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ABSTRACT

Context. Various high-frequency waves in the vicinity of upper-hybrid and Langmuir frequencies are commonly observed in different
space plasma environments. Such waves and fluctuations have been reported in the magnetosphere of the Earth, a planet with an intrin-
sic strong magnetic field. Mars has no intrinsic magnetic field and, instead, it possesses a weak induced magnetosphere, which is highly
dynamic due to direct exposure to the solar wind. In the present paper, we investigate the presence of high-frequency plasma waves
in the Martian plasma environment by making use of the high-resolution electric field data from the Mars Atmosphere and Volatile
Evolution missioN (MAVEN) spacecraft.

Aims. This study aims to provide conclusive observational evidence of the occurrence of high-frequency plasma waves around the
electron plasma frequency in the Martian magnetosphere. We observe two distinct wave modes with frequency below and above the
electron plasma frequency. The characteristics of these high-frequency waves are quantified and presented here. We discuss the gener-
ation of possible wave modes by taking into account the ambient plasma parameters in the region of observation.

Methods. We have made use of the medium frequency (100 Hz—32 kHz) burst mode-calibrated electric field data from the Langmuir
Probe and Waves instrument on board NASA’s MAVEN mission. Due to the weak magnetic field strength, the electron gyro-frequency
is much lower than the electron plasma frequency, which implies that the upper-hybrid and Langmuir waves have comparable frequen-
cies. A total of 19 wave events with wave activities around electron plasma frequency were identified by examining high-resolution
spectrograms of the electric field.

Results. These waves were observed around 5 LT when MAVEN crossed the magnetopause boundary and entered the magne-
tosheath region. These waves are either a broadband- or narrowband-type with distinguishable features in the frequency domain.
The narrowband-type waves have spectral peak above the electron plasma frequency. However, in the case of broadband-type waves,
the spectral peak always occurred below the electron plasma frequency. The broadband waves consistently show a periodic modulation
of 8-14 ms.

Conclusions. The high-frequency narrowband-type waves observed above the electron plasma frequency are believed to be associated
with upper-hybrid or Langmuir waves. However, the physical mechanism responsible for the generation of broadband-type waves and

the associated 8—14 ms modulation remain unexplained and further investigation is required.

Key words. waves — planets and satellites: terrestrial planets — plasmas — methods: observational

1. Introduction

Various electrostatic and electromagnetic plasma waves are often
generated naturally in the vicinity of the Earth, other terrestrial
planets, and astrophysical plasma environments due to the pres-
ence of variety of plasma therein (Bale et al. 1998; Tao et al.
2012; Malaspina et al. 2020; Mozer et al. 2021a,b; Pickett 2021).
These waves play an important role in energetic particle dynam-
ics, acceleration, deceleration, transport, and so on (Graham
et al. 2022). As a consequence, understanding their genera-
tion and interaction with charged particles in the Earth’s and
other terrestrial planetary magnetospheres is of utmost impor-
tance (Strangeway 1991; Saur et al. 2018; Zhao et al. 2021I;
Kretzschmar et al. 2021; Li et al. 2021). In the Earth’s mag-
netosphere, a variety of waves have been studied extensively
using different past and present satellite missions. Unlike Earth
or Jupiter that possess a distinct magnetic field cavity around

them, Mars does not have its own intrinsic magnetic field
(Gunell et al. 2018). It possesses a weak crustal magnetic field,
however. The conductive ionosphere and mass loading on the
Martian atmosphere provide hindrance to the solar wind and
forms the Martian bow shock and an induced magnetosphere
(Nagy et al. 2004; Vaisberg et al. 2017). The Martian-induced
magnetosphere is expected to be highly dynamic due to the
direct influence of the solar wind. In such conditions, we may
anticipate the occurrence of various plasma waves in the Mar-
tian ionosphere-magnetosphere system. For example, electron
plasma oscillations and electron-induced whistler waves have
been observed in the Martian upper atmosphere (Grard et al.
1989; Trotignon et al. 1991; Harada et al. 2016). Solitary waves
have also been reported to occur in the Martian magnetosheath,
which is a conclusion based on the analysis of Mars Atmo-
sphere and Volatile Evolution (MAVEN) data (Kakad et al. 2022;
Thaller et al. 2022).
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High-frequency waves close to the upper-hybrid frequency
are commonly detected in the Earth’s magnetosphere. These
waves are used as a means to infer the electron density (Kurth
et al. 2015). Similar types of fluctuations in the vicinity of
either the (electron) plasma oscillation frequency or the upper-
hybrid frequency, known as the quasi-thermal noise, are also
broadly detected in the solar wind (Meyer-Vernet 1979; Filbert
& Kellogg 1979; Meyer-Vernet & Perche 1989; Issautier et al.
2001; Moncuquet et al. 2005). Recent Magnetospheric Multi-
scale (MMS) spacecraft observations have revealed the presence
of upper-hybrid waves at the Earth’s magnetopause and around
the magnetic reconnection region (Li et al. 2021; Graham et al.
2018). Upper-hybrid waves are believed to be important in the
electron diffusion region, a core region of magnetic reconnec-
tion (Jiang et al. 2019). Evidence for magnetic reconnection at
the Martian induced magnetopause has been reported by Wang
et al. (2021). Recently, Guo et al. (2022) reported the first obser-
vation of lower-hybrid waves at the edge of the current sheet
in the Martian magnetotail region. In the case of the Martian
magnetosphere, the presence of upper-hybrid waves is yet to be
confirmed. The recent MAVEN mission provides an excellent
opportunity to investigate the plasma waves in the Martian mag-
netosphere (Romanelli et al. 2018; Vaisberg et al. 2018). In the
present study, we rely on MAVEN spacecraft’s Langmuir Probe
and Waves (LPW) instrument data to investigate the signature of
high-frequency waves. The MAVEN spacecraft provides electric
field measurements at an altitude of 150-6200km, which cov-
ers the ionosphere-magnetosphere regions of Mars. Information
about plasma waves in the Martian ionosphere-magnetosphere
system can be used to understand the plasma heating and plasma
transport frequently observed in its magnetosphere (Pérez-de
Tejada 1987; Lundin et al. 2006). The present findings may be
important in such a context.

The present paper is organized as follows. The data used in
the study are elaborated in Sect. 2. The observed wave events
are described in Sect. 3. The results are discussed in Sect. 4. A
plausible wave mode generation scenario is discussed in Sect. 5
by examining the ambient plasma parameters in the observation
region. This study is concluded and summarized in Sect. 6.

2. Data analysis

There are various instruments on board the MAVEN spacecraft,
which makes it a unique mission to provide good quality particle
and wave observations in the Martian ionosphere-magnetosphere
system. In the present study, we report a total of 19 high-
frequency wave events observed on 2015 February 9, in the
Martian magnetosheath region. In the present study, we have
used the medium frequency (100 Hz—32 kHz) burst mode cali-
brated electric field data of Langmuir Probe and Waves (LPW).
The LPW instrument is sensitive to plasma waves with a spectral
power density as low as 2 x 107 (mVm™")> Hz™! for kHz fre-
quencies (Andersson et al. 2015). It may be noted that the LPW
instrument measures one component of the electric field only,
namely, in the y-direction in the spacecraft coordinate system.
In addition, we analyzed the MAVEN MAG calibrated mag-
netic field vector data' recorded by the fluxgate magnetometer
instrument (Connerney et al. 2015) in the payload and spacecraft
coordinate system. The calibrated key parameters such as the
density, temperature, solar wind velocity, altitude, local time, and
so on, derived from various instruments mounted on MAVEN?

I https://pds-ppi.igpp.ucla.edu
2 https://cdaweb.gsfc.nasa.gov/
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are also used. These parameters are available at 4 s or 8 s reso-
lution. In the present study, we report 19 high-frequency wave
events that are observed in the magnetosheath region. We used
solar wind electron and ion densities/temperatures estimated on
the basis of the electron flux data from MAVEN Solar Wind
Electron Analyzer (SWEA), and ion flux data from Solar Wind
Ion Analyzer (SWIA; Andersson et al. 2015; Halekas et al. 2015;
Mitchell et al. 2016) to obtain the ambient plasma parameter
information. The SWIA and SWEA instruments measure dif-
ferential ion and electron flux of 5eV to 25keV, and 3eV to
4.6 keV, respectively. The observed high-frequency waves are
described in Sect. 3.

3. High-frequency wave observations

In this section, we shall discuss the observed high-frequency
waves and their characteristics. The orbital time period of the
MAVEN spacecraft is nearly 4.5 h. We have examined the LPW
medium frequency electric field data during five passes of
MAVEN around Mars on 2015 February 9. We have identified a
total of 19 high-frequency wave events in the early morning sec-
tor =5 LT (see Appendix A). As per their occurrence in a time
domain, these events are numbered from 1 to 19. These wave
events are seen in two time slots, 1.5-2.1 UT and 6.2—-6.9 UT,
but in local time they fall into the dawn sector. It may be noted
that owing to weak magnetic field, the electron cyclotron fre-
quency, fce, is much lower than the electron plasma frequency,
Jpe. For these events, the ratio of fy./ fc. is in the range of 60-80,
which leads to the conclusion that the upper-hybrid and plasma
oscillation frequencies are virtually indistinguishable, fu, = fpe.
For all events studied here, the difference between fy, and fp. is
less than 0.01%.

A scrutiny of high-resolution spectrograms reveal that there
are three types of events: narrowband-type (category I, observed
in time slot 2 only), broadband-type (category II, observed in
time slot 1), and both the narrowband type and broadband type
(category III, observed in time slot 1). The narrowband-type or
broadband-type waves are categorized based on their extent in
the frequency domain. We choose one example from each of
these categories and describe their features in this section. The
total time durations of these events in spectrogram vary from 30
to 300 ms. For each event, the spectrogram is obtained by using
300 samples with an overlap of 85%, which gives a frequency
resolution of 217.4 Hz and time resolution of 0.69 ms. The first
example (event no. 17) is chosen from category I and it is shown
in Fig. 1. The electric field data of the LPW instrument are shown
in Fig. la, the Fourier transform spectrum is shown in Fig. 1b,
and the spectrogram (frequency—time representation of the wave
power) is shown in Fig. 1c. The time on the x-axis is given in
milliseconds after the start time of 06:45:29:160 hh:mm:ss:mss
(in UT). The electric field variation shown in Fig. 1a is the y-
component of the field measured in the spacecraft coordinate
system. We have estimated the upper-hybrid frequency from the
ambient plasma parameters and it is plotted by a black vertical
and horizontal dashed-dotted lines, respectively, in panels b and
c of Fig. 1. The spectral peak is well above the 90% statisti-
cal significance. The significance level is computed following
Gilman et al. (1963) and the procedure is described in Kakad
et al. (2019).

The fast Fourier transform of the electric field, shown in
Fig. 1b, indicates that the maximum wave power is situated close
to the upper-hybrid, and it is well above the 90% statistical sig-
nificance (shown by grey dashed horizontal line). We can see
that the wave exists above the upper-hybrid frequency (= electron
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Fig. 1. Example of narrowband-type (category I, event no. 17) high-
frequency wave. Electric field recorded by LPW instrument on MAVEN
spacecraft is plotted as a function of time in milliseconds after the
start time of this event, ty,, = 06:45:29:160 hh:mm:ss:mss (in UT), fast
Fourier spectra of these electric field variations and its spectrograms
(frequency-time representation) are plotted in panels a, b, and c, respec-
tively. The black dashed-dotted vertical line in panel b and horizontal
line in panel ¢ indicate the upper-hybrid wave estimated from ambient
plasma parameters. The spectral peak is well above the 90% statistical
significance marked by dashed grey line in panel b. Here, the length of
electric field data is 62.5 ms.

plasma frequency). The wave power starts increasing from f; =
20.2kHz, peaks at f;g:lf“a = 21.5kHz, with a second peak at

22.8kHz, and then the wave power diminishes around f;, =
23.7 kHz. The peak spectral poweris 7.8 x 107° (mV m~")> Hz"!.
Here, f; and f, represents the lower and upper bounds for the
wave in the frequency domain. The frequency extent for this
event is estimated to be Af = f, — fi = 3.5kHz, which is only
16% of peak spectral frequency. For other similar-type event the

ratio of Af/ f; P is between 16 and 18%. Therefore, we identify

this type of events under the narrowband-type category. Event
number 14-19 (total 6 events) that occurred in the second time
slot, 6.2-6.9 UT, at an altitude of 2600-3200 km are identified
as narrowband-type waves. These narrowband wave events often
depict multiple (two and occasionally more) spectral peaks in a
close frequency range. The average gyro-frequency during the
occurrence of these narrowband-type waves is (f..) = 229 Hz.
These multiple spectral peaks are not harmonics, nor do they
exhibit any consistent relation with the gyro-frequency. The dif-
ference between the multiple peaks is noted as 0.87-1.7 kHz.
Another distinguishable feature associated with these waves is
that the power starts to increase from a frequency higher than the
upper-hybrid (= electron plasma frequency). This gap between
fun and fj is estimated to vary between O and 2.4 kHz, with an
average of (fi — fun) = 1.2 £ 0.7 kHz. This tendency is consistent
and seen for all narrowband events.

The second type refers to broadband-type wave events. One
example (event no. 5) from this category II is shown in Fig. 2.
The y-component of the electric field measured in the space-
craft coordinate system and its Fourier transform spectrum are
plotted in Fig. 2 (a and b, respectively). Figure 2c¢ shows the
corresponding spectrogram. The time on the x-axis is given

(a)t, =1.9295h
1 T

start
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Fig. 2. Example of broadband-type (category II) high-frequency wave.
Electric field recorded by LPW instrument on MAVEN spacecraft is
plotted as a function of time in milliseconds after the start of this event
(i.e., tgant), the fast Fourier spectra of these electric field variations and
its spectrograms (frequency-time representation) are plotted in panels a,
b, and c, respectively. This is example 2 (event no. 5) and its start time is
01:55:46:200 hh:mm:ss:mss (in UT). The black dashed-dotted vertical
line in panel b and horizontal line in panel c indicate the upper-hybrid
wave frequency estimated from ambient plasma parameters. The spec-
tral peak is above the 90% statistical significance marked by dashed grey
line in panel b. Here, the length of electric field data is 125 ms.

in milliseconds after start time of 01:55:46:200 hh:mm:ss:mss
(in UT). Similarly to Fig. 1, the black vertical and horizon-
tal dashed-dotted lines plotted in Fig. 2 represent the local
upper-hybrid frequency (= electron plasma frequency) during
the wave observation. It is noticed that the frequency extent
is sufficiently broad. The wave power starts from fi = 5.6kHz
and continues until f, = 20.2kHz, with the peak power of
2.5 %107 (mV m™")*Hz" located at """ = 14.9kHz. The
frequency width A f is 14.6 kHz, which is 97% of the peak spec-
tral frequency. The ratio, Af/ f;g:lf"a is in the range of 40-97%
for other events in this category. Therefore, these events are
treated as broadband-type wave (i.e., category II). Event num-
bers 5, 9, 12, and 13 (a total of 4 events) fall under category
II and they all have been observed in the first time slot, 1.5—
2.1 UT, at an altitude of 1400-2200 km. It may be noted that
in this case, the wave power extends beyond the upper-hybrid
(= electron plasma) frequency of 16.5 kHz. However, the peak
spectral power is always located below upper-hybrid frequency.

A third type of event is considered under category III, where
both broadband-type and narrowband-type waves are observed
simultaneously. The narrowband and broadband peak spectral
frequency is found to be located above and below the upper-
hybrid frequency (= electron plasma frequency), respectively. In
such cases, the observed narrowband-type is extremely weak (3—
12 times smaller) in power and the dominant wave mode is the
broadband-type wave. A total of nine events fall under this cate-
gory. Similarly to category II, they all have been observed in the
first time slot, 1.5-2.1 UT, at an altitude of 1400-2200 km. One
example (event no. 4) from this category-III is shown in Fig. 3.
Panels a, b, and ¢ of Fig. 3 show the y-component of the elec-
tric field, its Fourier transform spectrum and the spectrogram,
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Fig. 3. Simultaneous narrowband-type and broadband-type (cate-
gory III) high-frequency waves. Electric field recorded by LPW instru-
ment on MAVEN spacecraft is plotted as a function of time in mil-
liseconds after the start of this event (i.e., ), the fast Fourier spectra
of these electric field variations and its spectrograms (frequency—time
representation) are plotted in panels a, b, and c, respectively. This is
example 3 (event no. 4) and its start time is 01:54:50:040 hh:mm:ss:mss
(in UT). The black dashed-dotted vertical line in panel b and horizontal
line in panel c indicate the upper-hybrid wave frequency estimated from
ambient plasma parameters. The 90% statistical significance marked
by dashed grey line in panel b. Here, the length of electric field data
is 62.5 ms.

respectively, as functions of time. On the x-axis, time is given in
milliseconds after the start time of 01:54:50:040 hh:mm:ss:mss
(in UT). The black vertical and horizontal dashed-dotted lines
marked in Fig. 3 represent the local upper-hybrid frequency (=
electron plasma frequency) during the wave observation. Pres-
ence of narrowband-type and broadband-type waves above and
below the upper-hybrid frequency of fi, = 16.4kHz is appar-
ent in Figs. 3b and c. The wave power starts from f; = 7.4kHz
and it continues up to upper-hybrid frequency (= electron plasma
frequency), with the peak power of 2.5 x 107 (mV m™!)?> Hz!

situated at f;f;f"a = 13kHz. Meanwhile, the narrowband-type

wave starts from fi = 16.7 kHz and continues until f, = 20kHz
with the peak power of 2 x 1077 (mVm™")?>Hz™' located at

f;s:;tra = 18.2kHz. The frequency extent for the broadband-

type wave is estimated as Af = fun — fu = 9 kHz, while for the
narrowband-type wave itis Af = f, — fi = 3.3 kHz. All the wave
events belonging to category-III show similar features for the
narrowband-type and broadband-type waves. The average fre-
quency extent of narrowband-type and broadband-type waves of
category-III are (Af) = 2.3 + 0.6kHz and (Af) = 9.6 + 3kHz,
respectively.

To quantify and compare the frequency domain features (e.g.,
1, 2, and 3, which represent category I, II, and III, respectively),
we averaged the spectrogram power in a time domain for the
duration of wave observation. The plot of frequency as a func-
tion of average spectrogram power is plotted in Fig. 4 (a, b,
and c, respectively; as with e.g., 1, 2 and 3, discussed above).
The lower and upper frequency limits of the observed wave
mode, and local upper-hybrid frequency (~ electron plasma fre-
quency) are marked with dashed horizontal lines in each panel.
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Fig. 4. Wave frequency as a function of average spectrogram power. (a)
example 1 (category I), (b) example 2 (category II), and (c) example 3
(category III). The grey horizontal dashed lines indicate the lower
and upper frequency limits for the observed wave. The magenta
color dashed-dotted lines in each panel indicate the upper-hybrid
(~ electron plasma) frequency for each respective time of observation.
For each wave mode, the frequency extent (or width), Af, is marked in
each panel.

The frequency extent and power associated with the wave modes
are clearly visible in Fig. 4. To summarize, we can say that
narrowband-type (category I) and broadband-type (category II
and IIT) wave events are observed in the Martian magnetosphere
and their peak power is located above and below the upper-
hybrid frequency (= electron plasma frequency), respectively. In
the next section (Sect. 4), we elaborate on these results based on
the quantified information of the observed waves.

4. Results

In the previous section, we detailed the features of 19 wave
events observed in the Martian magnetosphere. These observa-
tions clearly indicate the presence of two types of waves namely
narrowband-type (category I) and broadband-type (category II
and III). The spectrogram shown in Figs. 2c and 3c features
distinct patchy type structures with wider spread around the
spectral peak frequency, whereas in Fig. 1c the wave power
is continuous with a narrow frequency extent. Out of 19 wave
events, 13 broadband-type events (category II and III) show such
patchy appearance, whereas the remaining six narrowband-type
(category I) are associated with continuous wave power.

In order to examine this repetitive behavior in broadband-
type waves, we have plotted the average spectrogram power as a
function of time in Fig. 5a for example 2. The time variation of
(PSD) shows distinct peaks that represent periodic occurrence of
patchy structures. The Fourier spectrum of this signal is shown
in Fig. 5b, which reveals the presence of 11 ms periodicity in
these structures. This exercise was repeated for all broadband-
type wave events in order to estimate the repetitive periods. The
distribution of estimated repetitive periods is shown in Fig. Sc.
It is found that observed broadband-type waves possess repeti-
tive periods in a close range of 8—14 ms (i.e., 75—125 Hz). This
behavior is consistently seen in all broadband-type waves with
an average repetitive period of () = 10.6 + 2 ms.

In order to identify and characterize the observed waves
we examined the ambient plasma conditions and their occur-
rence region. We summarized the ambient plasma parameters
for these 19 high-frequency wave events in Fig. 6. The altitude
and local time of MAVEN spacecraft are plotted in Figs. 6a and
e, respectively, where the occurrence of high-frequency wave
events are marked in red color. It is evident that these waves
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Fig. 5. Periodicities observed in broadband-type waves. Panel a shows
average spectrogram power (PSD) as a function of time for event no. 5
shown in Fig. 2 (broadband-type wave, category II). Here, time is in mil-
liseconds after the start time 01:55:46:200 hh:mm:ss:mss (in UT); panel
b shows Fourier transform of average spectrogram power as a function
of periods; and panel ¢ shows the distribution of dominant repetitive
periods observed in 13 broadband-type events of category II and III.
The dominant repetitive period is estimated to be 10.6+2 ms. The red
dashed line in panel b indicate the 90% statistical significance level for
the Fourier spectra.

are seen in the early morning hours at an altitude of ~1400—
3200 km. The remaining panels in Fig. 6 depict: (b) the ambient
electron and ion densities; (c) the magnetic field; (d) the angle
between the magnetic field and solar wind velocity vectors; (f)
the solar wind plasma bulk speed; and (g) the electron and ion
temperature as a function of altitude, for these 19 wave events.
We found that the plasma density and velocity increase, whereas
the magnetic field decreases with the altitude in the region where
these high-frequency waves are observed. The angle between
magnetic field and E, is not estimated as we only have a sin-
gle direction electric field. The ambient magnetic field and the
solar wind velocity vectors are quasi-parallel with an average
relative angle of 8 = 46° + 10°. Figure 6h shows the peak power
spectral frequency as observed in the Fourier spectra of the elec-
tric field and the estimated upper-hybrid frequency (=~ electron
plasma frequency) as a function of altitude. This indicates that
the peak spectral frequency varies between 11 kHz and 24 kHz
such that we have P < f,;, for category II and III and, then,

peak
spectra
fpeak > fun for category 1.

The plasma parameters plotted in Fig. 6 are the calibrated
key parameters derived from various instruments mounted on
MAVEN and they are available at 4s or 8s resolution. The
electron and ion densities shown in Fig. 6b are derived from
SWEA and SWIA instruments on board MAVEN. The solar
wind electron density (n.) represents the density of solar wind
or magnetosheath electrons based on moments of the electron
distribution after correcting for the spacecraft potential. Mean-
while, the total ion density (n;) is estimated from the on-board
moment calculation of SWIA instrument by assuming 100% pro-
tons. We can see that there is a slight difference in n; and n..
We see that the measured ion density is lower when compared
against the electron density. The assumption used in the estimate
of ion density, that is, 100% population of H* ions, may not be
completely valid, which can result in an underestimation of n; as
compared with n.. The passing of MAVEN spacecraft and the
occurrence of these high-frequency waves are shown in Fig. 7a
and b for two time intervals 1.5-2.1 UT and 6.2-6.9 UT. Mars
does not have a global magnetic field of internal origin but it has
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Fig. 6. Ambient plasma conditions in the wave occurrence region.
Panel a shows MAVEN spacecraft altitude and panel e shows local time
as a function of universal time (UT). The occurrences of high-frequency
waves are marked with red “x.” (b) Ion and electron density; (c) mag-
netic field strength; (d) angle between magnetic field and solar wind
velocity vectors; (f) bulk solar wind speed; (g) ion and electron tem-
peratures; (h) the peak frequency as seen in the spectra of observed
electric field, f;f:lf"a, (red) and upper-hybrid wave frequency estimated
from ambient plasma parameters, fu, * fpe, (blue) as a function of alti-
tude. The above quantities are shown for all 19 high-frequency wave
events considered in the present study.

some crustal magnetic field. Therefore, Mars and its upper atmo-
sphere are directly exposed to the solar wind. This results in an
induced magnetosphere through solar wind interactions with the
upper atmosphere of Mars (Nagy et al. 2004; Ma et al. 2004).
We used the model proposed by Trotignon et al. (2006) to obtain
the location of Mars’ bow shock and magnetopause. These loca-
tions are depicted in Fig. 7. In this diagram, red color indicates
the trajectory of MAVEN, while blue dots indicate the occur-
rence of high-frequency waves, which is localized in the dawn
sector. MAVEN spacecraft crossed the magnetopause boundary,
and then entered in the magnetosheath region, where the mag-
netic field is nearly steady. This is the region where the wave
events are detected. We have checked the geographic longitude
and latitude from the position of MAVEN. We noticed that these
events were localized in the longitudinal and latitudinal zone of
216+30 and 3110, respectively, where the crustal magnetic field
is relatively weak compared to the southern hemisphere of Mars.

The characteristics of observed high-frequency wave events
are summarized in Fig. 8. The peak spectral power as a
function of peak spectral frequency is shown in Fig. 8a for
narrowband-type waves, namely, category I (red), broadband-
type wave, that is, category II and III (blue and black), and
weak narrowband-type waves from category III (magenta). In
the same way, the ratio of peak spectral frequency to upper-
hybrid frequency (= electron plasma frequency) is plotted in
Fig. 8b for these categories. It is clearly seen that the charac-
teristics of narrowband-type and broadband-type wave events
are distinct. The ratio f:g:lftra/ fun is greater than one for the
narrowband-type wave events, whereas it is always less than one
for the broadband-type waves. In general, the narrowband-type
wave power is higher than that of the broadband-type wave but
when the narrowband-type wave occurs simultaneously with the
broadband-type wave its power diminishes. However, event no.
10 (category III) does not follow this trend (see Appendix A).
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Fig. 7. MAVEN location and wave occurrence region. The trajectories
of MAVEN spacecraft (red) in XY plane during time interval (a) 1.5-
2.1 UT and (b) 6.25-6.85 UT around the Mars are shown. The modeled
bow-shock and magnetopause boundary, obtained by using Trotignon
et al. (2006), are shown. The occurrence of high-frequency fluctuations
are marked with blue dots.

For this event the narrowband-type wave occurs at the end of the
broadband-type wave. This event appears as an outlier in the cat-
egory III (narrowband-type) data points shown by magenta color
in Fig. 8a.

Quantitatively, for narrowband-type events the frequency
extent is given by (Af) = 4.4 + 1.4kHz; low-end of the fre-
quency spectrum, the peak frequency, and high-end of the
spectrum are specified by (fi) = 19.8 + 1.2kHz, (fP") =

peak

21.8kHz, (fy) = 24.2 + 2.2, respectively; peak power cor-
responds t0 (PSDpea) = 7.2 X 107 (mV m™")>Hz™!; average
lower-hybrid/plasma frequency is (fun) = (fpe) =18.6 kHz;
and average cyclotron frequency is (f..) = 229 Hz. By
the same token, quantitatively, for all broadband-band type
events of category II and III, the corresponding quantities
are specified by (Af) = 10.3 = 2.9kHz, (fi) = 7.7 = 2kHz,
(f;f:lf"a) =13.8 £ 1.2kHz, (f,) = 17.7 £ 1.9, (PSDpcar) = 6.9 X

1077 (mVm )2 Hz™!, (fun) ® (fre) = 16.8kHz, and (fie) =
269 Hz. All narrowband-type wave events seen simultaneously
with broadband-type events of category III are characterized by
the average peak power (PSDpea) = 7.6 X 108, This indicates
that the dominant mode in category III is the broadband-type
wave. It is concluded that two different high-frequency wave
modes have been observed in the magnetosphere region of Mars
on 2015 February 9. In the next section (Sect. 5), we discuss the
generation of possible wave modes by taking into account the
ambient plasma conditions and information of observed waves.

5. Discussion

In the present paper, we discuss the observational characteris-
tics of the narrowband-type and broadband-type high-frequency
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Fig. 8. Characteristics of observed high-frequency wave events. (a)
Peak wave power of wave is plotted as a function of peak spectral
frequency. (b) Ratio of peak spectral frequency to upper-hybrid fre-
quency (= electron plasma frequency) for all 19 events categorized
as narrowband-type (category I), broadband-type (category II and III),
and weak narrowband-type seen simultaneously with broadband-type
(category III) waves.

wave events in some detail. However, owing to the instrumen-
tal limitations, we are not able to confirm the direction of the
electric field orientation with respect to the ambient magnetic
field. These two types of wave events are observed to have the
associated peak wave intensities situated above and below the
upper-hybrid frequency (= electron plasma frequency) but it is
difficult to identify the wave mode conclusively based on the fre-
quency information alone. We have unidirectional electric field
(E,) measurements, which cannot be used to estimate the angle
between the electric field and magnetic field vectors as other two
components of the electric field might not be insignificant and
such a condition cannot be confirmed without actual observa-
tions of E, and E,. The measurement of waves is also influenced
by the antenna response. There could be some wavenumber-
filtering due to antenna design and spacecraft orientation with
respect to the local magnetic field. The high-resolution magnetic
field observations are not available to verify electrostatic or elec-
tromagnetic nature of the observed wave phenomena. In such a
scenario, the identification of wave mode is challenging.

From the information presented in the previous section, we
can summarize the average values of ambient parameters as fol-
lows: () =~ (ne) =n =3.75+£0.5/cc, Vo = 166 £ 0.6 kms™!,
(B) = 9.2-0.7nT, (Te) = 16 £ 0.7eV, (T;) = 56 + 9eV, and
(fpe) = {fun) = 17.3 = 1 kHz. Here, we should note that elec-
tron thermal velocity is greater than ion thermal velocity. Such a
plasma system supports the generation of high-frequency waves
such as Langmuir and upper-hybrid waves. In the weakly mag-
netized plasma environment as in Martian magnetosphere, fu, =

% + f& ~ fpe. We noticed that all observed narrowband-type

waves start from a frequency close to upper-hybrid (= elec-
tron plasma frequency) frequency. Therefore, we propose that
narrowband-type events reported in this article could be possi-
bly upper-hybrid waves or Langmuir waves. The upper-hybrid
and Langmuir waves have maximum amplitude in a direc-
tion perpendicular and parallel to the ambient magnetic field,
respectively.

As discussed earlier, narrowband-type waves start from a
frequency slightly higher than the upper-hybrid (= electron
plasma frequency). The gap between f;, and f; (start frequency
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of narrowband-type wave) is estimated to vary between 0 and
2.4kHz. This tendency is consistent and seen for all nar-
rowband events. Even the weak narrowband events seen in
category III have a frequency marginally above fu, (= fpe)-
Such a frequency difference suggests the deviation of
0-1/cc in the electron density measurements. The consistent
minor undercount of electron density could possibly be asso-
ciated with both cold electron population with energy <3 eV,
which is not measured by SWEA instrument.

In the Earth’s magnetosphere, the upper-hybrid waves are
sometimes accompanied by several fluctuations in the multi-
harmonic frequency bands of (n + 1/2) f.. below and above the
upper-hybrid frequency. However, in the case of Mars, such
fluctuations in (n + 1/2)f.. are not seen. This is because the
characteristic frequency ratio in the case of Earth can be quite
low, viz. fpe/fee on the order of &'(10) or so, whereas in the
Martian magnetosheath environment this ratio is much higher,
Joel fee = 60-80, as noted above.

We also checked the possibility of frequency broadening due
to Doppler shift. The ambient plasma parameters indicate that
the solar wind speed is around 150km s~!, the electron thermal
speed is around 1620 km s~ In general, the spacecraft speed is a
few kms~!. As electron thermal velocity is much higher than the
solar wind speed, the Doppler-shift effect can be ruled out. It is
because high-frequency waves such as upper-hybrid and Lang-
muir waves are characterized by phase speeds on the order of
electron thermal velocity. It is possible to estimate that the phase
speeds of these waves are much higher than the spacecraft speed
or the solar wind speed. Consequently, the Doppler shift effect
on the spectra is likely to be negligible for these high-frequency
wave modes.

The property of the broadband-type waves warrants further
mention. Explaining the broadband wave mode and 8-14 ms
modulation associated with it is challenging. There is no obvious
wave mode which can explain the broadband-type wave obser-
vations. It turns out that the ambient plasma parameters listed
earlier is favorable to the existence of ion acoustic wave mode as
Vihe > Vini. lon-acoustic mode is a low frequency mode, which,
if present, may be responsible for modulating the amplitude
of high-frequency upper-hybrid or plasma frequency. Another
possibility is the electron acoustic wave generation in the pres-
ence of some cold electron population. In earlier studies, it is
shown that electron acoustic wave generation is supported in
a three species plasma that comprise cold electron, hot elec-
tron and ions (Lakhina et al. 2008). A small population of cold
electron (few eV) is sufficient to excite the electron acoustic
wave mode. In such a plasma system, electron acoustic (fast)
and ion acoustic wave mode (slow) are formed. Earlier simu-
lation studies have shown that although the electron acoustic
wave frequency extend up to and beyond the electron plasma
frequency in a w — k dispersion plot, the dominant wave power
is situated much below the electron plasma frequency (Lotekar
et al. 2019; Kakad & Kakad 2019). The wave power of elec-
tron acoustic mode decreases for larger wave number as we
approach the electron plasma frequency, and the electron acous-
tic wave mode is found to be stronger around f;./4. The phase
speed of electron acoustic mode is around electron thermal
speed, implying that the Doppler shift effects would be negli-
gible. The observed broadband-type waves reported here start
from around 8 kHz, which is around f;,./2, has a peak power
around 14 kHz and it extend up to electron plasma frequency
of 16.5 kHz and beyond. In such a situation, electron acoustic
waves do not fully explain the broadband waves observations
reported in this paper. The physical mechanism responsible

for the generation of broadband-type waves and its 8—14 ms
modulation is unexplained and requires further investigation.

6. Summary and conclusions

The high-frequency waves in the range of upper-hybrid fre-
quency and/or plasma oscillation frequency are commonly
reported in the Earth’s magnetosphere. The waves excited in
the upper-hybrid frequency range are even suggested as being
important for understanding the dynamic role of the electron
diffusion region in magnetic reconnection (Jiang et al. 2019).
Even in a quiet and quasi-uniform environment, upper-hybrid
fluctuations may be involved in the steady-state wave-particle
interaction with energetic electrons to sustain the quasi-turbulent
equilibrium state (Yoon & Hwang 2020). Such high-frequency
quasi-electrostatic fluctuations are observed by the RBSP (or
Van Allen Probe) satellite in the Earth’s magnetosphere (Kurth
et al. 2015; Yoon et al. 2018). In the case of Mars (and unlike
Earth), the frequency ratio, fpe/fee is rather high, 60-70. In
this paper, we have reported 19 high-frequency wave events
that are observed in the Martian magnetosheath region on 2015
February 9. These high-frequency waves are observed in the
early morning sector around 05 LT and seen for 30-300 ms in
the spectrogram. All these high-frequency waves are observed
in the magnetosheath region after the crossing of the magne-
topause boundary by the MAVEN spacecraft. Based on their
frequency extent they are mainly categorized as narrowband-
type (category I) and broadband-type waves (category II and III).
Some broadband-type events are accompanied with extremely
weak narrowband-type wave, which are counted under cate-
gory III. These waves are observed in two separate altitudinal
zones 1400-2200 km and 2600-3200 km at two time slots,
1.5-2.1 UT and 6.2-6.9 UT, respectively. In the first time slot,
the broadband-type waves are dominant and they have fre-
quency extent of Af = 6-14 kHz with an average of (Af) =
10.8 + 2.8kHz. It is noticed that the broadband-type waves
start around 8 kHz, peak power is seen around 13.8 kHz, and
then extend up to electron plasma frequency of 16.8 kHz or
higher. These broadband-type waves have average peak spec-
tral power density of 6.9 x 1077 (mV m~')>Hz"! around 13.8
kHz. The narrowband-type waves are observed in the second
time slot and their frequency bandwidth is smaller, that is,
3.3 + 1 kHz. These isolated narrowband-type waves have aver-
age peak spectral power density of 7.2 x 107° (mV m~")> Hz™!
around 21.8 kHz. The narrowband-type waves are always found
to occur above the electron plasma frequency, which is estimated
to be around 18.6 kHz at those altitudes.

As the magnetic field is weak, the upper-hybrid and Lang-
muir wave frequencies are in close proximity (i.e., fun = fpe)-
We can see that the narrowband-type and broadband-type
waves have peak spectral frequency above and below electron
plasma frequency (or upper-hybrid frequency), respectively. The
narrowband-type wave are speculated to be upper-hybrid or
Langmuir type wave modes. Unlike continuous narrowband-type
waves, the broadband-type waves possess distinct (repetitive)
patchy structures in the dynamic spectrum, with the spec-
tral power concentrated below the upper-hybrid or Langmuir
frequency. This distinct observational feature is seen in all
broadband-type wave events and their modulation periods vary
in a close range of 8—14 ms (i.e., 70—125 Hz). There is no obvious
wave mode which can explain the broadband-type. Information
regarding the wave direction is limited due to availability of only
one directional electric field. In such a scenario, the physical
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mechanism responsible for the generation of the broadband-type
wave mode and its modulation remain largely unexplained and
requires further theoretical investigations. The present study pro-
vides conclusive evidence for the occurrence of high-frequency
waves in the Martian magnetosheath. Waves such as the ones
observed and reported in this paper could play a significant
role in wave-particle interaction processes in the Martian plasma
environment, but it is of equal importance that the detection and
detailed analysis of the high-frequency plasma waves and fluc-
tuations in the Martian environment, as reported in the present
paper, are unprecedented, as such, the present study has an clear
intrinsic scientific value.
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Appendix A: Wave observations

We have observed a total of 19 high-frequency events in the Mar-
tian magnetosphere. All these events are numbered from 1-19
based on their occurrence in time domain. One event from each
category is shown in the article as an example. The remaining 13
wave events are shown in this section. In each of the following
figures, the upper panel shows the E, component of the electric
field in spacecraft coordinate system. The middle and lower pan-
els, respectively, show the Fourier transform and spectrogram of
the measured electric field. The start time (in UT) for each event
is mentioned in respective figure.
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