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Abstract 

Wave–particle interactions are fundamental processes in space plasma, and some plasma waves, including electro-
static solitary waves (ESWs), are recognised as broadband noises (BBNs) in the electric field spectral data. Spacecraft 
observations in recent decades have detected BBNs around the Moon, but the generation mechanism of the BBNs 
is not fully understood. Here, we study a wake boundary traversal with BBNs observed by Kaguya, which includes an 
ESW event previously reported by Hashimoto et al. Geophys Res Lett 37:L19204 https:// doi. org/ 10. 1029/ 2010G L0445 
29 (2010). Focusing on the relation between BBNs and electron pitch-angle distribution functions, we show that 
upward electron beams from the nightside lunar surface are effective for the generation of BBNs, in contrast to the 
original interpretation by Hashimoto et al. Geophys Res Lett 37:L19204 https:// doi. org/ 10. 1029/ 2010G L0445 29 (2010) 
that high-energy electrons accelerated by strong ambipolar electric fields excite ESWs in the region far from the 
Moon. When the BBNs were observed by the Kaguya spacecraft in the wake boundary, the spacecraft’s location was 
magnetically connected to the nightside lunar surface, and bi-streaming electron distributions of downward-going 
solar wind strahl component and upward-going field-aligned beams (at ∼124 eV) were detected. The interplanetary 
magnetic field was dominated by a positive BZ (i.e. the northward component), and strahl electrons travelled in the 
antiparallel direction to the interplanetary magnetic field (i.e. southward), which enabled the strahl electrons to 
precipitate onto the nightside lunar surface directly. The incident solar wind electrons cause negative charging of the 
nightside lunar surface, which generates downward electric fields that accelerate electrons from the nightside surface 
toward higher altitudes along the magnetic field. The bidirectional electron distribution is not a sufficient condition 
for the BBN generation, and the distribution of upward electron beams seems to be correlated with the BBNs. Ambi-
polar electric fields in the wake boundary should also contribute to the electron acceleration toward higher altitudes 
and further intrusion of the solar wind ions into the deeper wake. We suggest that solar wind ion intrusion into the 
wake boundary is also an important factor that controls the BBN generation by facilitating the influx of solar wind 
electrons there.
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Introduction
Direct observations in orbit around the Moon in the last 
decades have revealed the plasma environment includ-
ing plasma waves that are excited due to interactions 
between the Moon and surrounding space plasmas (e.g. 
Harada and Halekas 2016; Nakagawa 2016). These waves 
are categorised into electrostatic waves and electro-
magnetic waves, both of which are detected around the 
Moon. One of the electrostatic waves present around the 
Moon is the electrostatic solitary wave (ESW) derived 
from wave–particle interactions. The ESWs, also called 
electrostatic solitary structures, are nonlinear, bipo-
lar electric field pulses that appear in the electric field 
waveform data (e.g. Pickett 2021). Historically, ESWs 
were observed in the plasma sheet boundary layer of the 
Earth’s magnetotail (Matsumoto et  al. 1994), and their 
substances are known to be electron phase-space holes 
(Omura et al. 1994). On the other hand, ESWs observed 
in the turbulent magnetosheath downstream of the bow 
shock is likely to be ion phase-space holes (Holmes et al. 
2017). These ESWs are recognised as BBNs in the fre-
quency–time spectrograms of electric field data, which is 
mainly attributed to the higher harmonics caused by the 
nature of isolated bipolar pulses (Matsumoto et al. 1994).

Since most solar wind plasmas are absorbed by the day-
side lunar surface, a tenuous region called ‘lunar wake’ is 
formed on the lunar nightside (e.g. Schubert and Lichten-
stein 1974; Ogilvie et al. 1996). Solar wind plasma refill-
ing into the lunar wake is an under-debate process on the 
lunar plasma sciences (e.g. Futaana et  al. 2010; Nishino 
et  al. 2013; Dhanya et  al. 2016), and wave excitation in 
that region has not yet been elucidated. BBNs in the lunar 
environment were first detected by the Wind spacecraft 

in the distant wake (Kellogg et al. 1996) and attributed to 
ion two-stream instability (Ogilvie et al. 1996). However, 
ESWs were not found in the waveform data of this distant 
wake traversal (Kellogg et  al. 1996). Electrostatic waves 
were observed by the ARTEMIS probes during the first 
lunar wake flybys and attributed to the electron beam 
mode, but well-defined ESWs were not detected (Tao 
et al. 2012). More recently, ESWs have been identified by 
the ARTEMIS probes in a relatively wide area around the 
Moon including the distant wake, and these ESWs have 
been explained to be electron holes (Hutchinson and 
Malaspina 2018; Malaspina and Hutchinson 2019). A 
recent study by Chu et al. (2021) also showed ESWs dur-
ing ARTEMIS lunar flybys and attributed them to elec-
tron two-stream instability. Most ESWs in the distant 
wake would be excited in the regions where both ends of 
the local magnetic field at the spacecraft were connected 
to the IMF.

Hashimoto et  al. (2010) examined the Kaguya LRS/
WFC waveform data obtained at ∼120 km altitude from 
the lunar surface and found that ESWs are excited in the 
lunar wake boundary (which they called Type-A), above 
magnetic anomalies (Type-B), and over the unmagnet-
ised lunar surface (Type-C). These ESWs in the wave-
form data appear as BBNs in the electric field spectral 
data (see Figs. 2, 3, and 4 in Hashimoto et al. 2010). As 
for the Type-A ESW, Hashimoto et al. (2010) mentioned 
that the ESWs were excited by the electron two-stream 
instability between incident solar wind electrons (moving 
into the wake) and wake electrons accelerated outward by 
the strong ambipolar electric fields at the wake bound-
ary. They interpreted these ESWs as being excited in the 
region far from the Moon and propagating to the Kaguya 
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orbits. The event occurred when the magnetic field at the 
spacecraft location was connected to the nightside lunar 
surface, which reminds us of possible effects of the lunar 
surface on the electron distributions and the ESW excita-
tion. However, a detailed analysis of electron distribution 
functions was not performed in their study.

Kaguya observation also revealed that BBNs are gen-
erated even in the centre of the deep lunar wake. These 
BBNs are caused by bi-streaming electron distributions 
along the magnetic field that result from intrusion of 
solar wind ions reflected at the lunar surface or crus-
tal magnetic anomalies on the dayside (Type-II entry) 
(Nishino et  al. 2010, 2013). Electron acceleration and 
BBN generation caused by the Type-II ion entry become 
evident when the spacecraft location is magnetically 
detached from the lunar nightside surface (Nishino et al. 
2013).

In this paper, we revisit the Hashimoto et  al.’s (2010) 
Type-A ESW event in the wake boundary on April 2, 
2008, under the condition that the magnetic field at the 
observed location is connected to the nightside lunar 
surface. We present electron pitch-angle distributions 
around the time when the ESW was detected, and dis-
cuss interactions between the solar wind strahl electrons 
and upward-going electrons originating from the night-
side lunar surface. A possible role of solar wind ions com-
ing into the wake boundary is also considered.

Instrumentation
We use plasma, magnetic field and wave data obtained 
by the Japanese Kaguya (SELENE) spacecraft in orbit 
around the Moon. Electron and ion data were obtained 
by PACE (Plasma energy Angle and Composition Experi-
ment) (Saito et  al. 2008, 2010). Upward-going electrons 
were detected by ESA (Electron Spectrum Analyzer)-S1 
facing the lunar surface, and downward-going electrons 
were detected by ESA-S2 looking up space. For ions, we 
present data from IMA (Ion Mass Analyzer) with a hemi-
spherical field-of-view toward the lunar surface that can 
detect solar wind ions coming into the wake boundary. 
The energy ranges used in this study are 24 eV–9 keV for 
ESA-S1, 26 eV–16 keV for ESA-S2, and 18 eV–28 keV for 
IMA. The time resolution of electron data from ESA-S1 
and S2 used in this study is 16  s, while that of ion data 
from IMA is 32  s. For the electron measurement, the 
sensitivity of ESA-S2 was set to be ∼ 4 times lower than 
that of ESA-S1 to avoid saturation in the solar wind. 
However, this situation makes it difficult to compare the 
downward and upward electron fluxes in the low-den-
sity regions such as the lunar wake. Magnetic field data 
were originally sampled at a 32-Hz resolution by LMAG 
(Lunar MAGnetometer) (Shimizu et al. 2008; Takahashi 
et al. 2009; Tsunakawa et al. 2010), and 4-s average data 

are used in this study. From the PACE and LMAG data, 
we obtained electron pitch-angle distributions every 16 s 
by using time-averaged magnetic field data. Electric field 
spectrum data were obtained every 8  s by two anten-
nas named X-channel and Y-channel of Lunar-Rader-
Sounder (LRS)/Wave-Form-Capture (WFC)-H onboard 
Kaguya (Kasahara et al. 2008; Ono et al. 2010). The two 
antennas are orthogonal to each other and installed on 
a plane perpendicular to the nadir direction. The fre-
quency range of WFC-H used in this study is from 1 kHz 
to 1  MHz which includes the typical BBN frequen-
cies observed by Kaguya in the lunar wake boundary. 
We exclude the data below 1  kHz because of the high-
pass filter (HPF) at 1  kHz implemented in the WFC-H 
receiver, although BBNs might be generated in the lower 
frequency range in the tenuous environment of the lunar 
wake. The altitude of Kaguya from the lunar surface was 
∼110–120 km for the period of our interest.

We refer to the solar wind data from the Advanced 
Composition Explorer (ACE) spacecraft (Stone et  al. 
1998) located far upstream of the Moon. Ion data and 
272-eV electron data from Solar Wind Electron, Proton 
and Alpha Monitor (SWEPAM) (McComas et  al. 1998) 
and magnetic field data from the Magnetic Field Experi-
ment (MAG) (Smith et  al. 1998) are used. We also use 
the solar wind electron and ion data from 3DP (Lin et al. 
1995) and magnetic field data from MFI (Lepping et  al. 
1995) aboard the Wind spacecraft (Acuña et al. 1995).

The Geocentric Solar Ecliptic (GSE) coordinate system, 
the Selenocentric Solar Ecliptic (SSE) coordinate system, 
and the ME (Mean Earth/Polar Axis) coordinate system 
are used.

Observations
Figure  1 shows an overview of plasma observations 
by Kaguya from 04:10 to 04:30 UT on April 2, 2008, 
which include the ESW event at 04:18:33 UT reported 
by Hashimoto et  al. (2010). The Moon’s location and 
Kaguya’s orbit for the 20-min period are shown in Fig. 2. 
For this period, Kaguya travelled northward in the opti-
cal shadow from the deep wake (SZA∼157◦ at 04:10 UT) 
to the northern polar region (SZA∼96◦ at 04:30 UT). The 
orbital plane of Kaguya on the day was almost along the 
noon–midnight meridian plane. The Moon was located 
at (36.9,−47.3,−0.6)  RE in the GSE coordinate system 
( 1RE = 6378 km, Earth radius), which was far upstream 
of the Earth’s bow shock. Although this location would 
have been included in the ion foreshock under the typical 
Parker spiral IMF, a dominant BZ of the IMF prevented 
the Moon and the spacecraft from being magnetically 
connected to the bow shock, and indeed no ions reflected 
at the bow shock were detected at Kaguya’s location dur-
ing the period of our interest.
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Kaguya LRS+LMAG+PACE 2008-04-02  04:10 - 04:30 UT (SSE)
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Fig. 1 Kaguya observations from 04:10 to 04:30 UT on April 2, 2008, including an ESW event in the wake boundary studied by Hashimoto et al. 
(2010). From the top, a frequency–time spectrogram of electric field from X-channel of WFC-H; b frequency–time spectrogram of electric field from 
Y-channel; c angles between the local magnetic field and X-channel and Y-channel antennas; d magnetic fields in the SSE coordinate system; e 
magnetic connection to the lunar surface estimated by a linear extrapolation of the magnetic field at the spacecraft (brown: forward connection 
(not applicable), green: backward connection, black: magnetically detached (not applicable)); f electron energy–time spectrogram from ESA-S2; 
g electron energy–time spectrogram from ESA-S1; h pitch-angle time spectrogram from ESA-S1 and ESA-S2; i ion energy–time spectrogram from 
IMA; j altitude of Kaguya from the average lunar surface; k solar zenith angle. Latitude and longitude at the footprint of the spacecraft in the ME 
coordinate system are presented at the bottom. The vertical dotted lines mark the times when electron pitch-angle distributions in Fig. 1 were 
taken
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As the spacecraft approached the polar region, elec-
tron and ion fluxes gradually increased (Fig. 1f–i), while 
the BBNs were intermittently detected (Fig. 1a and b) as 
mentioned later. The IMF had a strength of ∼3 nT with 
a non-negligible northward component throughout this 
period, while the BX component changes from negative 
to almost zero around 04:16–04:17 UT with an increase 
of BZ (Fig. 1d). The electron flux temporarily decreased 
at the same time as the IMF direction changed, while 
after 04:18 UT it was larger than before as the spacecraft 
approached the solar wind. Strong BBNs in the lower fre-
quency range began to be observed at 04:17:28 UT when 
the spacecraft was located at SZA∼134◦ . The 32-Hz 

magnetic field data (not shown) did not present any sig-
nificant fluctuation during the BBN events, although 
the sampling frequency is not high enough to compare 
them with electric field fluctuations of 1 to a few kHz. 
In this study, the criterion for a strong BBN is defined to 
be 1× 10−12 (V/m)2/Hz in electric field power spectral 
density in the frequency range between 1 kHz and a few 
kHz. After a data gap between 04:18:00 and 04:18:24 UT, 
strong BBNs were detected until 04:19:44 UT with vary-
ing intensity. The ESW event at 04:18:33 UT reported by 
Hashimoto et al. (2010) is included in this period (at the 
time marked as D in Fig. 1). From 04:17 UT to 04:22 UT 
the Y-channel antenna was closer to the magnetic field 

Kaguya orbit  2008-04-02  04:10 - 04:30 UT (GSE/SSE)

North view (GSE)

60 40 20 0 -20 -40 -60

60

40

20

0

-20

Moon

Earth

MP

BS

-40

-60

XGSE [RE]

Y
G

S
E
 [R

E
]

a Sun view

-2000 -1000 0 1000 2000

YSSE [km]

-2000

-1000

0

1000

2000

Z
S

S
E
 [k

m
]

North view

2000 1000 0 -1000 -2000

XSSE [km]

2000

1000

0

-1000

-2000

Y
S

S
E
 [k

m
]

Dusk view

2000 1000 0 -1000 -2000

XSSE [km]

-2000

-1000

0

1000

2000

Z
S

S
E
 [k

m
]

04:10

04:30

04:1004:30

A

04:10

B
C

DHI

04:30

c d

b

Fig. 2 Kaguya orbit from 04:10 to 04:30 UT on April 2, 2008. a The location of the Moon projected onto the XY plane in the GSE coordinate system, 
with typical locations of the Earth’s magnetopause (MP) for the dynamic pressure of 0.7 nPa (Shue et al. 1998) and the bow shock (BS) (Slavin and 
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direction (hereafter referred to as the parallel direction) 
than the X-channel antenna (Fig.  1c), and the BBN sig-
nals detected by the Y-channel antenna were stronger 
than those by the X-channel antenna before 04:21  UT. 
This fact means that the direction of the electric field 
fluctuations observed before 04:21 UT was closer to the 
Y-channel antenna than the X-channel antenna. As can 
be recognised in Fig.  5a of Hashimoto et  al. (2010), the 
electric field fluctuations of the ESW in the perpendicu-
lar direction were small but not negligible compared to 
those in the parallel direction, which might be due to the 
presence of both the parallel and perpendicular compo-
nents of the solitary structures as seen in the Earth’s polar 
regions (Franz et al. 2000). Additionally, we note that the 
BBN signals were safely detected even when the angle 
between the magnetic field and the antenna was very 
large (> 85°). This is because the power spectral density 
of BBN is stronger than the background level by several 
orders of magnitude while amplitudes detected by the 
antennas depend on the cosine of the angle between the 
magnetic field and the antenna. After 04:21 UT, the BBNs 
detected by the X-channel antenna were larger than those 
by the Y-channel antenna, which means that the per-
pendicular fluctuations became dominant over the par-
allel ones. This trend was also observed from 04:22  UT 
to 04:23  UT when the angle between each antenna and 
the local magnetic field became close to each other. This 
change of the electric field directions suggests that the 
generation mechanism of the BBNs might have changed 
at around 04:21 UT, although this paper focuses on the 
BBN generations between 04:17–04:21  UT when the 
electric field fluctuations were similar to the one reported 
by Hashimoto et al. (2010).

Typical electron pitch-angle distributions during the 
wake boundary crossing are shown in Fig. 3. These data 
were taken at 9 moments marked by the vertical dotted 
lines in Fig. 1 and black points in Fig. 2. In these distri-
butions, electrons going upward have the pitch angle 
of 0 ◦ to 90◦ , and those going downward have the pitch 
angle of 90◦ to 180◦ . Before strong broadband noises 
were detected, the upward-going electrons included a 
very faint beam at 124 eV, and no bi-streaming distribu-
tion was seen (Fig. 3a). The 124-eV electron beam shows 
the potential difference between the spacecraft location 
and the lunar surface caused by negative charging of 
the nightside lunar surface. (The observation energy at 
the ESA-S1’s energy step of 124  eV ranges from 110  eV 

to 144  eV. See Table  2 in Saito et  al. (2010) for details.) 
Between 04:17:06–04:17:22  UT, after the change in the 
IMF direction and just before the strong BBN detection, 
the upward-going electron beam was still faint (Fig. 3b).

The electron pitch-angle distributions during the 
strong BBN detection are presented in Fig.  3c and d, 
the latter of which corresponds to the Hashimoto et al.’s 
ESW event at 04:18:33  UT. The pitch-angle distribu-
tions of C, D and F show a large flux of downward solar 
wind electrons and an upward electron beam collimated 
at 124  eV. Such strong BBNs were repeatedly observed 
until 04:19:44  UT, and their intensity appeared to have 
a period of ∼30 s (judged from Fig. 1a, b). The electron 
distributions for the period of E and G corresponding to 
weak BBNs show smaller fluxes of upward electron beam 
at 124  eV. The specific values of the differential energy 
flux of the upward electron beam corresponding to the 
strong BBNs of C, D and F were 1.6×106 , 2.4×106 and 2.9×
106 eV/s/cm2/str/eV, respectively, while those at E and G 
with the weak BBNs were 1.4×106 and 1.5×106 eV/s/cm2/
str/eV, respectively. Since the time resolution of electron 
observations by ESA-S1 (16 s) is twice as long as that of 
WFC-H (8  s), the actual difference in the upward elec-
tron beams might be more significant than what is seen 
in the data. After the strong BBNs ceased at around 
04:19:44  UT, weak ones continued to be observed until 
04:21 UT. The electrons between 04:20:18–04:20:34 UT, 
during the weak BBN period, displayed a bidirectional 
distribution with an upward-going beam at around 
158 eV (Fig. 3h), but the beam had a broader distribution 
in energy space than before. These facts suggest that the 
BBN generation depends on the distribution of upward 
electron beams, especially on the temperature of the 
beam component.

Finally, we present electron pitch-angle distribution 
between 04:24:34–04:24:50 UT (Fig. 3I) when BBNs were 
not detected at all. Although the angles between the 
magnetic field and the antennas at this moment were as 
large as 74◦ , we can reasonably conclude that there was 
no electrostatic wave excitation, because amplitudes 
detected by the antennas are proportional to the prod-
uct of the original wave intensity in the parallel direc-
tion and a factor of cos(74◦)∼0.28. Since Kaguya was still 
inside the lunar optical shadow but coming much closer 
to the solar wind region (see Fig. 2d), both upward and 
downward-going electrons had higher fluxes than those 
observed before with the strong BBNs. In particular, the 

(See figure on next page.)
Fig. 3 Electron pitch-angle distributions of 16-s resolution. a 04:13:54–14:14:10 UT, no BBNs; b 04:17:06–04:17:22 UT, no BBNs (or very weak BBNs); 
c 04:17:38–04:17:54 UT, beginning of strong BBNs; d 04:18:26–14:18:42 UT, strong BBNs, the ESW event reported by Hashimoto et al. (2010); e 
04:18:42–04:18:58 UT, weak BBNs; f 04:18:58–04:19:14 UT, strong BBNs; g 04:19:14–04:19:30 UT, weak BBNs; h 04:20:18–04:20:34 UT, weak BBNs; i 
04:24:34–04:24:50 UT, no BBNs. For all the data shown here, pitch angels of downward-going (i.e. moonward-going) electrons are between 90◦ and 
180◦ , while those of upward-going electrons are between 0 ◦ and 90◦
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Kaguya/LMAG+PACE  Electron Pitch Angle Distribution  2008-04-02
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upward-going electrons showed broad distributions in 
energy space rather than a beam collimated at a narrow 
energy range. These observations mean that BBNs are 
not necessarily excited when the electrons have a bidi-
rectional distribution (Fig.  3f ) and imply that the ESW 
excitation in the wake boundary requires an appropriate 
amount of incident solar wind electrons and upward-
going electron beams.

The spacecraft was in the optical shadow of the Moon 
through the 20-min period, while a non-negligible 
amount of solar wind ion flux was detected (Fig.  1i). 
These ions most likely entered the optical shadow region 
by a combination of their thermal motion itself and 
Moonward electric fields due to the negative charging of 
the nightside lunar surface, and possibly partially caused 
by ambipolar electric fields at the wake boundary. The 
presence of ions in the wake boundary may facilitate the 
influx of solar wind electrons and may contribute the 
generation of BBNs there.

Since the IMF pointed northward through the 20-min 
period, the location of Kaguya spacecraft travelling in the 
northern hemisphere was always magnetically connected 
to the lunar surface (Fig.  1e). This configuration enabled 
solar wind strahl electrons to precipitate directly onto the 
nightside lunar surface along the IMF, if they were trav-
elling in the direction antiparallel to the IMF. Figure  4 
shows solar wind observations by ACE at (246, 3,−25) RE 
and Wind at (202, 59,−14) RE in the GSE coordinate sys-
tem between 23:00 UT on April 1, 2008 and 05:00 UT on 
April 2, 2008. The solar wind convection time from ACE 
to the Moon’s location (i.e. (36.9,−47.3,−0.6) RE in GSE) 
is roughly estimated to be ∼55 min, if we consider only the 
distance in the XGSE direction (209 RE ) and adopt the solar 
wind flow speed of ∼410  km/s. However, since ACE and 
the Moon were not aligned with respect to the solar wind 
flow, it is not easy to shift the ACE data in time simply and 
compare them with the Kaguya data. Therefore, we focus 
on the northward IMF starting at around 03:20 UT at ACE, 
keeping in mind that the ESW event at Kaguya occurred 
during the strongly northward IMF. Through this period 
of the northward IMF, the 272-eV electron pitch-angle dis-
tribution representing the strahl component of the solar 
wind electrons displayed a collimated flux in the antiparal-
lel direction to the IMF (Fig. 4a). The electron pitch-angle 
distributions at 264 eV (Fig. 4f) and 164 eV (Fig. 4g) from 
Wind also showed continuous flux enhancements in the 
antiparallel direction, although simple comparison with the 
Kaguya data is difficult due to a large separation of the two 
spacecraft in the YGSE direction. These facts support the 
idea that the downward-going electrons in the lunar wake 
boundary observed by Kaguya were indeed strahl compo-
nent supplied from the solar wind along the IMF, and sug-
gests that the BBN generation in the wake boundary most 

likely depends on the directions of the solar wind strahl 
electrons and on the IMF direction.

Discussion
In this paper, we studied a broadband electric field noise 
event in the lunar wake traversal observed by Kaguya, 
focusing on the relationship between BBN generation 
and electron pitch-angle distributions. We do not have 
waveform data for the times when the strong BBNs were 
observed in the wake boundary crossing other than at 
04:18:33  UT, but the observed bidirectional electron dis-
tributions with BBNs including the ESW event suggest 
that the electron two-stream instability is a most plausible 
candidate for the excitation of the ESW. We also point out 
that the bidirectional electron distribution is not a suffi-
cient condition for generation of BBNs in the lunar wake 
boundary, and that the pitch-angle distribution of the elec-
tron beams going upward from the nightside lunar surface 
seems to be an essential factor that may control excitation 
and strength of the ESWs there. The ESW excitation is evi-
dent when the upward-going electron beam has a narrower 
distribution in velocity space. This signature is roughly 
consistent with simulation results by Omura et al. (1996); 
Counter-streaming cold electron beams are essential for 
the ESW excitation in the Earth’s magnetotail. On the other 
hand, the BBN generation after 04:21 UT might result from 
some process other than the electron two-stream instabil-
ity, which remains to be clarified in future studies.

ARTEMIS observed similar broadband electric field 
noises in the lunar wake (Tao et  al. 2012), while high-
frequency magnetic field fluctuations were not detected 
by the search coil magnetometer with the sample rate 
of ∼16  kHz, which means that the observed broadband 
noises are electrostatic. Together with the fact that one 
of the strong broadband noises in the current study cor-
responds to the ESW period reported by Hashimoto et al. 
(2010), we suggest that the BBNs observed by Kaguya 
between 04:17 and 04:21 UT are also likely to be electro-
static waves, although we cannot finally judge whether 
these waves are electrostatic or electromagnetic due to 
the limitation of the magnetic field sample rate (32 Hz).

Here, we estimate the potential of the ESWs found by 
Hashimoto et  al. (2010) and discuss the detectability of 
electron acceleration. According to Hashimoto et  al. 
(2010), the ESW detected at 04:18:33 UT had a duration 
of 1 ms and an amplitude of 2 mV/m (4 mV/m peak-to-
peak). Since the speed of 124-eV electrons is ∼6600 km/s, 
the potential ( φ ) corresponding to the electrostatic soli-
tary structure is estimated as follows:

The estimated potential is much smaller than the typi-
cal energy of the observed electron beams (>100  eV) 

(1)φ = 6600 km/s× 1ms× 2mV/m ≃ 13V.
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that corresponds to the potential difference between 
the spacecraft’s location and its footprint on the night-
side lunar surface. This fact means that small potential 

structures by ESWs ( ∼10  V) may be embedded in the 
large-scale potential structure (>100  V) predominantly 
due to negative charging of the nightside lunar surface. 
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However, since the estimated potential φ is smaller than 
the observation energy range (110–144 eV) at the ESA-
S1’s energy step of 124 eV, it is difficult to see an accel-
eration of electron beams by the electrostatic solitary 
structures.

We discuss the effects of incident solar wind electrons 
on the nightside lunar surface when the strong BBNs 
occurred. By linearly extrapolating the magnetic field 
observed by Kaguya/LMAG at 04:18:33 UT, we estimated 
the magnetic footprint to be at (45◦ N, 42◦ E) in the ME 
coordinate system. At this location on the lunar surface, 
the crustal magnetic field strength reproduced by the 
surface vector mapping (SVM) method (Tsunakawa et al. 
2015) is as weak as 0.6  nT. Based on the simple sum of 
the crustal magnetic field of 0.6 nT and external magnetic 
field of ∼3 nT observed at Kaguya’s location, the magnetic 
field strength at the footprint is estimated to be at most ∼
3.6 nT. This combination of the magnetic field strengths 
gives a loss cone of 66◦ or larger. Therefore, most of the 
incident solar wind electrons that overcome the potential 
difference between the Kaguya’s location and the night-
side lunar surface ( ∼124 V in this case) should reach the 
nightside lunar surface without being reflected either by 
the crustal magnetic field or by the downward electric 
field corresponding to the potential difference. The elec-
trons precipitating into the nightside lunar surface may 
contribute to the negative charging and secondary elec-
tron emission there.

Figure 5 schematically summarises the solar wind elec-
tron access to the nightside lunar surface along the IMF, 
negative charging of the nightside lunar surface, upward-
going electrons, and generation of BBNs. In particular, 
when the IMF is dominated by a component perpendicu-
lar to the solar wind flow, the solar wind strahl electrons 
can easily access a wide region of the nightside lunar 
surface. This process results in the negative charging of 
the nightside lunar surface, which generates Moonward 
electric fields that accelerate electrons from the nightside 
surface to higher altitudes to be observed as field-aligned 
beams. The incident solar wind electrons and the upward 
electron beams form the bidirectional distributions to 
generate the BBNs.

We briefly discuss solar wind ion intrusion into the 
wake boundary and the deeper wake. The ESW event 
at 04:18:33 UT was observed at (−1213, 20, 1401) km in 
the SSE coordinate system (Fig. 2). The thermal speed of 
the solar wind protons in the radial (i.e.  anti-sunward) 
direction at ACE was 30 to 40  km/s (Fig.  4e), and pro-
ton thermal speed at Wind was 40 to 50 km/s (Fig. 4k). 
Based on the observations by ACE and Wind, we can 
expect that some solar wind ions in the faster part of the 
thermal distribution may have a southward speed higher 
than ∼100 km/s. Since the bulk solar wind speed in the 

anti-sunward direction was 410  km/s, it is most likely 
that the solar wind ion intrusion was mainly caused by 
the thermal motion. On the other hand, solar wind pro-
tons were detected by IMA at around 04:12 UT (SZA∼
150◦ ) in the wake much deeper than the BBN locations. 
This fact suggests that ambipolar electric fields may also 
play a role in the solar wind proton intrusion into the 
deeper wake, as pointed out by Nishino et  al. (2009). If 
the ambipolar electric fields present below the spacecraft 
altitude, they contribute to upward acceleration of elec-
trons along the magnetic field line. Therefore, upward-
going electron beams observed at the spacecraft altitude 
should be generated by combining the Moonward electric 
field due to the surface charging and the ambipolar elec-
tric fields in the wake boundary. The averaged strength 
of electric fields below the spacecraft calculated from the 
potential difference (124 eV) and the spacecraft altitude 
( ∼100 km) is in the order of 1 mV/m, which is an-order-
of-magnitude stronger than the ambipolar electric fields 
in the wake estimated in a previous study [0.3 mV/m at 
most (Xu et al. 2019)]. However, the exact location of the 
ambipolar electric fields and relative strengths of both 
electric fields remain to be solved.

It is interesting to note that strong BBNs were repeat-
edly detected with a quasi-period of ∼30  s. This quasi-
periodic variation of the BBN intensity might correspond 
to (1) the timescale of negative charging of the nightside 

BBN generation in the lunar wake boundary

Optical shadow

Kaguya

Kaguya PACE
Fields of view

IEA &
ESA-S2

IMA &
ESA-S1

(Not in scale)

BBNs (ESWs)

IMF

Upward electron beams

Solar wind electrons

Moon

Negative charging

Solar wind ions

Fig. 5 A schematic picture of possible ESW excitation in the 
wake boundary of the near-Moon region. The lunar wake in the 
northern hemisphere is drawn. Fields of view of PACE sensors are 
also illustrated (see Saito et al. (2010) for the detailed and precise 
configurations)
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lunar surface, (2) temporal variation of incident solar 
wind electron flux or (3) the timescale of heating process 
of the upward electron beams by wave–particle inter-
actions. However, further studies including analytical 
treatment and simulation studies of electron two-stream 
instability are necessary to discuss the possible periodic-
ity of the BBNs in detail.

The generation of the broadband electric field noises 
reported here may not be limited to the Moon, but is a 
phenomenon that can generally occur above negatively 
charged surfaces of heavenly bodies without a thick 
atmosphere. For example, (1) the planet Mercury whose 
surface is exposed to high-energy electrons generated in 
the magnetosphere (Ho et  al. 2011, 2012, 2016; Lindsay 
et  al. 2016) and to solar wind energetic electrons (Ger-
shman et al. 2015), (2) Martian moons (Phobos and Dei-
mos), (3) asteroids including Psyche and Didymos, and 
(4) low-activity comets are candidates for the places of a 
possible BBN generation by the same mechanism as that 
in the lunar wake boundary, although different Debye 
lengths and object sizes may affect the mechanism. 
Future explorations of the electromagnetic environments 
of these bodies will give us a clue to a full understanding 
of the wave–particle interactions on the BBN generations 
and the possible ESW excitations.

Conclusions
In this paper, we studied a lunar wake boundary tra-
versal with BBNs in the electric field spectral data 
observed by Kaguya, focusing on electron pitch-angle 
distributions around the time of the ESW detec-
tion previously reported by Hashimoto et  al. (2010). 
During the wake boundary crossing in the north-
ern hemisphere, solar wind strahl electrons travel-
ling southward came into the wake along the IMF 
with a strong northward component. The electron 
pitch-angle distributions showed bi-streaming com-
ponents of downward-going solar wind strahl elec-
trons and upward-going electron beams originating 
from the nightside surface. However, the bi-streaming 
distribution is not a sufficient condition for the strong 
BBN generation, and the distribution of upward elec-
tron beams seems to be correlated with the BBNs. The 
nightside lunar surface is negatively charged due to the 
precipitation of solar wind electrons, which generates 
downward electric fields and accelerate electrons from 
the nightside surface to higher altitudes along the mag-
netic field. The solar wind ions most likely come into 
the wake boundary mainly due to the thermal motions, 
and the presence of these ions facilitates the influx of 
solar wind electrons into the region. Ambipolar elec-
tric fields in the wake boundary should also contribute 
to the electron acceleration toward higher altitudes as 

well as further intrusion of the solar wind ions into the 
deeper wake. In this way, solar wind ions coming into 
the wake boundary may play a role in the BBN genera-
tion and possible ESW excitation, while further study is 
necessary to achieve quantitative discussions.
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