the phase space in the modified BE CS as shown in Fig. 3. 188 
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All the reflected protons involved are observed by the ESA instrument when the ARTEMIS 189 

satellites are located within 5° separated from the 𝑌𝐵𝐸 = 0 plane (ITR) and at the altitudes from 50 190 

km to 400 km. The three columns in Fig. 3 show the original phase space density (PSD), the 191 

normalized PSD by the maximum SW PSD and the occurrence probability density of reflected 192 

protons in the phase space. It is seen that the reflected protons occur mainly at energies beyond 500 193 

eV and exhibit a broad specular reflection for all the three 𝜃𝑆𝑊−𝐼𝑀𝐹 cases, or, let’s say, a forward 194 

scattered Gaussian reflection [Poppe et al., 2017]. The lower-energy protons (<100 eV) exhibit a 195 

diffuse reflection. Although their PSD is high, the number density of the low-energy protons should 196 

be low since the corresponding volume in the phase space is very much smaller than that of the 197 

high-energy protons. That is why the occurrence probability for the low-energy protons is low in 198 

Fig. 3a”-3c”. In addition, satellite altitude seems not to control the distribution functions. 199 

 200 

Discussion  201 

The low-frequency broad-band whistlers near the Moon have the frequencies from 0.1 to 10 Hz, 202 

close to the SW proton gyro-frequency (~0.1 Hz) but lower than the electron gyro-frequency (200 203 

Hz). This frequency match, as well as, the fact that the whistlers are often observed to cooccur with 204 

the reflected protons, make it possible that the reflected ions are the wave source [Nakagawa et al., 205 

2011; Tsugawa et al., 2012]. Harada et al. [2015] has shown, however, that at the lunar flank which 206 

𝑬𝑆𝑊 points to, the waves cannot be detected. In this study, the waves are also observed to disappear 207 

in the ITR, where, however, the reflected protons can exist. All these observations suggest that the 208 

presence of the reflected ions is not a sufficient condition for the wave occurrence [Harada et al., 209 

2015]. The magnetic connection of the observing satellite to the lunar surface shows a good 210 

correlation with the ~1 Hz wave occurrence [Tsugawa et al., 2012], which makes it possible that the 211 
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electrons reflected on the lunar surface or MAs can resonate with and thus maintain whistlers along 212 

their tracks [Halekas et al., 2012]. In this way, the high-frequency (~100 Hz) narrow-band whistlers 213 

are well-understood, the low-frequency broad-band ones, however, seem not. The energies of the 214 

resonating electrons can be as high as ~100 eV, and the corresponding thermal velocities are about 215 

5000 km/s. If these electrons excite the low-frequency whistlers, the flaring angle of the whistler 216 

wings should be almost 90 º since the thermal velocities of the electrons are much faster than 𝑽𝑆𝑊. 217 

 218 

The low-frequency whistlers have been proposed to be excited by the diverted electron fluid just 219 

outside a magnetic obstacle of the size less than the gyro-radii of SW protons [Kivelson et al., 1993]. 220 

These whistlers may propagate outward from the interaction region along IMF in the rest frame of 221 

SW, occupy the entire upstream region when 𝜃𝑆𝑊−𝐼𝑀𝐹~0° or 180°, or form a pair of whistler 222 

wings behind when 𝜃𝑆𝑊−𝐼𝑀𝐹~90° [Gurnett, 1995]. That is exactly what we see at the Moon. At 223 

the altitudes of ARTEMIS, for any 𝜃𝑆𝑊−𝐼𝑀𝐹, the waves are observed to form whistler wings. The 224 

flaring angle of the wings is about 70º When 𝜃𝑆𝑊−𝐼𝑀𝐹~90°. The corresponding field-aligned 225 

propagating velocity, 𝑽𝑊, of the waves can be estimated to be ~1000 km/s, given the perpendicular 226 

component of 𝑽𝑆𝑊, 𝑽𝐶, of ~400 km/s. When 𝑽𝑆𝑊 is parallel/anti-parallel to 𝑩𝐼𝑀𝐹, the wings 227 

change to be asymmetric, the wings become more flaring and the waves can occupy the upstream 228 

region against the incident SW because of their fast speed. At the altitudes of LP, it is seen that the 229 

wave-absent region around ITR shrinks when 𝜃𝑆𝑊−𝐼𝑀𝐹 decreases or when the height decreases.  230 

 231 

The whistlers are possibly able to excite in ITR at a height of ~30 km of the interaction region 232 

[Kurata et al., 2005], lower than both LP or ARTEMIS as schematically shown in Fig. 4. After 233 

generation, they propagate at a velocity of 𝑽𝑊 along 𝑩𝐼𝑀𝐹 from the low-altitude interaction 234 
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region and convect at a velocity of 𝑽𝐶 with the background SW, forming whistler wings as shown 235 

by the pink dot lines in Fig. 4. Because 𝑽𝑊 is ~1000 km/s, much larger than 𝑽𝐶 (<400 km/s), the 236 

flaring angle, tan−1 |𝑽𝑊| |𝑽𝐶|⁄ , is thus as large as 70°. The wings open widely into the nearby 237 

space and may not encounter the lunar surface. The higher the satellite orbit, the wider the 238 

wave-absent region along the satellite orbit will be, as shown by the black portions along the two 239 

satellite trajectories in Fig. 4. When 𝜃𝑆𝑊−𝐼𝑀𝐹 decreases, 𝑽𝐶 will decrease, thereby increasing the 240 

flaring angle of the wings and narrowing the wave-absent region along the satellite orbit. The 241 

interacting MAs are not necessarily located in the ITR as depicted in Fig. 4. If the MAs are located 242 

in the FCR, one wing will encounter the lunar surface and disappear and the other one maintains. 243 

Statistically they can still result in the distribution pattern as shown in Fig. 2. In this scenario, 244 

certainly, no asymmetric features can be expected related to 𝑬𝑆𝑊, as shown in Fig. 1f.  245 

 246 

The wave properties are also understood in this scenario. Kivelson et al. [1993] proposed that the 247 

wave power peaks at wavelengths comparable with the transverse scale of the magnetic obstacle. In 248 

the lunar case, the scale may majorly be determined by the horizontal scales of the MAs, which are 249 

several hundreds of kilometers. According to the dispersion relation and the SW properties at the 250 

lunar orbit, the wave frequency should be ~1 Hz and the group velocity be ~1000 km/s. The 251 

magnetic fields of an MA on the Moon are never able to be described by a simple dipole field, their 252 

magnitude, geometry and dimensions vary a lot [Purucker, 2008]. Since the obstacle size is critical 253 

to determine wave properties, the broad-band frequencies of the lunar whistlers may derive from the 254 

complicity of the magnetic fields over the lunar surface.  255 

 256 
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Finally, it should be mentioned that the BE CS adopted in this study is convenient for the study of 257 

reflected protons. In the ITR, the reflected protons are observed to reach the height up to ~400 km 258 

across 𝑩𝐼𝑀𝐹, and the initial reflection velocity can be inferred. Given 𝑩𝐼𝑀𝐹 = 10 𝑛𝑇, the 400 km 259 

gyro-radius corresponds to a reflected proton velocity of ~380 km/s and a reflection energy of ~800 260 

eV, which is consistent with that shown in Fig. 3. That the reflection velocity is about 0.8 of the SW 261 

velocity magnitude sounds appropriate [Holmstrom et al., 2010; Saito et al., 2008]. The reflection 262 

function has been carefully investigated by Saito et al. [2008] and Poppe et al. [2017]. The phase 263 

space distribution functions of the reflected protons investigated in this study show that the 264 

high-energy protons (>500 eV) experience a specular-like or forward scattered Gaussian reflection 265 

[Poppe et al., 2017] and that the reflection of low-energy protons seems diffuse. The electric fields 266 

over MAs seem to play a significant role in reflecting protons [Lue et al., 2011; Saito et al., 2012; 267 

Zimmerman et al., 2015]. Although they may not produce the whistlers around the ITR, the effect of 268 

these reflected protons may be further investigated.  269 
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Figures: 381 

 382 

Fig. 1. The spherical distributions of the modeled lunar crustal magnetic field and the 383 

low-frequency waves near the Moon. The distributions are unfolded to the YZ planes in different 384 

CSs by the zenith angles relative to their X axes. a) The modeled crustal magnetic fields at the 385 

altitude of 10 km in the SEL CS. b-f) the magnetic field RMS observed by the Lunar Prospector. b 386 

and c) the wave activities in the SEL when the Moon is in the SW and in the magnetosphere, 387 

respectively. d-f) the wave activities distributed in the SSE, VE and BE CSs, respectively when the 388 

Moon is located in the SW. Data in Panels b, d, e and f are the same but they exhibit different 389 

patterns.  390 

 391 

Fig. 2. The XY-plane projections of the distributions of the low-frequency waves and the reflected 392 

SW protons. The plots in a column are shown as a function of 𝜃𝑆𝑊−𝐼𝑀𝐹. a-c and a’-c’ are the 393 

magnetic field RMS observed by LP at 30-60 km and at 60-120 km, respectively. a”-c” are the 394 

RMS observed by ARTEMIS from 120 km to 1 RL. a*-c* show the normalized densities of the 395 

reflected protons. 396 

 397 

Fig. 3. The XY-plane projections the phase-space distributions of the outward-going reflected 398 

protons in the ITR below 400 km in the modified BE CS. Three columns show the original phase 399 

space density (PSD), the normalized PSD and the occurrence probability density of the reflected 400 

protons, respectively, and the rows are organized by 𝜃𝑆𝑊−𝐼𝑀𝐹. 401 

 402 

Fig. 4. The propagation scenario of the low frequency whistlers. The waves are excited over an MA 403 

in the ITR (the red arch) below the observing satellite. The whistlers propagate at 𝑽𝑊 along 𝑩𝐼𝑀𝐹 404 
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away from the interaction region and move at 𝑽𝐶 together with SW, forming whistler wings (the 405 

pink dot lines). The waves can never show up in the portion of the satellite trajectory outside the 406 

wings.  407 
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