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Key Points:

« We present ARTEMIS observations of discrete rising-tone elements of whistler-
mode waves in the vicinity of the Moon

« The observed frequency sweep rates are consistent with those predicted by a
nonlinear growth theory of chorus emissions

e Our results imply that whistler-mode waves can grow nonlinearly into chorus-
like emissions even around airless bodies without magnetospheres
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Abstract

We report on discrete rising-tone elements of whistler-mode waves observed by Ac-
celeration, Reconnection, Turbulence, and Electrodynamics of the Moon’s Interac-
tion with the Sun (ARTEMIS) in the vicinity of the Moon. The two-probe ARTEMIS
observations suggest that a free energy source for the wave generation is provided by
electron anisotropy resulting from lunar surface absorption and magnetic reflection.
High time resolution dynamic spectra reveal that the waves consist of multiple rising
tone elements, exhibiting striking similarities to the well-known whistler-mode cho-
rus in planetary magnetospheres. The observed frequency sweep rates are generally
consistent with those predicted by the nonlinear growth theory of chorus emissions
by Omura et al. (2008). These results imply that whistler-mode waves can grow
nonlinearly into chorus-like emissions even around airless bodies without magneto-
spheres and that a well-defined dipole field is not a prerequisite for the chorus gener-
ation.

Plain Language Summary

Whistler-mode chorus emission is a type of electromagnetic waves which sound
like chirping of birds when converted into audio, because of the feature that its fre-
quency rises or falls repeatedly in a second. Chorus is known to occur in planetary
magnetospheres, and is important because it plays a role in formation of the haz-
ardous radiation belts in the Earth’s magnetosphere. Is it possible that chorus waves
occur, for example, around the Moon? Although such an event has not been re-
ported around airless bodies without magnetospheres like the Moon, whistler-mode
waves, which can grow into chorus under certain conditions, are known to occur near
the Moon. As there exist “seeds” of chorus, we decided to survey data obtained by
spacecraft orbiting around the Moon, and we did find waves with chirping like cho-
rus. In this paper, we investigate these chorus-like events in detail, and demonstrate
that they are Moon-related waves, and that their chirping can be explained by the
growth theory of chorus. These results provide a new insight into the lunar electro-
magnetic environment, which is getting important given the ongoing and planned
exploration of the Moon, and also enable us to test the chorus theories with the ex-
otic lunar conditions.

1 Introduction

Whistler-mode chorus emissions are narrow band emissions observed mainly
in the inner magnetosphere of the Earth in a typical frequency range of 0.2 — 0.8
fee, where fe. is the electron cyclotron frequency in the source region (Burtis & Hel-
liwell, 1969, 1976; Tsurutani & Smith, 1974). When converted to audio, their fre-
quent repetition of rising or falling tones results in sounds that resemble chirping
of birds, hence the name. Chorus emissions have been extensively investigated be-
cause they potentially play an important role in the formation and dynamics of the
Earth’s outer radiation belt (Horne et al., 2005; Thorne et al., 2013). In addition to
the terrestrial magnetosphere, they have been found in the Jovian (Coroniti et al.,
1980; Scarf et al., 1981; Menietti, Horne, et al., 2008), Saturnian (Hospodarsky et
al., 2008; Menietti, Santolik, et al., 2008) and Martian (Harada et al., 2016) magne-
tospheres, but they have not yet been found around airless bodies without magneto-
spheres.

The generation of whistler-mode waves is explained by the linear theory (Tsurutani

et al., 1979), in which the free energy of waves is provided by a temperature anisotropy
(higher perpendicular temperature than parallel temperature) of electrons injected
from Earth’s magnetotail (Kennel & Petschek, 1966; Li et al., 2010). However, the
linear theory cannot explain the characteristic chirping of chorus emissions. Thus,
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nonlinear growth theories have attracted great attention. When a whistler-mode
wave occurs by cyclotron resonance with electrons, some of the resonant electrons
can be trapped in the wave field (Dysthe, 1971), forming an electron ‘hole’ in the
wave phase space. This hole can form a resonant current, which then causes nonlin-
ear growth of a wave with a rising frequency (Nunn, 1974; Omura et al., 1991). By
introducing inhomogeneity ratio S and analytically calculating S which maximizes
the resonant current, Omura et al. (2008) predicted the sweep rate of rising tone ele-
ments of chorus emissions. This theory successfully predicts observed sweep rates of
chorus elements (Cully et al., 2011; Kurita et al., 2012).

Although the Moon does not have a global, intrinsic magnetic field and a dense
atmosphere, interaction of plasmas in the solar wind and in the Earth’s magneto-
tail with the lunar surface and crustal magnetic fields causes a variety of complex,
time-varying plasma phenomena (Halekas et al., 2011; Nakagawa, 2016; Harada &
Halekas, 2016). Among them, it is known that whistler-mode waves can be excited
in the vicinity of the Moon as a result of cyclotron resonance of waves traveling
toward the Moon with upward-traveling electrons magnetically mirrored by lunar
crustal magnetic fields (Halekas, Poppe, Delory, et al., 2012; Halekas, Poppe, Farrell,
et al., 2012; Harada et al., 2014, 2015). A free energy source for the wave excitation
is provided by effective temperature anisotropy in electron velocity distribution func-
tions resulting from the surface absorption of parallel electrons and magnetic reflec-
tion of perpendicular electrons. As these whistler-mode waves around the Moon can
have as large amplitudes as those in the Earth’s magnetosphere, one might expect
that they could grow nonlinearly in a manner similar to chorus emissions.

In this paper, we report on the existence of discrete rising-tone elements of
whistler-mode waves observed by the Acceleration, Reconnection, Turbulence, and
Electrodynamics of the Moon’s Interaction with the Sun (ARTEMIS) mission (Angelopoulos,
2011) in the vicinity of the Moon along with results of two ways of analysis: two-
point observations and data-theory comparison. To check if they are related to the
Moon, we compare wave spectra and electron pitch angle distributions observed by
one probe magnetically connected to the Moon with those observed by the other
unconnected probe. These two-point observations demonstrate that the observed
whistler-mode waves are indeed moon-related as suggested by the previous studies.
Furthermore, we compare the frequency sweep profiles of the observed rising tone
elements with those predicted by the nonlinear growth theory of chorus emissions
by Omura et al. (2008). Based on the theory, relationship between sweep rates and
wave amplitudes can be estimated from the observed electron distributions, mag-
netic field strength, and electron density. The predictions show a good agreement
with the observations. These results imply that Moon-related whistler-mode waves
can grow nonlinearly into chorus-like emissions.

2 Observations

First we present overviews of two cases on ARTEMIS observations of rising
tone elements of whistler-mode waves around the Moon. We use field and plasma
data obtained by the search coil magnetometer (SCM) (Roux et al., 2008), flux gate
magnetometer (FGM) (Auster et al., 2008), and electrostatic analyzer (ESA) (McFadden
et al., 2008) instruments on board ARTEMIS.

Figure 1 shows an event with multiple discrete rising tone elements observed
by ARTEMIS P2 on 10 September 2011. During this time interval, the Moon was
located in the terrestrial magnetotail (Figure la), and ARTEMIS P1 and P2 were
located on the dayside and nightside of the Moon, respectively as shown in the in-
sert of Figure 1a. The hot electrons detected by P1 (Figure le) and by P2 (Figure
1i) indicate that the Moon was located in the Earth’s plasma sheet. Clear flux de-
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pletions are seen intermittently during 05:37:50-05:38:47 UT for parallel electrons

in P2 pitch angle distributions (Figure 1j). Taken together with the spacecraft po-
sition and magnetic field direction (Figures la and 1h), this indicate that P2 was
connected by a magnetic field line to the Moon and that loss cones are formed in the
upward-traveling electron distributions by the combination of surface absorption and
reflection by crustal magnetic fields (Halekas, Poppe, Farrell, et al., 2012). Concur-
rently with the loss cone observations, SCM detected electromagnetic waves just be-
low 0.5f.. (Figure 1k), suggesting that the effective temperature anisotropy resulting
from the electron loss cone distributions drives whistler-mode waves as proposed by
the previous studies (Halekas, Poppe, Farrell, et al., 2012; Harada et al., 2014, 2015).
Meanwhile, P1 observed nearly isotropic electron distributions (Figure 1f) and no
waves just below 0.5f.. (Figure 1g) during 05:38-05:39 UT. This suggests that P1
was magnetically unconnected to the Moon at this time and that the waves detected
by P2 are of Moon-related origin.

To resolve short timescale features such as rapid and repetitive rising tone ele-
ments possibly present in the wave fields, we utilize SCM waveform data (available
for limited time segments). Figures 1b—1d show dynamic spectra generated from
SCM waveform data obtained by P2 of wave power, wave normal angle, and elliptic-
ity, respectively. The wave normal angle and ellipticity are computed by the method
of singular value decomposition (SVD) of the complex spectral matrix (Santolik et
al., 2003; Taubenschuss & Santolik, 2019). We identify discrete rising tone elements
as denoted by the magenta arrows with each element rapidly sweeping in frequency
within a second (Figure 1b). These spectral features are reminiscent of the whistler-
mode chorus emissions observed in the Earth’s inner magnetosphere (Burtis & Helli-
well, 1969, 1976; Tsurutani & Smith, 1974). Furthermore, right-handed polarization
(Figure 1d) of the detected waves below f.. is consistent with the whistler-mode,
and the relatively small wave normal angles (Figure 1c) is consistent with the cold
plasma theory (Kennel & Petschek, 1966).

Figure 2 shows another case. The Moon-related particle and wave signatures
during this event were first investigated in detail by Halekas, Poppe, Farrell, et al.
(2012), though they do not mention the rising tone features discussed in this paper.
As is the case for the event shown in Figure 1, the Moon and P1 were located in the
magnetotail plasma sheet (Figures 2e and 2i), while P2 was located distant from
the Moon and observed slightly different electron characteristics after 12:09:30 UT
(Figures 2a and 2e). As noted by Halekas, Poppe, Farrell, et al. (2012), the P1 data
show clear loss cone signatures (Figure 2j) and wave power near 0.5f.. (Figure 2k).
Meanwhile, the P2 data show no evidence for similar signatures (Figures 2f and 2g).
The dynamic spectra generated from SCM waveform data (Figures 2b-2d) demon-
strate the presence of multiple rising tone elements and wave properties consistent
with the whistler-mode. Aside from demonstrating that the rising tone event shown
in Figure 1 is not a lone case, the event shown in Figure 2 is particularly noteworthy
because the rising tone elements have frequencies sweeping across 0.5 f.. without a
gap at 0.5f... Such “no-gap” whistler mode waves are not the most common type in
the Earth’s inner magnetosphere and show characteristic spatial distributions (Teng
et al., 2019).

3 Comparison with Theoretical Prediction

According to the nonlinear wave growth theory developed by Omura et al.
(2008), by assuming a delta function for the velocity distribution function of reso-
nant electrons at v; = Vg, the sweep rate of the chorus emission can be approxi-
mated as

ot 4 ¢ Q.

dw 046 Vi w (1 VR)‘2 Bu 2
Vg

— 5
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Figure 1. Overview of ARTEMIS observations of rising tone elements of whistler-mode waves
on 10 September 2011. (a) The position of the Moon in the geocentric solar ecliptic (GSE) coor-
dinate system, where the blue circle, the black asterisk, and the black line represent the Earth,
the Moon and a typical magnetopause location (Shue et al., 1997), respectively. The insert
shows the positions of the probes in the selenocentric solar ecliptic (SSE) coordinate system,
where the black circle, and red and green X-marks, and blue arrow represent the Moon, P1 and
P2, and magnetic field direction, respectively; Dynamic spectra generated from SCM waveform
data obtained by ARTEMIS P2 at 05:38:42.7-05:38:46.5 of (b) wave spectral density (rising
tone elements are denoted by the magenta arrows), (¢) wave normal angle with respect to the
background magnetic field, and (d) ellipticity (+1: right-handed circular polarization; —1: left-
handed circular polarization) with respect to the background magnetic field. Time series data
from ARTEMIS P1 and P2 at 05:35-05:45 UT of (e, i) energy spectra of electrons in units of
differential energy flux (labeled “Eflux” for short, eV /cm?/sr/s/eV), (£, j) pitch angle spectra of
2-7 keV electrons in units of differential energy flux, (g, k) onboard FFT magnetic wave spectra,
(h) magnetic fields in the SSE coordinate system. The data shown in Figures le-1g and 1h—1k
are obtained by P1 and P2, respectively. The dashed magenta lines in Figures 1b-1d, 1g and 1k

represent half the electron cyclotron frequency.
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Figure 2. Overview of ARTEMIS observations of rising tone elements of whistler-mode waves

on 11 July 2011 in the same format as Figure 1 except that Figures 2b—d and Figures 2h—k are

generated from P1 data, and Figures 2e—g are from P2, and that Figures 2g and k are generated

from the filter bank data.

with

and

=5l “

2

Here, Q. = eBy/m. is the electron cyclotron frequency in the source region, wye =
V/nee?/egme is the electron plasma frequency, n., e, and m. are the number den-
sity, charge, and mass of the electrons, €y is the permittivity in a free space, By is
the background magnetic field intensity, vy = Vg and v, = V¢ are the parallel
and perpendicular velocity, and k, w, and B,, are the wave number, frequency, and
amplitude of the wave. Actual electron velocity distributions may differ from the as-
sumed ring distribution, but Cully et al. (2011) showed that equation (1) provides a
good estimate by choosing V| as the perpendicular velocity above which the veloc-
ity distribution function of resonant electrons becomes isotropic and below which the

distribution is anisotropic.

To compare the observed elements with equation (1), we first estimate Vo
from particle data. Figure 3a shows the observed electron velocity distribution func-
tion. The magenta lines show the resonant ellipses for the lower and upper wave fre-
quencies (0.2-0.45 f..) assuming cyclotron resonance of parallel (upward) electrons
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with anti-parallel (downward) propagating waves. It is seen that the electron distri-
bution function is highly deformed from isotropic between these resonant ellipses,
suggesting that these anisotropic electrons can provide a source of free energy for the
whistler-mode waves. To further investigate which portion of the distribution func-
tion can contribute to the wave growth, we visualize the local anisotropy of electron
distribution function in Figure 3b by calculating the angle between the radial direc-
tion in the velocity space and the gradient of the distribution function at each point,

namely computing
_1 ( Of of 1 (Y
_ 197 /O] _ 1B
6 e (31} / Ov ) @ (v ’

The polarity of the angle is chosen such that a positive angle corresponds to whistler-
unstable anisotropy (effectively higher perpendicular temperature compared to the
parallel temperature) in v > 0. It is seen that the loss cone corresponds to large
positive angles as shown in red colors in Figure 3b. In Figure 3b, we draw a black
line so that the velocity distribution function is nearly isotropic above the black

line and anisotropic below it. Based on the Cully et al. (2011)’s results, we choose
Vig ~3.5 x 107 and 8 x 107 m/s as lower and upper bound estimates for this event.
Next, we apply a high-pass filter to the waveform magnetic field data of SCM to re-
duce low-frequency noise, and then rotate them into the magnetic field aligned co-
ordinates based on the FGM background field data. For the instantaneous ampli-
tudes B,,, we use the absolute values of local maxima or minima of the perpendic-
ular components of the waveform data (Figure 3d). The instantaneous frequencies

w are then estimated from the intervals of two zero-crossings just beside each maxi-
mum or minimum. Finally, we substitute the values of Vo, B,,, and w to the equa-
tion (1) and draw the growth prediction lines (one from the estimated minimum V¢
and the other from the maximum V| ) over the wave dynamic spectra in Figure 3c
with the initial frequency and time duration of each element chosen by hand. We
can see that the prediction lines roughly follow the observed frequency sweep of each
element, demonstrating that the observed rising tones are consistent with the nonlin-
ear growth theory of chorus emissions.

We perform a similar analysis for the event shown in Figure 2. Figure 4 shows
the results of the analysis. Here we estimate the wave frequencies as 0.38-0.7 f..
We observe a highly deformed distribution function between the resonant ellipses
(Figure 4a), and we choose 2.2 x 107 and 3.3 x 10" m/s as the lower and upper
bound estimates of V¢ (Figure 4b). Although the comparison is not as straight-
forward as the former case because of the overlapped elements, the theoretically pre-
dicted sweep profiles show a general agreement with the observed ones (Figure 4c),
again demonstrating the consistency between the observation and theory.

4 Conclusions and Implications

We presented case studies of whistler-mode waves with rising tone elements
observed by ARTEMIS in the vicinity of the Moon. The results show that Moon-
related whistler-mode waves, which are driven by electron anisotropy resulting from
the lunar surface absorption and magnetic reflection, can grow nonlinearly and de-
velop discrete rising tone elements as predicted by Omura et al. (2008) theory. To
our knowledge, this is the first report on whistler-mode emissions with chorus-like
rising tone elements observed around airless bodies without magnetospheres. The
presence of chorus-like emissions around the Moon implies that an intrinsic dipole
magnetic field may not be a necessary condition for the chorus generation. One
event shows rising tone elements with frequencies sweeping across 0.5 f.. without a
gap at 0.5f.., which could have implications for generation mechanisms of the gap
at 0.5 f.e typically seen for the whistler-mode chorus. We plan to conduct follow-up
studies on statistical properties of the Moon-related whistler-mode waves, thereby

(7)
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further characterizing their similarities to, and differences from, the chorus emissions
in the Earth’s inner magnetosphere. The investigation of Moon-related whistler-
mode waves would not only contribute to our understanding of the time-variable
lunar electromagnetic environment, but also provide an important test case for theo-
ries of generation and development of the whistler-mode chorus emissions.
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