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Abstract we report on narrowband electromagnetic waves at frequencies between the local electron
cyclotron and lower hybrid frequencies observed by the Mars Atmosphere and Volatile EvolutioN (MAVEN)
spacecraft in the Martian induced magnetosphere. The peaked electric field wave spectra below the
electron cyclotron frequency were first observed by Phobos-2 in the Martian magnetosphere, but the lack
of magnetic field wave data prevented definitive identification of the wave mode and their generation
mechanisms remain unclear. Analysis of electric and magnetic field wave spectra obtained by MAVEN
demonstrates that the observed narrowband waves have properties consistent with the whistler mode.
Linear growth rates computed from the measured electron velocity distributions suggest that these whistler
mode waves can be generated by cyclotron resonance with anisotropic electrons. Large electron anisotropy
in the Martian magnetosphere is caused by absorption of parallel electrons by the collisional atmosphere.
The narrowband whistler mode waves and anisotropic electrons are observed on both open and closed
field lines and have similar spatial distributions in MSO and planetary coordinates. Some of the waves

on closed field lines exhibit complex frequency-time structures such as discrete elements of rising tones
and two bands above and below half the electron cyclotron frequency. These MAVEN observations indicate
that whistler mode waves driven by anisotropic electrons, which are commonly observed in intrinsic
magnetospheres and at unmagnetized airless bodies, are also present at Mars. The wave-induced electron
precipitation into the Martian atmosphere should be evaluated in future studies.

1. Introduction

The conductive ionosphere and mass loading on the Martian atmosphere provide an effective obstacle to
the supersonic solar wind flow, forming the bow shock and induced magnetosphere [e.g., Nagy et al., 2004].
Recent observations have revealed a number of transient and temporal processes operating in the Martian
induced magnetosphere, suggesting that the Martian magnetosphere is highly dynamic [DiBraccioet al., 2015;
Halekas et al., 2015; Harada et al., 2016]. A wide variety of plasma waves and disturbances have been observed
in the dynamic Mars-solar wind interaction extending from the ionosphere out to the foreshock region
upstream of the bow shock, including electron plasma oscillations in the electron foreshock [Grard et al., 1989;
Trotignon et al., 1991, 2000], ion acoustic waves and whistler mode emissions associated with the bow shock
[Trotignon et al., 1991], upstream 1 Hz waves [Brain et al., 2002], upstream and magnetospheric ULF waves
[Russell et al., 1990; Delva and Dubinin, 1998; Espley et al., 2004; Mazelle et al., 2004; Wei and Russell, 2006; Lundin
etal., 2011; Romanelli et al., 2013; Ruhunusiri et al., 2015, 2016a; Dubinin and Fraenz, 2016], Kelvin-Helmholtz
vortices at the magnetosheath-ionosphere interface [Ruhunusiri et al., 2016b], and large-amplitude oscilla-
tions of plasma density and magnetic fields in the magnetosphere and ionosphere [Gurnett et al., 2010; Halekas
etal., 2011]. It is proposed that particle energization by wave-particle interaction contributes significantly to
ion escape from the planet [Ergun et al., 2006; Lundin et al., 2011; Lundin, 2011; Dubinin et al., 2012].

Electromagnetic whistler mode waves with frequencies at a fraction of the electron cyclotron frequency are
commonly observed in intrinsic magnetospheres [Burtis and Helliwell, 1969; Menietti et al., 2012] and at airless
bodies [Santolik et al., 2011; Halekas et al., 2012]. Free energy sources for the whistler mode emissions can be
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provided by anisotropic electrons with T, > T, where T, and Ty, are the electron temperatures perpendic-
ular and parallel to the magnetic field, respectively. Large electron anisotropy can be caused by injection of
hot plasma into the inner magnetosphere [Anderson and Maeda, 1977; Horne et al., 2003; Li et al., 2008] and by
surface absorption of a significant portion of parallel electrons at airless bodies [Santolik et al., 2011; Halekas
etal., 2012; Harada et al., 2014]. In particular, the whistler mode chorus waves in the Earth’s magnetosphere
have been extensively studied because they can play an important role in diffuse auroral precipitation
[e.g., Nietal.,, 2011] and acceleration of radiation belt electrons [e.g., Horne and Thorne, 2003]. Compared to
the numerous observations of the electron-induced whistler mode waves at magnetized planets and airless
bodies, there have been only a few reports on such waves in the Martian induced magnetosphere. Grard et al.
[1989, 1991] presented Phobos-2 observations of electric field wave spectra which peaked below the local
electron cyclotron frequency within the Martian magnetosphere. They postulated these waves as whistler
mode emissions based on their frequencies, but this interpretation could not be proven owing to the lack of
magnetic field data at the corresponding frequencies. The generation mechanisms and free energy sources
for these waves remain unclear. At Venus, impulsive fluctuations of electric and magnetic fields at similar
frequencies are observed in the ionosphere, and they are interpreted as lightning-induced electromagnetic
waves propagating in the whistler mode [Russell, 1991; Russell et al., 2007, 2008].

This paper presents observations of electric and magnetic field waves with narrowband features at frequen-
cies of f g <f <f,., where f, ;s and f, are the local lower hybrid and electron cyclotron frequencies, obtained
in the Martian induced magnetosphere by the Mars Atmosphere and Volatile EvolutioN (MAVEN) mission
[Jakosky et al., 2015]. We use passive (natural) electric field wave spectra, waveforms, and electron densities
obtained by the Langmuir Probe and Waves (LPW) instrument [Andersson et al., 2015], electron data from the
Solar Wind Electron Analyzer (SWEA) [Mitchell et al., 2016], magnetic field data from the Magnetometer (MAG)
[Connerneyetal., 2015], and ion data from the SupraThermal and Thermal lon Composition (STATIC) [McFadden
etal.,2015] on board the MAVEN spacecraft. The MAVEN data demonstrate that the observed waves are consis-
tent with electromagnetic whistler mode waves generated by cyclotron resonance with anisotropic electrons
in the Martian magnetosphere. The rest of the paper is structured as follows: Section 2 presents detailed case
studies of the narrowband waves and associated electron signatures. Section 3 provides statistical results
on spatial distributions of the narrowband waves and anisotropic electrons in the Martian magnetosphere.
In section 4, we discuss the observed properties of the narrowband waves and electron anisotropy. Section 5
summiarizes the principal conclusions of the paper.

2. Case Studies

2.1. Narrowband Electromagnetic Waves at f,,,, <f <f,

Figure 1 displays an example of narrowband waves at f,;z < f < f.. observed by MAVEN in the Martian
induced magnetosphere. MAVEN was traveling over the southern terminator from Mars Solar Orbital (MSO)
coordinates of [0.1, 0.5, —1.1] Ry, to [-0.1, 0.3, —1.1] Ry, at 450-700 km altitudes and 85°-93° solar zenith
angles below the magnetic pileup boundary (MPB). During this time interval, MAVEN observed weak ambi-
ent magnetic fields as low as ~3.85 nT (corresponding to the minimum f_, ~ 108 Hz as shown by the upper
white line in Figure 1a). The electric field wave spectra (Figure 1a) exhibit narrowband features with frequen-
cies of ~4-20 Hz at 21:26:34-21:27:38 UT (indicated by the dashed oval). We observe peak wave frequencies
lower than 16 Hz except around the end of the event. The lowered frequencies of the narrowband electric
field waves in the weak magnetic field condition enable examination of their magnetic field counterparts
with MAG, which measures magnetic fields with 32 vector samples per second. When the frequency of the
narrowband electric field waves falls below 16 Hz, we observe the corresponding magnetic field power in
the transverse wave spectra (Figure 1b). Waveform analysis of the magnetic field components [Means, 1972]
reveals that these waves have (i) a predominantly transverse component compared to compressional com-
ponent (Figures 1b and 1c), (i) a high coherency (yellow to red in Figure 1d), (iii) a quasi-parallel propagation
along the background magnetic field (blue in Figure 1e), and (iv) a right-handed polarization (red in Figure 1f).
These wave properties and the presence of magnetic field component at f ;g <f < f, are consistent with the
whistler mode.

2.2. Narrowband Waves on Open Magnetic Field Lines

Based on the analysis in section 2.1, we can reasonably assume that narrowband waves at f,z < f <f, with
similar spectral features would also be whistler mode waves, although their magnetic field spectra are not
always available. Whistler mode waves in this frequency range can be excited by cyclotron resonance with
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Figure 1. MAVEN observations of (a) electric field wave spectra, magnetic field spectra of (b) transverse and (c) compressional waves, (d) degree of polarization,
(e) wave normal angle with respect to the background magnetic field, and (f) ellipticity (positive signs refer to right-handed polarization) at 21:25-21:29 UT on
31 July 2015. Values at each frequency in Figures 1d—1f are shown only if the total spectral intensity exceeds 4 x 10~% nT2/Hz. The upper and lower white lines in
Figure 1a indicate the local electron cyclotron and lower hybrid frequencies. The white and black lines in Figures 1b-1f show the operation frequencies of the
four Reaction Wheel Assemblies, which cause the semiconstant artificial tones. The dashed ovals denote the narrowband electromagnetic waves identified as

whistler mode waves (see text for detail).

anisotropic electrons (T, >Ty,). The whistler mode linear growth rate y as a function of resonant velocity v,
and frequency f [Kennel and Petschek, 1966] is

£\ 1
== (1) o o= 7 L

where the fraction of resonant electrons 5(v|)) in the total electron density N, is

r(vy)
f,

ce

1 (Vi) = virFe (vi) /Nes 2)
the electron-reduced distribution function F, (v;) is

Fe (VII) = 2”/fe (VH’VJ_) v dvy, (3)
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and the electron anisotropy A(v})) is

2
ofe dofe '\ VL
/ (V” v Vi av) > V)| dVL

2 [fv dv,

Alvy) = ; “)
(note that f, stands for the electron velocity distribution function fe(v”, v,)). The resonant velocity v for
frequency f is

Vi _ (- f/fce)3/2

VAe B (f/fce)1/2 ' (5)

where V. = B/+/uym.N, is the electron Alfvén velocity, B is the magnetic field strength, y, is the vacuum
permeability, and m, is the electron mass.

Here we analyze electron velocity distributions measured by SWEA and investigate whether anisotropic elec-
trons can generate the observed narrowband waves in the Martian magnetosphere. Figure 2 shows another
narrowband wave event as well as electron, ion, and magnetic field data obtained by MAVEN in Mars's optical
shadow. We find typical signatures of plasma and fields in the Martian magnetotail lobes: cold planetary
ions (Figure 2a), hot electrons of sheath origin (Figure 2b, we note that cold planetary electrons may not
have been detected by SWEA owing to negative spacecraft charging in shadow and SWEA'’s lowest mea-
surable energy of 3 eV), and smooth, B,-dominant magnetic fields (Figure 2f). The 100-1000 eV electron
pitch angle distributions (Figure 2c) show signatures of counterstreaming electrons at ~19:40-19:41 UT and
~1945-1946 UT, indicating that hot electrons of solar wind origin enter the magnetotail along detached field
lines with both ends unconnected to the collisional atmosphere. The counterstreaming distributions could
originate from the upstream solar wind [e.g., Gosling et al., 2005] or be formed by processes operating in the
magnetosheath/magnetosphere. At ~19:42:00-19:44:30 UT, we observe the narrowband electric field waves
atf ~50-100 Hz in the f ;s < f < f,, range (Figure 2e) coinciding with one-sided loss cones on the parallel
side (pitch angles <90° in Figure 2c). This type of electron pitch angle distribution indicates an open mag-
netic field line configuration with one end of the field line connected to the collisional atmosphere and the
other to interplanetary space [Brain et al., 2007; Lillis et al., 2008]. The substantial loss of hot, parallel electrons
results in effective temperature anisotropy that can drive whistler mode wave growth as observed at other
unmagnetized bodies [Santolik et al., 2011; Halekas et al., 2012; Harada and Halekas, 2016].

We utilize SWEA's Pitch Angle Distribution (PAD) data, which contain electron flux as a function of time, energy,
and pitch angle at relatively high time cadence. Assuming that electrons are gyrotropic, this data set can be
sorted into electron distributions in v -v, space. Figure 3a shows an example of the electron distribution
function, f, (v”, vl), at 19:42:46-19:42:47 UT (indicated by the vertical dashed line in Figure 2) corrected for
the negative spacecraft potential estimated from the low-energy cutoff of the ion energy spectra (Figure 2a)
[Harada et al., 2015a]. From this distribution with the help of electron density information derived from the
total ion density measured by STATIC (the corresponding electron plasma frequency is shown by the white
dotted line in Figure 2e, which agrees well with the plasma line in the wave spectra), we compute the reduced
distribution function, electron anisotropy, and temporal growth rates of whistler mode waves at various res-
onant velocities (Figures 3b-3d) using equations (1)-(4) in the same manner as Harada et al. [2014, 2015b].
The loss of hot, parallel electrons is evident on the v, > 0 side of f, (v”, v,)andF, (v”) (Figures 3a and 3b),
causing large A(v))) (Figure 3¢). The shape of the resulting y(v|) /f.. on the v|, > 0 side (Figure 3d) is consistent
with the observed peak in the electric field wave spectrum (Figure 3e, converted into the v scheme using
equation (5)), suggesting a strong connection between the anisotropic electrons and narrowband waves.

We repeat the growth rate computation for each snapshot of PAD data except for those with poor pitch angle
coverage; we discard PAD snapshots if the minimum (maximum) pitch angle of center directions of unblocked
solid angle bins is greater (less) than 30° (150°). Figure 2d shows convective growth rates [Summers et al., 2009;
Lietal,2013]in units of dB/Ry, computed by 20/(In 10)-2zy -Ry /V,, where y is the temporal linear growth rate
in Hz, Ry, is the Mars radius in km, and V; is the wave group velocity in km/s. We observe the peak convective
growth rates exceeding 20 dB/R,,, indicating whistler mode waves can grow substantially within a reason-
able spatial scale in the Martian magnetosphere. The peak frequencies of the measured narrowband waves
(Figure 2e) are in general agreement with those of the growth rates (the white diamonds in Figure 2e). The
agreement of peak frequencies of growth rates and spectral intensities suggests that these waves must have
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Figure 2. MAVEN observations of (a) omnidirectional ion energy spectra (all species), (b) omnidirectional electron energy spectra, and (c) pitch angle
distributions of 100-1000 eV electrons in units of differential energy flux (Eflux) [eV/cm?2/s/st/eV], (d) whistler mode convective growth rates computed from
the electron velocity distributions (see text for detail), (e) electric field wave spectra, (f) magnetic field in MSO at 19:40-19:46 UT on 15 August 2015. The white
line in Figure 2a represents the cutoff energies of the ion energy spectra, which are used to estimate the negative spacecraft potentials. The white dotted line
in Figure 2e shows the electron plasma frequency derived from the total ion density. The upper and lower solid lines in Figures 2d and 2e indicate the local
electron cyclotron and lower hybrid frequencies. The small white diamonds in Figure 2e represent the peak frequencies of the computed convective growth
rates (Figure 2d) for peak rates >20 dB/Ry,. The vertical dashed line shows the time of the snapshot shown in Figure 3.

experienced little variation in background plasma and magnetic field conditions as they grow and propagate;
i.e., the narrowband whistler mode waves are locally generated by anisotropic electrons.

2.3. Narrowband Waves on Closed Magnetic Field Lines

Narrowband waves are also observed on closed magnetic field lines. Figure 4 shows MAVEN observations of
particles and fields on 12 July 2015. During the sunlit interval after 05:59 UT, MAVEN observed cold planetary
ions (Figure 4a) and a mixture of ionospheric photoelectrons and hot electrons of solar wind origin (Figure 4b)
in moderately strong magnetic fields (Figure 4f). At ~06:00:30-06:04:00 UT, we observe the strong electric
field wave emission at f ~30-500 Hz in f, ;s < f <., (Figure 4e) accompanied by the enhanced hot electron flux
(Figure 4b) with two-sided loss cones (Figure 4c). The flux depletion at both parallel and antiparallel directions
is associated with trapped populations on closed field lines with both ends connected to the collisional
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Figure 3. Snapshot at 19:42:46-19:42:47 UT on 15 August 2015 (indicated
by the vertical dashed line in Figure 2) of (a) electron velocity distribution
function fe(v”, v, ), (b) reduced distribution function Fe(vH), (c) pitch angle
anisotropy A(v|), (d) whistler growth rate V(VH)/fce: and (e) spectral
intensity of electric field waves as a function of resonant parallel (solid line)
and antiparallel (dashed) velocity for whistler mode waves. The dashed
curve in Figure 3b shows v|-flipped distribution Fo(-v))) for reference.

The A(vj) and r(v))) are computed only in the v|| range where

Fe(vy)> 107 s/km/cm? to avoid effects of poor counting statistics.

atmosphere [Brain et al., 2007; Harada
et al.,, 2016]. This shape of pitch angle
distributions also gives rise to large
electron anisotropy that can excite
whistler mode waves.

We conduct the growth rate computa-
tion in the same manner as section 2.2,
except that we use electron densities
derived from LPW active wave spectra
[Andersson et al., 2015] (the correspon-
ding electron plasma frequency is in-
dicated by the white dotted line in
Figure 4e). We also assume a zero
spacecraft potential in this particular
case for the following reasons: The
spacecraft was illuminated by sunlight
during this time interval, and SWEA
did not measure the spacecraft photo-
electrons. This indicates that the space-
craft potential, if positive, is lower than
the SWEA energy limit of 3 eV. Also,
the ion energy spectra (Figure 4a)
exhibit cutoff energies <2 eV, implying
spacecraft potentials > —2 V. Using the
lower and upper limits of —2 V and
+3V, we tested the spacecraft poten-
tial effects on the growth rate com-
putation, resulting in no significant
difference.

A snapshot again indicates that the
loss of hot, parallel (and antiparallel)
electrons (Figure 5a) causes large ani-
sotropy (Figure 5c) and rapid wave
growth (Figure 5d). Note that this
trapped electron distribution is nearly
v, symmetric, and both parallel and
antiparallel electrons can contribute to
the growth of whistler mode waves
propagating in the opposite direc-
tions, highlighting a clear contrast to
the one-sided loss cone shown in
Figure 3. The peak of the computed
growth rate (Figure 5d) coincides with
the wave intensity peak (Figure 5e).
Besides, the time series of peak fre-
quencies of growth rates and narrow-
band waves display good agreement
(the white diamonds and dynamic
spectra in Figure 4e). The convective

growth rates show rapid wave growth as high as >100 dB/Ry, (Figure 4d), suggesting that whistler mode waves

can grow significantly even within a short traveling distance.

In this event, LPW burst waveform data are available and we can examine microstructures of frequency-time
spectrograms. Figure 6 presents four examples of burst waveform segments and their wave spectra processed
on ground. The dynamic spectra shown in Figures 6a, 6b, and 6d exhibit discrete elements of rising tones.
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Figure 4. MAVEN observations at 05:58-06:05 UT on 12 July 2015 in the same format as Figure 2, except that the white dotted line in Figure 4e shows the
electron plasma frequency obtained from LPW active wave spectra [Andersson et al., 2015].

Figure 6c displays a two-banded structure with a gap around half the electron cyclotron frequency. We point
out that these characteristics are strikingly similar to those of the whistler mode chorus observed in the Earth’s
magnetosphere [Burtis and Helliwell, 1969, 1976; Tsurutani and Smith, 19741.

3. Statistical Distributions

In this section, we present statistical distributions of the narrowband wave events and anisotropic elec-
trons. We utilize 10 months of MAVEN data obtained from February 2015 to December 2015, during which
the LPW L2 merged passive spectra [Andersson et al., 2015] are nearly continuously available. We exclude
data obtained outside the nominal magnetic pileup boundary [Trotignon et al., 2006], thereby focusing on
waves in the magnetosphere. We also discard wave spectra if one of the electron densities derived from
active wave spectra and from current-voltage measurements [Andersson et al., 2015] exceeds 10* cm~3,
when the electron plasma frequency approaches or exceeds the upper limit of the instrument measurement
range and aliasing/contamination occurs at lower frequencies. Based on the remaining “clean” magneto-
spheric wave spectra, we utilize an automated procedure to identify narrowband wave events with peak
frequenciesin the f s <f <f_ band. We first redivide the L2 merged spectra into low-frequency (<256 Hz) and
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The vast majority of the identified

Figure 5. Snapshot at 06:02:59-06:03:00 UT on 12 July 2015 (indicated by

the vertical dashed line in Figure 4) in the same format as Figure 3. events have peak intensities between

10712 and 107'° (V/m)2/Hz. Since the

LPW time cadence varies at different
altitudes and the spacecraft spent different total times in different regions, the data density is not uniform
in the covered area (the gray area in Figure 7a). Therefore, we derive occurrence percentage of the events
with variable bin sizes in spherical coordinates as shown in Figure 7b. These distributions show a nonuniform
distribution of the narrowband wave events. We find two clusters of events in the cylindrical MSO coordi-
nates: (i) the dayside events distributed just below the nominal MPB and (ii) the nightside events distributed
broadly in the near-Mars magnetosphere mainly at a distance from the center of Mars R < 2 Ry,.

Next we present spatial distributions of anisotropic electrons based on SWEA PAD data obtained in the same
interval. First, we conduct spacecraft potential correction. When the spacecraft is located in shadow or at low
altitudes <250 km, where generally negative potentials are expected, we use negative spacecraft potentials
derived from the low-energy cutoff of ion energy spectra. At sunlit high altitudes, where positive potentials are
usually observed, we use positive spacecraft potentials estimated from the edge of spacecraft photoelectrons

HARADA ET AL.

WHISTLER MODE WAVES AT MARS 9724



@AG U Journal of Geophysical Research: Space Physics

10.1002/2016JA023194

(a)

3 2
2 1
— 1 — 0
o e T'g
£> 0 23
wE -1 W E -2
) -3
-3 -4
500 10" W 500 10" =
L L
2 o 2 o
? 400 10 e § 400 10 B
& w 300 109 2 T w 300 10° =
oL S oL &
o 200 = o) 200 =
— 4 = S 4 S
“ 400 1072 % 400 107 ¢
0 10° & 0 10° &

538540542544546548

Time (UT) Seconds after 2015-07-12/06:00

- 800

e

5 % 600

8= 400}

“ 200}
0

Time (UT) Seconds after 2015-07-12/06:03

45.8 46.0 46.2 46.4 46.6 46.8

Time (UT) Seconds after 2015-07-12/06:02

(d

h

1.0
] 0.5F ]
] oF
] 23 0.0} ]
] w E
] 0.5} ]
-1.0
10" N 500F 10" W
kS L
1025 5 400 10 °=
E & — 300F §
10° € gi 10° €
: ® 200 =
4 = — 4 =
10% & 0 10° &

34.3 34.4 34.5

37.8 38.0 38.2 38.4 38.6 38.8

Time (UT) Seconds after 2015-07-12/06:03

Figure 6. LPW burst waveform data and ground-processed wave spectra at (a) 06:00:53.8-06:00:54.8 UT, (b) 06:02:45.8—-06:02:46.8 UT, (c) 06:03:34.2-06:03:34.6
UT, and (d) 06:03:37.8—-06:03:38.8 UT on 12 July 2015. The magenta solid and dashed lines indicate the local f, and f.. /2, respectively.

in electron energy spectra. Once each velocity distribution is corrected for spacecraft potentials in units of
distribution function, the electron anisotropy, A(v)), is computed as described in section 2.2. Then A(v/) is
averaged in the 4000 km/s < |v;|| < 10,000 km/s range (parallel energies of 45-284 eV). This |v | range is
chosen so that it includes typical parallel velocities of unstable electrons relevant to the narrowband waves
at f . <f <f_ (cf. Figures 3 and 5) yet the uncertainty of the estimated spacecraft potentials has minimal
effects on the computed quantities.

Figure 7c shows the Xj;50 - puso distribution of medians of the electron anisotropy. The anisotropic electrons
show very similar distributions to the narrowband wave events. We observe the anisotropy enhancement (i)
near the dayside MPB and (ii) in the nightside near-Mars magnetosphere. The general agreement of the spatial
distributions suggests that the anisotropic electrons provide a free energy source for the narrowband whistler
mode waves observed in the Martian magnetosphere.
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Figure 7. Cylindrical MSO distributions of (a) narrowband wave events, (b) percentage of event occurrence, and
(c) medians of electron anisotropy averaged in the 4000 km/s<|v|| <10,000 km/s range. The Sun direction is to the
right. The dashed lines indicate the nominal position of the magnetic pileup boundary [Trotignon et al., 2006].
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Figure 8. Longitudinal cuts of (a1-a4) geographic distributions of narrowband wave events, (b1-b4) medians of electron anisotropy, and (c1-c4) partial density
in the 4000 km/s <|v}|| <10,000 km/s range. The data used here are taken in the nightside magnetosphere at Xy;5o < 0 and below the nominal MPB. The gray
contours show horizontal component strengths of crustal magnetic fields [Morschhauser et al., 2014] for 10, 20, 40, and 80 nT at the center longitudes.

Finally, we investigate geographic distributions of the narrowband wave events and anisotropic electrons and
their association with crustal magnetic fields. As shown in Figure 7, both the narrowband wave occurrence
and electron anisotropy vary as a function of altitude and solar zenith angle. Here we present altitude-latitude
distributions of the nightside events (X5 <0) in comparison with magnetic field topology. Figure 8 shows
R cos (Latitude)-R sin (Latitude) distributions of the narrowband wave events, electron anisotropy, and partial
density of 4000 km/s < |v;;| <10,000 km/s electrons in four longitude ranges centered at 0°E, 90°E, 180°E, and
270°E. The gray contours represent strengths of the horizontal component of the model crustal magnetic
fields from Morschhauser et al. [2014] at the center longitudes as reference to approximate magnetic field
topology in the longitude ranges. Overall, the narrowband wave events (Figures 8a1-8a4) coincide well with
the enhanced electron anisotropy (Figures 8b1-8b4), except at low altitudes in the strongest horizontal field
regions at ~180°E longitudes in the Southern Hemisphere (Figures 8a3 and 8b3). In this region deep in the
closed fields, though the electron anisotropy is high (red in Figure 8b3), we note that the density of the hot
electrons responsible for the wave generation is significantly suppressed (black to dark blue in Figure 8c3).
We also note that all of the three distributions show noticeable north-south asymmetry. We will discuss these
observations in the following section.

HARADA ET AL.

WHISTLER MODE WAVES AT MARS 9727



@AG U Journal of Geophysical Research: Space Physics 10.1002/2016JA023194

4. Discussion

We have presented three case studies showing that narrowband features at f| ;s <f <f_, in electric field wave
spectra observed by MAVEN in the Martian magnetosphere are consistent with electromagnetic whistler
mode waves generated by cyclotron resonance with anisotropic electrons that have one-sided or two-sided
loss cones. This scenario is statistically supported by the consistent spatial distributions of the narrowband
wave events and electron anisotropy enhancement. In this section, we discuss the detailed characteristics of
the narrowband waves and anisotropic electrons, but first we comment on the dayside populations included
in the statistical results.

The dayside narrowband wave events and anisotropic electrons are clustered near the nominal MPB (Figure 7).
This suggests that these waves and anisotropic electrons are of and/or originate from the magnetosheath.
The location of the MPB can vary depending on a variety of parameters such as the upstream solar wind and
magnetic field conditions, season, and relative location of crustal magnetic fields [e.g., Crider et al., 2002; Brain
et al., 2005]. Therefore, the data sets obtained just below the nominal MPB include a number of sheath
intervals. Enhanced electric field wave activity, including peaked spectra below f, is commonly observed in
the Martian magnetosheath [Grard et al., 1989, 1991]. Hot electrons with T, > T, are also common in the
Martian magnetosheath [e.g., Skalsky et al., 1998]. At Earth, intense bursts of electromagnetic whistler mode
waves at ~100 Hz, known as “lion roars,” are observed in close association with mirror mode structures in
the magnetosheath [e.g., Smith and Tsurutani, 1976] and in the magnetosphere close to the magnetopause
[Baumjohann et al., 2000; Dubinin et al., 2007]. Proposed generation mechanisms for the lion roars involve
cyclotron resonance with anisotropic electrons (T, > T) and enhancement of whistler mode growth by
the decreased magnetic field strength and increased electron density in the mirror mode waves [Thorne and
Tsurutani, 1981]. Detailed analysis of the properties and causal relationship of the dayside sheath electrons
and waves at Mars is beyond the scope of the paper. Meanwhile, the nightside populations are not clustered
near the nominal MPB but distributed deeper in the tail, implying that they are not sheath origin. Hereafter,
we focus on these nightside magnetospheric waves and anisotropic electrons.

We observe the enhanced electron anisotropy on the nightside compared to the dayside (Figure 7c). Electron
loss cones are not limited to the nightside but observed on the dayside as well [e.g., Brain et al., 2007]. However,
the suprathermal tail populations of ionospheric photoelectrons, which fill parts of the loss cones, render the
anisotropy smaller. The reduction of anisotropy on the dayside is consistent with the Mars Global Surveyor
observations [Brain et al., 20071, which show that fully isotropic distributions (in the measured pitch angle
ranges) are the most common type of pitch angle distributions on the dayside (at a fixed altitude and local
time of 400 km and 2 PM.) over a broad geographic region. Thus, the combination of the loss of ambient
parallel electrons to the collisional atmosphere and little/no presence of ionospheric photoelectrons on the
nightside field lines leads to the nightside anisotropy enhancement.

The altitude-latitude distributions of the narrowband wave events, electron anisotropy, and partial electron
densities exhibit the clear north-south asymmetry (Figure 8). However, this does not necessarily reflect “true”
geographic asymmetry because the orbital coverage of the data obtained in the Northern and Southern
Hemispheres is heavily biased in MSO coordinates. Figure 9 shows median py;so in each altitude-latitude bin.
Itis seen that the measurements in the Southern Hemisphere were obtained mainly in the deep tail with small
Pusor While the Northern Hemisphere data were taken at flanks with large pyso. A larger volume of data with
better coverage both in MSO and geographic coordinates are required to unambiguously separate the MSO
and geographic dependence.

The narrowband wave events are not observed at the low-altitude closed field regions (Figure 8a3) despite the
large anisotropy (Figure 8b3). This is most likely due to the depleted suprathermal electron flux on the closed
field lines (Figure 8c3) [Mitchell et al., 2001; Brain et al., 2007; Steckiewicz et al., 2015]. As seen at 05:58-06:00
UT in the third case study (Figure 4), the depleted hot electrons, though anisotropic, cannot provide sufficient
free energy for rapid wave growth. In addition to the absence of narrowband wave events on low-altitude
closed field lines, Figure 8a3 shows that the wave events are clustered in likely cusp regions between the two
|B,| contour arcades as well as near the top of the [B,| = 10 nT contour line. This suggests that the wave
occurrence is controlled by the local magnetic field topology.

The LPW burst waveform data obtained on closed field lines reveal the frequency-time structures with time
scales less than a second (Figure 6). The rising tones and two bands above and below half the electron
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cyclotron frequency resemble the char-

acteristic signatures of the whistler mode
2.0 chorus waves in the Earth’s magneto-
sphere [Burtis and Helliwell, 1969, 1976;
Tsurutani and Smith, 1974]. We note that
though thelinear theory successfully pre-
dicts the spectral peaks of the observed
narrowband waves (Figures 2-5), non-
linear mechanisms could be implicated
in the wave generation and growth pro-
cesses. For example, Dubinin et al. [2007]
demonstrated that bursty, coherent wave
packets of whistler mode emissions can
be explained by nonlinear whistler solitary
waves. The discrete rising tones could be
generated by a nonlinear growth mech-
anism [Omura et al., 2008]. Future studies
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a significant role in pitch angle diffusion
of plasma sheet electrons leading to dif-
fuse auroral precipitation [e.g., Ni et al.,
2011]. Similar electron precipitation by
wave-particle interaction may be possi-
ble for trapped electrons on closed field
lines at Mars, while only upward traveling loss cone electrons will be isotropized by downward propagating
waves on open field lines. Evaluation of the wave-induced electron precipitation into the Martian atmosphere
would be anotherimportant task if we are to fully address the electron dynamics and energetics in the Martian
system.
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Figure 9. Altitude-latitude distribution of pysg for the data used in
Figure 8.

5. Conclusions

MAVEN observations of electric and magnetic fields and electron velocity distributions have revealed that
anisotropic electrons with one-sided or two-sided loss cones excite electromagnetic whistler mode waves
with narrowband features between the electron cyclotron and lower hybrid frequencies in the nightside
Martian magnetosphere. The narrowband waves are observed on both open and closed field lines and have
spatial distributions similar to those of anisotropic electrons. The geographic distributions of the narrow-
band wave events and anisotropic electrons around the strongest crustal magnetic fields suggest that the
local magnetic field topology controls both the anisotropy and abundance of hot electrons, thereby regulat-
ing the whistler mode wave generation. Analysis of the waveform data reveals that some of the narrowband
waves on closed field lines contain complex frequency-time structures such as discrete elements of rising
tones and two bands above and below half the electron cyclotron frequency. The whistler mode waves driven
by anisotropic hot electrons, previously observed in intrinsic magnetospheres and at unmagnetized airless
bodies, are now confirmed at Mars. The contribution of whistler mode wave-induced pitch angle scattering
to electron precipitation into the Martian atmosphere should be evaluated in future studies.
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