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Key Points:

¢ A unique event is reported in which whistler mode waves are observed exactly corresponding to MAVEN detection of suprathermal

electron dropout.

¢ The diffusion coefficients of the whistler mode waves are calculated by using the measured electric field power.
® These observations suggest that whistler mode waves can cause a decrease in the flux of suprathermal electrons (3—45 eV).
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Abstract: Whistler mode waves are critical emissions in magnetized plasmas that usually influence the electron dynamics in a planetary
magnetosphere. In this paper, we present a unique event in the Martian magnetosphere in which enhanced whistler mode waves

(~10-"1 V2/m?2/Hz) with frequency of 0.1 f.—0.5 f. occurred, based on MAVEN data, exactly corresponding to a significant decrease of
suprathermal electron fluxes. The diffusion coefficients are calculated by using the observed electric field wave spectra. The pitch angle
diffusion coefficient can approach 10-2s~1, which is much larger, by ~100 times, than the momentum diffusion coefficient, indicating that
pitch angle scattering dominates the whistler-electron resonance process. The current results can successfully explain the dropout of the
suprathermal electrons in this event. This study provides direct evidence for whistler-driven electron losses in the Martian

magnetosphere.
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1. Introduction

Whistler mode waves are commonly observed in the magneto-
sphere of magnetized planets (Shprits et al., 2012), such as Jupiter
(Scarf et al., 1979; Shprits et al., 2018; Li W et al.,, 2021), Saturn
(Akalin et al., 2006; Hospodarsky et al., 2008; Kumari and Pandey,
2018), and Earth (Fairfield 1974; Wei XH et al.,, 2007; Yang QW
et al, 2016; Shang XJ et al., 2021; He Q et al., 2022). In particular,
whistler mode waves in the terrestrial magnetosphere have been
extensively studied due to their critical roles in the acceleration of
relativistic electrons (Xiao FL et al, 2014; Gao ZL et al, 2016),
penetration of energetic electrons (Li W et al., 2009, 2013; Zhao H
and Li X, 2013; Ni BB et al., 2018; Zhao YW et al., 2022), and scatter-
ing of relativistic electrons (Liu S et al., 2020; He JB et al., 2021).
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Although there is no intrinsic magnetosphere for Mars, the solar
wind squeezes the Martian neutral atmosphere and ionosphere as
it rotates (Nagy et al., 2004), leading to a dynamic magnetic field
environment at Mars. Several missions, such as the Mars Atmo-
sphere and Volatile EvolutioN (MAVEN) (Jakosky et al., 2015a) and
the Tianwen-1 (Wan WX et al., 2020), have been launched, provid-
ing an excellent opportunity to investigate the effects of plasma
waves on particles in the Martian magnetosphere (Jin TF et al,,
2023). Harada et al. (2016) have reported on whistler mode waves
with electric and magnetic field wave spectra and suggested that
Martian whistler mode waves are generated by anisotropic elec-
trons with energies from 100 eV to 1000 eV. Shane et al. (2019)
have shown a ubiquitous energization process of high-energy
electrons, and suggested that wave-particle interactions are the
most likely candidate to produce such distributions of high-
energy electrons. Fowler et al. (2020) have studied wave-particle
interactions, and suggested that whistler mode waves can
produce efficient pitch angle diffusion of suprathermal electrons.
Shane and Liemohn (2021, 2022) have calculated the bounce-
averaged diffusion rates of whistler mode waves in a dipole
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magnetic field model and again proposed that wave-particle
interactions are the most likely candidates to produce pitch angle
distributions for suprathermal electrons. However, convincing
direct evidence for whistler—particle interactions and their corre-
sponding influence on particle dynamics in the Martian magneto-
sphere has been lacking.

Here, we present a unique event in which whistler mode waves
with frequency of 0.1 f.—0.5 fe occurred exactly corresponding to
a pronounced decrease of suprathermal electron fluxes in the
Martian magnetosphere, based on MAVEN data. To examine
whether the whistler mode waves are likely to have been respon-
sible for the observed dropout of the electron fluxes, we calculate
the diffusion coefficients by using realistic parameters. Our report
is organized as follows: Section 2 describes the correlated obser-
vations of waves and electrons; Section 3 presents our calculations
of diffusion coefficients of the whistler mode waves; Section 4
discusses the simulation results; Section 5 summarizes the findings
of this paper.

2. Observations

MAVEN, the first satellite to explore the evolution of the Martian
space environment under the influence of the sun and solar wind,
was launched in November 2013 and began collecting data at
Mars in November 2014 (Jakosky et al., 2015b). There are eight
science instruments on board the MAVEN spacecraft that measure
the Martian upper atmospheric and ionospheric properties,
including details of the magnetic field, plasma waves, solar wind,
solar radiation, and particle fluxes. To analyze this event, we
needed data from three instruments carried by MAVEN — the
Langmuir Probe and Waves (LPW), the magnetometer (MAG), and
the Solar Wind Electron Analyzer (SWEA). The LPW measures the
electron density and electric field wave components (Andersson
et al., 2015). The MAG obtains ambient magnetic field data and
magnetic field wave components (Connerney et al.,, 2015). The
SWEA detects the energy distribution of suprathermal electrons
(3—5000 eV) with an energy resolution of 17% (AE/E), as well as
the angular distributions of these electrons (Mitchell et al., 2016).

Figure 1 shows a brief overview of this event from 05:25:00 UT to
05:26:30 UT on June 20, 2015. The electric field spectra are
presented in Figure 1a. The upper and lower white dashed lines
represent the f.. and f, respectively, where fi is the lower hybrid
frequency. As highlighted by the red dashed line, distinct waves
with the peak spectral density ~107"" V2/m?2/Hz occurred between
05:25:38 UT and 05:26:22 UT on June 20, 2015, which corresponds
to the local Martian times between 20.73 LT and 20.81 LT. The
wave frequency ~0.1 f—0.5 f stays between fijy and fe. Consid-
ering that whistler mode is the only solution in the frequency
range based on previous theoretical studies (Stix, 1992), the
waves mentioned in this event can reasonably be assumed to be
whistler waves, even though there is no information about the
magnetic field spectrum (Harada et al., 2016). Figure 1b exhibits
the observed fluxes of electrons in the energy range 3—100 eV.
The suprathermal electrons are mainly composed of photoelec-
trons from the Martian atmosphere and solar wind/magnetosheath
electrons (Xu SS and Liemohn, 2015). The fluxes exhibit a distinct
decrease during the period from 05:25:38 to 05:26:05 UT, which

coincides exactly with the observation of the whistler mode
waves. Specifically, there is a substantial decrease (by a factor of
ten) in electron fluxes with energies ~3—45 eV. The pitch angle
distribution of the selected energy channels 3 eV, 19 eV, and
43 eV, are shown in Figures 1c—T1e, respectively. During the dura-
tion of the enhanced whistler mode waves, electron fluxes over all
measured energies decrease, especially at small pitch angles. The
strong interaction between electrons and whistler mode waves is
related to the ambient plasma conditions; this has important
effects on electron dynamic variations (Xiao FL et al., 20093, b). In
general, wave-driven scattering loss (acceleration) of electrons is
associated with higher (lower) plasma density. Figure 1f plots the
background plasma density N, from LPW data. According to the
correlated observation above, the losses of suprathermal electrons
are strongly related to the occurrence of whistler mode waves
within the relatively dense plasma (~80 cm-3).

To clarify how the magnetic field environment was measured, we
present the orbit of the MAVEN spacecraft and the crustal
magnetic field at the spacecraft location in Figure 2. The trajectory
of the spacecraft in the Xyso—Ymso and Xuso-Zuso planes in Mars
Solar Orbital (MSO) coordinates is shown in Figures 2a and 2b,
respectively. The red star denotes the location of the spacecraft
during the occurrence of the enhanced whistler waves. Obviously,
the enhanced whistler waves are located on the nightside of
Mars’s southern hemisphere. Based on the global model of the
Martian crustal field (Morschhauser et al., 2014), we calculate the
crustal magnetic field at an altitude of 1176 km. The triangle
marks the location at which enhanced whistler waves were
observed, with a longitude range from —115° to —113°and a lati-
tude range from —52° to —54°. As shown in Figures 2c—e, the
crustal magnetic field strength is about 2 nT. Considering that the
total observed magnetic field is ~7 nT, this event is clearly influ-
enced by both the crustal magnetic field and the interplanetary
magnetic field.

In the quasi-linear theory of wave—particle interaction, wave
growth is basically related to pitch angle scattering to smaller
pitch angles and a net loss of electron energy (Gendrin, 1981).
Meanwhile, wave decay is associated with the pitch angle scatter-
ing to larger pitch angles and electron acceleration (Thorne and
Horne, 1996; Xiao FL et al.,, 2007). Hence, in the case of interest,
the pitch angle scattering loss is related to the wave growth.
Furthermore, Xu SS and Liemohn (2016) have found that local
electron loss caused by ionization collisions occurs mainly below
an altitude of 150 km. In this event, we thus conclude that the
scattering loss of electrons is attributable primarily to whistler
waves. This will be discussed in greater detail in the following
paragraphs.

3. Methods

Considering that the sampling rate of the MAG is 32 vector
samples per second, it is unlikely to obtain the magnetic field
component of the wave with frequency higher than 16 Hz. In
order to estimate the impacts of whistler mode waves on the elec-
trons, we calculate the electric field expression of local diffusion
coefficients by following the previous study Zhang S et al. (2020).
It is widely recognized that electrons experience changes in both
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Figure 1. Overview of simultaneous occurrences of the enhanced whistler mode waves and distinct dropout of suprathermal electron fluxes
during 05:25:00—-05:26:30 UT on June 20, 2015. (a) The electric field spectra of whistler mode waves measured by the LPW instrument. (b) The
differential flux of electrons in units of eV/cm?2/s/sr/eV, (c—e) The pitch angle distribution of energetic electrons (3—43 eV) measured by the SWEA
instrument. (f) The electron density of whistler mode waves. The upper and lower white dashed lines in Figure 1a indicate the f.e and fin,
respectively. The red dashed line denotes the enhanced whistler mode waves during 05:25:38—05:26:22 UT on June 20, 2015.

energy and pitch angle during wave—electron resonances. When
the resonant process is primarily influenced by pitch angle diffu-
sion, it might result in the scattering of electrons towards smaller
pitch angles or their eventual loss to the atmosphere. When the
energy diffusion process is more pronounced, it enables the accel-
eration of electrons to higher energy levels. Here, the pitch angle
diffusion coefficient is expressed by:

Z kﬁezE2 (w)g(x)|:sinza+n|()e|/ywﬂ: |04
: v

DnX= , 1
aa 47N (w) u cosa —8w/6k|||l( M

w

where k; represents the parallel wave number, v = vcosa,vand a
are the velocity and the pitch angle, respectively, |Q.| = 2nfe, vV
represents the Lorentz factor, y, e, and n are the refractive index of
plasma waves, electron charge, and cyclotron harmonic number,
respectively, £2(w) is the wave electric field power spectrum, w is
the wave frequency, g(X) is the wave normal angle distribution,
where the wave normal angle is represented by X = tan 6, where 6
is the angle between the background magnetic field and the
wave vector, N(w) is a normalization factor (Xiao FL et al,, 2010),

and |@,,|* has been derived by Zhang S et al. (2020).

The cross (D) and momentum (Djy) diffusion coefficients using
the standard expressions, are as follow:
X X
Dgp = _Dga[

sinacosa
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the local diffusion coefficients for pitch angle Dy, momentum D,
and crossover D, can be obtained by integrating over all X and
summing over all n, where X is taken from the lower angle (X)) to
the upper angle (X,). During the resonance process, Dqq and Dy,
are related to the electron scattering and acceleration (Xiao FL
et al., 2010), respectively. Specifically, the timescales of the scat-
tering loss (15) and acceleration (t,) are generally inversely propor-
tional to the pitch angle and the momentum diffusion coefficient,
respectively.

We can obtain the wave electric field power spectrum E*(f) by
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Figure 2. The location of MAVEN orbit (red curve) in the (a) Xmso—Ymso and (b) Xmso-Zmso planes in MSO coordinates. The radius of Mars (Rp,) is set
to be 3393.5 km. The crustal magnetic field components, B, Bg, and By, at an altitude of 1176 km, are shown in (c)—(e), respectively. The triangle
marks the position of the spacecraft. The spherical coordinate system used here is identical to the International Astronomical Unions standard for
Mars. Ther, 6, ¢ are the radial distance, colatitude, and longitude, respectively.

fitting the observed data to a Gaussian distribution (Lyons et al.,
1972), where the wave amplitude Ey is given with frequency, fy, is
the peak wave frequency, &f is the half - width, and the band
between f; = f,, — 8fand f, = f, + &f, that is:

Alexp[—(f- £.,)*/(60%], f <fshy;
E2={ p[—( )y /(6671, f i @

0, otherwise.

2 28, fo — fo = \]"
= et el ©

where A2 is the normalized parameter, and erf is an error function.
As shown in Figure 3, the observed wave spectra are fitted to the
Gaussian function by using a least squares method. The observed
wave spectra (blue dots) and the fitting result (red line), together
with the corresponding parameters, are given for the selected
periods from 05:25:49 to 05:26:05 UT on 20 June 2015. Clearly, the
fitting result agrees well with the data; the assumption of a Gaus-
sian wave distribution in frequency is justified.

As is well-known, whistler mode waves usually grow fastest along
the background magnetic field (Liu S et al., 2015). Analogous to
the frequently used treatment (Xiao FL et al., 2014; He JB et al.,
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Figure 3. The results of Gaussian fitting. The variation of wave
electric field intensity with various frequencies is shown here. The red
line is the Gaussian fit curve and the blue dots are the observed wave
electric field spectral intensity for the selected periods (05:25:49—
05:26:05 UT on 20 June 2015), together with the corresponding fitting
wave parameters (the wave amplitude Ey, the peak wave frequency
fo, the half-width &f, and the band between f; and £).
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2021), we also assume that whistler mode waves propagate quasi-
parallelly, and we choose the following values of X: X; =0, X, =1,
the half-width 6X = 0.577, and the peak angle X, = 0. In the
present simulation, n is the cyclotron harmonic number, and its
value ranges from -5 to 5, where n = 0 is the Landau resonance.
The averaged ambient magnetic field By = 7 nT and N, = 86 cm~3
are used in the calculation.

4, Results and Discussion

We show the diffusion coefficients of pitch angle Dgq/p? (Figure
4a), momentum Dp,/p? (Figure 4b) and cross |Dgy|/p? (Figure 4c) as
functions of electron energy Ex and pitch angle a. The maximum
value of Dyq/p? can be greater than 102 s~1 over the energy range
3-45 eV; it decreases with increasing E.

Dpp/p? and |Dgp|/p? exhibit similar configurations in the Ex-a frame,
with values lower than Dge/p? by ~100 times and ~10 times,
respectively, indicating that pitch angle diffusion dominates over
energy transform and momentum diffusion. Efficient pitch angle
scattering (Dgq/p? > 107* s71) occurs at lower a for lower Ex and
moves to higher a for higher .

Figures 5a-5c illustrate the diffusion coefficients of the three
selected energy channels. For lower energies (3 eV), significant
pitch angle diffusion (Dge/p? > 1072 s71) is observed primarily in
the range a < 45° as shown in Figure 5a. For higher energies
(19 eV and 43 eV), the maximum D,./p? is observed at higher a
(> 60°); effective pitch angle diffusion (Dae/p? > 104 s77) can still
occur in the relatively smaller pitch angles. Based on the first adia-
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batic invariant, electrons with high pitch angles are usually
trapped in the minimum magnetic field. For the closed field, the
electrons usually move along the field line and are bounced back
between two mirror points. The characteristic bounce period is
determined by the magnetic field strength, the pitch angle, and
the energy of the electrons, as well as by the length of each
specific field line (or specific location). However, data relevant to
these details are currently unavailable in the case of interest. More
detailed analysis must thus be left to a future study.

For the open interplanetary magnetic field, electrons may escape
along the open field line but the timescale is quite long. The wave-
particle interaction can reduce the pitch angles of electrons, scat-
tering them to precipitate into the Martian ionosphere and/or
facilitating their escape. Because the timescales for escape are
potentially much larger than for scattering loss, we suggest that
whistler-induced precipitation loss of electrons is the more impor-
tant phenomenon in cases of interest.

As shown in the line plots of the pitch angle distribution
(Figure 6), the flux drops occur dramatically at lower a for 3 eV and
move to higher a for 19 eV and 43 eV. Although the simulations
are only qualitatively comparable with the observations, they
suggest that calculation of diffusion coefficients can explain the
decreases in electron flux.

The quantitative study would require solving the Fokker—Planck
equations, but current lack of access to realistic initial and bound-
ary conditions makes such solutions highly problematic at this
time. We would like to leave that analysis to the future. The calcu-
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Figure 4. (a—c) The pitch angle diffusion coefficient, the momentum diffusion coefficient, and the cross diffusion coefficient in units of s~1, as a

function of energy and pitch angle, respectively. The set parameters correspond to Figure 3.
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Figure 5. The diffusion coefficients of pitch angle (a), momentum (b), and cross (c) for different electron energy — 3 eV (black solid), 19 eV
(dotted line), and 43 eV (dashed line), respectively. The red lines represent the negative value of Dqp.
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respectively.

lation results presented here, however, are sufficient to suggest
that whistler mode waves can scatter suprathermal electrons,
which can result in significant scattering losses.

Since the wave normal angle cannot be accurately determined in
the absence of detailed magnetic field observations, we analyze
the effect of peak wave normal angle X, variation on diffusion
coefficients, as shown in Figure 7. Obviously, all diffusion coeffi-
cients remain almost the same for different wave peak angles. As
analyzed in detail in the previous studies (Xiao FL et al, 2014;
Ding YH et al., 2013), diffusion coefficients depend largely on Xp,
instead of 6. Therefore, for the events studied in this paper, the
results should not significantly change for various wave peak

E,=3eV
107

E,=19eV

angles because X, varies very little, indicating that our assumption
that the waves are quasi-parallel is reasonable.

5. Conclusions

In this study, simultaneous occurrences of enhanced whistler
mode waves and distinct dropouts of suprathermal electron
fluxes, in data collected by MAVEN, are reported for the first
time. Whistler mode waves with peak spectral density of
~10~"" V2/m2/Hz were observed by MAVEN between 05:25:38 and
05:26:22 UT on June 20, 2015; at the same time, a significant
decrease of suprathermal (3—45 eV) electron fluxes, by one order
of magnitude, was observed, exactly corresponding to the intensi-
fied whistler mode waves. Based on the observed waves and elec-
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Figure 7. The calculation results of the influence of different peak angles on diffusion coefficients. The red lines, green lines, blue lines, and black
lines denote to X =0, 0.25, 0.5, and 0.75, respectively. The dash lines represent the negative value of Dy The left, middle and right columns
represent the calculated diffusion coefficients of different electron energies — 3 eV, 19 eV, and 43 eV, respectively. The other wave parameters

are the same as those in Figure 3.
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tron data from the MAVEN satellite, we calculated the local diffu-
sion coefficients to study the influence of the whistler mode
waves on the suprathermal electrons. Our primary findings are as
follows:

(1) The whistler mode waves of frequency ~0.1f—0.5fc,
occurred exactly corresponding to the pronounced decrease of
suprathermal electron fluxes. During the duration of enhanced
whistler mode waves, electron fluxes over all measured energies
decreased in excess of a factor of ten, especially at small pitch
angles. The observational results show that the losses of
suprathermal electrons were strongly correlated to the occurrence
of the whistler mode waves.

(2) In order to evaluate the impact of the whistler mode waves on
the suprathermal electrons, under the assumption that the waves
propagate in a quasi-parallel fashion, we calculated the local diffu-
sion coefficients by aid of electric field spectra (due to the lack of
magnetic field measurements). The pitch angle diffusion coeffi-
cient Dgq/p? can approach 102 s=1, higher than the momentum
diffusion coefficient Dp,/p? by ~100 times, suggesting that the
whistler mode waves generated efficient scattering losses of
suprathermal electrons. Simulations also show that the wave
normal angle affects the diffusion coefficients insignificantly.

The current study provides direct evidence that Martian whistler
mode waves can yield losses of suprathermal electrons, enriching
our understanding of the whistler-driven electron dynamics in the
Martian magnetosphere.
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