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Abstract The present study provides an evidence for the generation of harmonics of magnetosonic waves in
the Martian magnetosheath region. The wave signatures are manifested in the magnetic field measurements
recorded by the fluxgate magnetometer instrument onboard the Mars Atmosphere and Volatile Evolution
missioN (MAVEN) spacecraft in the dawn sector around 5-10 LT at an altitude of 4,000-6,000 kms. The wave
that is observed continuously from 19.1 to 20.7 UT below the proton cyclotron frequency (f,; & 46 mHz) is
identified as fundamental mode of the magnetosonic wave. Whereas harmonics of the magnetosonic wave are
observed during 19.7-20.3 UT at frequencies that are multiple of ;. The ambient solar wind proton density and
plasma flow velocity are found to vary with a fundamental mode frequency of 46 mHz. It is noticed that the
fundamental mode is mainly associated with the left-hand (LH), and higher frequency harmonics are associated
with the right-hand (RH) circular polarizations. A clear difference in the polarization and ellipticity is noticed
during the time of occurrence of harmonics. The magnetosonic wave harmonics are found to propagate in the
quasi-perpendicular directions to the ambient magnetic field. The results of linear theory and Particle-In-Cell
simulation performed here are in agreement with the observations. The present study provides a conclusive
evidence for the occurrence of harmonics of magnetosonic wave in the close vicinity of the magnetosheath
region of the unmagnetized planet Mars.

Plain Language Summary Mars is an unmagnetized planet. The solar wind particles that bombard
Mars continuously, are responsible for the loss of its atmosphere. This scenario is opposite to that of the Earth, as
its strong intrinsic magnetic field forms a protective shield around the planet, called the magnetosphere. Various
electrostatic/electromagnetic waves are often generated in the Earth's magnetosphere, which are potential
candidates for controlling the transfer of energy and momentum from one region to another. In case of Mars, it
possesses a weakly induced magnetosphere, which is dynamic due to its continuous interactions with solar
wind. The field measurements from the MAVEN spacecraft can be used to understand plasma waves in the
vicinity of Mars. Here, we report the first observations of the harmonics of magnetosonic wave in the Martian
magnetosheath region. The magnetosonic waves are low-frequency compressive waves driven by the ions in the
presence of magnetic field. These waves are known to play a role in the particle heating process in the Earth's
magnetosphere. Therefore, its observation in the Martian plasma environment is of interest to the scientific
community to understand their role in plasma heating in the Martian ionosphere-magnetosphere system.

1. Introduction

The collisionless plasma in the Earth's magnetosphere exhibits a wide variety of wave modes that are classified
according to their frequency, polarization characteristics, types of oscillation (longitudinal or transverse), and
their dispersion relations. Among these, the magnetosonic waves refer to the intense electromagnetic emissions
with frequencies in the range of the proton gyrofrequency to the lower hybrid resonance frequency. They have
been widely observed by several spacecraft and are known as one of the candidates for playing a fundamental role
in the energy transfer process in different regions of Earth's magnetosphere (Leonovich & Kozlov, 2013). The
observational and theoretical investigations indicate that a natural instability linked to a ring-type distribution of
energetic protons can excite magnetosonic waves that propagate in quasi-perpendicular direction with respect to
the ambient magnetic field vector (Chen et al., 2011; Meredith et al., 2008; Teng, Liu, et al., 2021). The ob-
servations have also demonstrated the occurrence of harmonics of magnetosonic waves having frequency in
multiples of proton gyrofrequency and the upper frequency limit is provided by the lower hybrid frequency
(Balikhin et al., 2015; Huang et al., 2020).

KAKAD ET AL.

1 of 14


https://orcid.org/0000-0001-8440-3373
https://orcid.org/0000-0002-6683-3940
https://orcid.org/0000-0001-8134-3790
mailto:bharati.kakad@iigm.res.in
https://doi.org/10.1029/2024JA032538
https://doi.org/10.1029/2024JA032538
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2024JA032538&domain=pdf&date_stamp=2024-07-09

MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics 10.1029/2024JA032538

Recent planetary missions have opened up an opportunity to probe plasma waves and instabilities in the planetary
environments. In particular, the plasma environment of the unmagnetized planet such as Mars has prompted a
growing interest in investigating the type of plasma waves and their role in particle dynamics supported in the
Martian ionosphere-magnetosphere system. It is the second planet after Earth, which has been most explored
remotely by spacecraft. Mars lacks a strong, intrinsic magnetic field, which leaves its upper atmosphere
vulnerable to the solar wind creating induced magnetic cavity with distinct regions, including a bow shock,
magnetosheath, and thin magnetosphere. Under such conditions, the dynamics of plasma waves and their effects
on the Martian magnetospheric plasma are expected to be different from those in the Earth's magnetosphere. The
study of plasma waves on Mars has garnered interest in recent times because of its possible influence on the
plasma heating and loss in the Martian upper atmosphere (Ergun et al., 2006, 2016; Fowler et al., 2020). The
electron Landau heating by magnetosonic waves is proposed as a new mechanism for the Martian ionospheric
erosion (Su et al., 2020). Hence, it is currently necessary to comprehend the underlying physical mechanism for
wave formation and their role in particle dynamics in the Martian magnetosphere.

Spacecraft missions have revealed the complexity and dynamic nature of the Martian magnetosphere (DiBraccio
et al., 2018; Halekas et al., 2017). Consequently, there is a growing interest in identifying and comprehending
each channel of energy flows carried by particles and fields in and around the Martian near space. For instance,
recent observations from Mars Atmosphere and Volatile EvolutioN (MAVEN) observed different classes of
electrostatic and electromagnetic waves in Martian magnetosphere. For example, the electrostatic solitary waves
are observed in the Martian magnetosheath region (B. Kakad et al., 2022). A recent study by A. Kakad
et al. (2023) reported observations of two distinct wave modes with frequency below and above the electron
plasma frequency. Besides these waves, the electron-induced whistler mode waves (Harada et al., 2016), lower-
hybrid waves (Guo et al., 2022) and ultra-low frequency electromagnetic waves (Harada et al., 2019) are also
observed in the Martian magnetosphere by making use of MAVEN spacecraft.

Recently, there has been growing attention toward probing magnetosonic waves in the Martian plasma envi-
ronment due to their potential role in Martian ionospheric erosion through heating the ionospheric plasma
(Collinson et al., 2018; Fowler et al., 2018, 2020). Earlier studies have reported the magnetosonic waves in the
Martian plasma environment. However, most of these reports are in the ionospheric region (Bertucci et al., 2004;
Collinson et al., 2018; Espley et al., 2004; Fowler et al., 2018; Halekas et al., 2011; Wang et al., 2023). A recent
study has shown the presence of magnetosonic wave in the magnetotail region around 2,000-3,000 kms (Teng
et al., 2024). However, the harmonics of magnetosonic waves in the Martian environment have not been reported
so far, in contrast to the Earth's magnetosphere where it is a common occurrence (Balikhin et al., 2015). We
present here the first observation of a series of harmonics of magnetosonic waves in the Martian magnetosphere.
Making use of the Particle-In-Cell (PIC) simulations and theory, we have confirmed the generation scenario of
such harmonics of magnetosonic waves in the high plasma beta environment, which characterizes the Martian
magnetosheath region. It may be noted that the magnetosonic waves reported here are not the “magnetosonic”
mode from the magnetohydrodynamic theory that propagates well below the ion cyclotron frequency (Santolik
et al., 2016). Gary et al. (2010) explained that magnetosonic waves more properly should be referred as the ion
Bernstein waves. In this article we use the commonly used nomenclature from the literature that is, magnetosonic
waves.

The organization of the present paper is as follows: The paper begins by providing the information related to the
data used in the present study, which is given in Section 2. The observation and simulation results are presented
and discussed in Section 3. The conclusions drawn from the study are summarized in Section 4.

2. Data Information

The MAVEN mission provides an excellent opportunity to explore the plasma processes in the vicinity of Mars
through high-resolution particle and field measurements. The MAVEN spacecraft carried onboard a number of
different payloads, for example, Langmuir Probe and Waves, Solar Wind Electron Analyzer (SWEA), and Solar
Wind Ion Analyzer (SWIA), from which one may collect ion flux data, etc (Andersson et al., 2015; Halekas
et al., 2015; Mitchell et al., 2016). These instruments measure electric field and electron and ion particle fluxes,
and in the present study, we have also made use of the vector magnetic field data acquired by the fluxgate
magnetometer instrument on the MAVEN spacecraft. The magnetic field data are calibrated and provided in units
of nano-Tesla. The time resolution of magnetic field measurement is one second. The data are recorded in Sun
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Figure 1. Top panel (a) shows the spectrogram of the total magnetic field on 21 February 2015, during 19.1-20.7 UT. The
color scale shows the power spectral density of the total magnetic field in units of nT?/Hz. The horizontal white dashed lines
indicate the multiples of local proton gyro-frequency at f,;, 2f,;, 3f,; and 4f,;. The continuous wave activity below proton
gyro-frequency is identified as fundamental mode of magnetosonic wave. While the multiple higher frequency modes are
identified as magnetosonic wave harmonics. Lower panel (b) Shows the variation of altitude (blue color) and local time (red
color) of MAVEN spacecraft during the observation of these low-frequency waves.

State coordinate system (Connerney et al., 2015). The calibrated key parameters, such as density, temperature,
solar wind velocity, altitude, local time, etc., derived from various instruments mounted on MAVEN, are used to
determine the ambient plasma conditions in the observation region. These derived key parameters are available at
4 s or 8 s resolution and can be downloaded from https://pds-ppi.igpp.ucla.edu. In the next section, we discuss the
results of analysis based on these data.

3. Results and Discussion

On 21 February 2015, the magnetosonic wave and its harmonics are observed in the magnetosheath region of the
Mars. The three-dimensional magnetic field strength measured by the fluxgate magnetometer on board the
MAVEN spacecraft reveals the signature of magnetosonic wave. These observations and their characteristics are
discussed in the following subsections.

3.1. Magnetosonic Wave Observations

Figure la shows the spectrogram of the total magnetic field on 21 February 2015, during 19.1-20.7 UT. The
sampling of the magnetic field is one second. We took three-dimensional magnetic field data, [B,(7), B,(1), B,(1)],
in the sun-state coordinate system and obtained power spectral densities, [P,(f, 1), Py(f, 1), P (f, /)] by performing
a one-dimensional Fourier transform using a window of 300 s with an overlap of 80%. The power spectral density
of the total magnetic field is estimated as P(f, 1) = P,(f; 1) + P (f; 1) + P (f. ) in units of nT?/Hz. The resolution of
the spectrogram is 60 s and 3.3 mHz in the time and frequency domains, respectively. The color scale in Figure 1a
represents the power spectral density. The horizontal white dashed lines indicate the multiples of local proton
gyro-frequency at f.;, 2f.;, 3f.; and 4f,;. During 19.1-20.7 UT, it can be seen that the wave power around and
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Figure 2. Panels (a, c, e) show the filtered x, y, and z components of the magnetic field, respectively, and panels (b, d, f) show
their respective Fourier transform spectra. The dashed-dotted lines in the right-side panels indicate the 90% statistical
significance level, and the vertical dashed lines indicate the multiples of proton gyro-frequency at f;, 2f;, and 3f,,.

slightly below frequency f,; is rather high and its intensity is continuously maintained over the entire time period.
Additionally, during 19.7-20.3 UT, harmonics are seen between f,.—2f,,, 2f.—3f;, and 3f,—4f_..

The continuous wave activity below proton gyro-frequency looks like Electromagnetic Ion Cyclotron (EMIC)
wave. However, when Doppler shift is estimated, it is identified as the fundamental mode of the magnetosonic
wave, while the multiple higher frequency waves are identified as the harmonics of the magnetosonic wave. The
identification of these waves are based on the Doppler shift, polarization, ellipticity, and wave normal angle,
which is discussed in the next subsection. The proton gyro-frequency is around 46 mHz (i.e., 22 s). Figure 1b
shows the variation of altitude (blue color) and local time (red color) of MAVEN spacecraft during the wave
observation. It is noticed that this wave event is captured by the spacecraft in the dawn sector around 5-10 LT at
altitudes of 4,000-6,000 km.

We have also checked the Fourier transform of individual components of the magnetic field to verify the presence
of these low-frequency waves in the data. The filtered x, y, and z components of the magnetic field are shown in
Figures 2a, 2c, and 2e, respectively, and their respective Fourier transformed spectra are plotted in Figures 2b, 2d,
and 2f. The dashed-dotted lines in the right-hand panels of Figure 2 indicate the 90% statistical significance level,
and the vertical dashed lines indicate the multiples of proton gyro-frequency at f.;, 2f.;, and 3f,;. One can see that
the harmonics of magnetosonic wave are evident in each component of the magnetic field.

The ions and ambient magnetic field play an important role in the generation of the magnetosonic wave—
therefore, we examined the variation of proton density and solar wind velocity during the event. The proton
density and velocity are derived from the SWIA instrument on MAVEN, and these observations are available at
4 s sampling. We know that the solar wind velocity represents the ion flow, mainly of that of the protons. The ion
density and three components of the solar wind velocity vector are plotted in Figures 3a and 3c, and their
respective Fourier spectra are shown in Figures 3b and 3d, respectively. The dashed-dotted lines in the right-hand
panels of Figure 3 show 90% statistical significance. It is clearly seen that the fundamental frequency of 46 mHz is
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Figure 3. The variation of (a) proton density and (c) solar wind velocity derived from the SWIA instrument on MAVEN are
plotted for the event duration. The data is available for 4 s resolution. The Fourier spectra of ion density and velocity are
shown in panels (b, d), respectively. The dashed-dotted lines in the right-hand panels indicate 90% statistical significance.
The fundamental frequency of 46 mHz is dominantly seen in ion density and the y and z components of the solar wind
velocity.

dominantly present in the ion density and the y and z components of the solar wind velocity. This frequency match
with the fundamental mode suggests that the plasma density and velocity fluctuations are part of the observed
magnetosonic waves.

Here, we discuss about the Doppler shift. Teng et al. (2024) have reported the magnetosonic wave from the
Martian magnetotail region in the nightside sector. While interpreting these wave observations the authors have
estimated the Doppler shift by following Jian et al. (2010), and found that the Doppler shift effects due to ion bulk
velocity are not significant due to small values of the ion bulk flow. We have adopted the same method and
computed the Doppler shift for the magnetosonic wave observed in the dawn to morning sector, where the solar
wind ion flows are stronger. The general formula for the Doppler shift is as follows,

(Vwave + Vsnurce) X f observed
(Vwave + Vobserver)

1

f actual =

Here, f,..,..; 1s the actual wave frequency, V.. is wave speed (taken as Alfven wave speed 14 km/s), £, pserveq 1S
observed wave frequency, V.. 15 speed of observer (i.e., satellite velocity 4 km/s) and V... is the source
velocity. The source velocity is the solar wind flow velocity component along the direction of the wave prop-
agation that is, V;, cos(#), where 6 is considered as 85-89° (see Section 3.2) for quasi perpendicular propagation.
The satellite speed is smaller as compared to the wave speed. The calculations using Equation 1 suggest that the
observed wave might be Doppler shifted with a factor of 1.1-2.2. It means the actual frequency could be 1.1 to 2.2
times that of the observed frequency in the spectrogram (see Figure 1). In such a scenario, the wave mode below f.;
is identified as fundamental mode of the magnetosonic wave.

3.2. Polarization and Ellipticity Characteristics

In this section, we discuss the polarization, ellipticity, and wave vector characteristics of the magnetosonic waves
observed in the Martian magnetosphere. We have obtained this information following the method described in
earlier study (B. Kakad et al., 2018). In order to estimate the polarization of the wave (i.e., right-handed or left-
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handed), one can check the rotation of the perpendicular wave vector (B,,,) with respect to the parallel wave
vector (B,,)- The parallel wave direction is considered as the direction of the ambient magnetic field (By). If we let
Bw = [wa! Bwy’
the parallel and perpendicular components of the wave can be estimated making use of the following equations:

B, 1 be the wave vector, and B, = [By,. B,, B be the ambient magnetic field, then it follows that

- B, -B B
e e @)
1Bol ] Bol
BwJ_ = Bw - Bw” (3)

Further, we have estimated the cross product of the vectors B, attime ¢t and B,,, at time ¢ 4+ At, and termed it as

I? . Here, At is taken as 7/4, where T = 22 s, is the wave period of fundamental mode. It may be noted that, as an
example, we have taken T as the period of the fundamental mode; however we have carried out this analysis for
each magnetosonic harmonic separately. Therefore, for respective case the value of T will be determined by the
high frequency cut-off of the wave harmonic under study. It may be noted that the resultant vector

I_é = gw () % Ew 1 (t + Ar) will be perpendicular to the plane containing Ew 1, hence, it will be either parallel or

anti-parallel to B,,. Therefore, we have defined angle f# as a measure of the polarization as follows:

B R
cos(B) = | ==| - | = )
1Bol| LIR|
When angle f is zero then the polarization is right-handed and if f is 180°, then the polarization is left-handed. We
have also estimated the eccentricity of the observed wave. It is a measure of the elliptical shape made by the
perpendicular vector during its rotation in a plane perpendicular to the ambient magnetic field. Eccentricity can
vary between 0 and 1. We know that the ellipticity is defined as V/1 — b%/ a2, where a and b are the semi-major and
semi-minor axes of the ellipse, respectively. We have estimated the minimum and maximum amplitudes of the
perpendicular wave vector over a 7/2 period and computed the eccentricity by making use of the following
equation:

.
2
1— |BW_L|min

|B

©)

2
wl |max

We know that V - B,, = 0, therefore k - B,, = 0. It suggests that wave vector k£ and the wave magnetic field vector
B,, are orthogonal to each other. Let us define a vector P = B, () X B,,(t + Ar). Here, a unit vector P/|P| will
point in the direction of the wave vector k. We used this information to determine the wave normal angle 0, an

angle between the ambient magnetic field and the wave vector k, by using the following equation:

1| Bo ) B, (1) X B,,(t + Ar)

= = (6)
|BO| |Bw(t) XBw(l+ At)'

0= cos™

All the above-mentioned parameters, namely f, e, and € are determined separately for the fundamental mode and
higher frequency harmonics. The distributions of polarization, eccentricity, and wave normal angle are compiled
in Table 1 for the magnetosonic wave and its harmonics. It may be noted that in the case of the Earth, at a given
location, the direction of the ambient magnetic field can be determined with certainty. It is because the Earth
possesses the intrinsic strong magnetic field of definite configuration. However, in the case of Mars, the direction
of the ambient magnetic field cannot be determined with certainty as it is an unmagnetized planet and possesses a
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Table 1

Percentage of Left-Handed and Right-Handed Polarization, Average Eccentricity and Wave Normal Angle for the
Fundamental Mode and High Frequency Harmonics of the Magnetosonic Wave at Every 20 min of Interval During the
Observed Wave Event

Start time (UT End LH RH 0
Frequency (Hz) hours) time polarization (%) polarization (%) (e) (deg.)

Fundamental mode 19.0873 19.4208 92.89 07.11 0.83+0.12 141°
(fo = 0.01-0.05) 19.4206 19.7541 77.82 22.18 0.83+0.14 128°
19.7540 20.0875 48.12 51.88 0.95+0.10 91°

20.0873 20.4208 88.28 11.72 091 +0.09 137°

20.4206 20.7576 87.55 12.45 0.85+0.12 134°

1st harmonic (f; = 0.06-0.12) 19.7540 20.0875 45.56 54.44 0.86 +0.14  90°
2nd harmonic (f, = 0.12-0.16) 19.7540 20.0875 26.78 73.22 0.85+0.12  70°
3rd harmonic (f; = 0.16-0.2) 19.7540 20.0875 13.74 86.26 0.86 +0.11  55°

Note. The start time and end time over which the information has been quantified are also listed.

weak crustal magnetic field. The observed magnetic field has a contribution from the ambient magnetic field and
the wave magnetic field, that is, B(r, t) = By(r, t) + B,,(r, f). In such a scenario, we took the average of the observed
magnetic field as a proxy to represent the slowly varying ambient magnetic field. The average is estimated over a
period of 10 min. The process of averaging nullifies the fluctuations associated with the wave, and we get a slowly
varying ambient magnetic field.

One example of the left-handed polarization is shown in Figure 4a. The anti-clockwise rotation of the perpen-

dicular wave vector over 20 s is clearly seen in this plot. Each blue arrow represents the EW  for one second,
starting from time 10.504 UT. The black arrow represents the direction of the ambient magnetic field. We divided
the observation period 19.01-20.7 into five equal intervals of around 20 min, and computed angle f to check the
polarization of wave for the fundamental mode. The percentage of left-hand and right-hand polarization is plotted
in Figure 4c. It is found that for most of the time, the fundamental mode was associated with the left-handed
polarization but during the time of occurrence of harmonics, the wave is found to be associated with both the
right- and left-handed polarizations. The harmonics of magnetosonic wave are mostly associated with right-
handed polarization. Overall, for the fundamental mode, the total percentage of right- and left-handed polari-
zation is 80% and 20%, respectively. The eccentricity and wave normal angle are shown in Figures 4b and 4d,
respectively, as a function of time. The red curves in Figures 4b and 4d give the average value of the respective
parameter for every 20 min. We can see that the eccentricity mainly lies between 0.8 and 1, and it is nearly one
during the time when magnetosonic harmonics are seen. Similarly, wave normal angle 6 is mainly between 150
and 180°, but it changes to 90 and 100° during the time when magnetosonic harmonics are seen.

In Figures 5a and 5b, we have shown the wave angle 8 and polarization (i.e., angle ) as a function of frequency
and time. Here, first we filtered the original signal into different frequency bins starting from 0.01 to 0.4 Hz by
choosing a frequency bin of 0.005 Hz. It gives the lower frequency cut-off as f;,,, = [0.01:0.005:0.4] and upper
frequency cut-off is considered as f},;,;, = f,,, + 0.01. We have total 78 frequency bins, for which filtered signals
were obtained. We choose Ar = 7/2, where, T is chosen as the smallest period that is, the wave period associated
with the highest frequency (0.4 Hz). By using Equations 4 and 6, we have computed polarization () and wave
angle (0). In Figure 5, the polarization and wave normal angle has a frequency and time resolution of 0.01 Hz and
1 s. This plot clearly indicates that the fundamental mode is associated with the left-handed polarization with a
wave propagation angle between 160 and 180° and an eccentricity of 0.8—1 in absence of the harmonics. In
contrast, at the time of occurrence of harmonics the magnetosonic wave is mainly associated with right-handed
polarization with a wave propagation angle between 60 and 90 and an eccentricity of around 1.

In order to check the wave propagation scenario further, we estimated the average direction of (i) ambient
magnetic field, (ii) solar wind velocity, and (iii) wave vector during the wave observation period of 7, = 19.1 to
t.na = 20.7 UT. These vectors are estimated over every 20 min of interval for the fundamental mode, and plotted in

start

Figure 6a. The yellow and gray-shaded portions of the globe indicate the day and night sectors of the Mars. From
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Figure 4. For fundamental mode, panel (a) shows an example of the left-hand circular polarization with the anti-clockwise rotation of the perpendicular wave vector over

20 s, defined with respect to the ambient magnetic field, depicted by a black arrow. Each blue arrow represents the E . for one second, starting from time 10.504 UT.
Panel (b) depicts the eccentricity as a function of time. Panel (c) displays the percentage of left-hand and right-hand polarization for every 20 min during the occurrence of
fundamental wave mode during the time period of 19.1-20.7 UT. Panel (d) indicates the wave normal angle € as a function of time. The red curves in panels (b, d) represent
the average value of the respective parameter for every 20 min.

this Figure 6, we can conclude that the ambient magnetic field and solar wind flow are nearly opposite to each
other, and during the time of harmonics the fundamental mode is propagating nearly quasi-perpendicular to the
ambient magnetic field away from Mars. These scenarios are illustrated in the form of a schematic in Figures 6b
and 6¢. The magnetosonic waves are believed to propagate perpendicular to the ambient magnetic field with the
characteristics of right-handed polarization (Laakso et al., 1990; Xiao et al., 2014). The polarization and wave
vector characteristics estimations for the wave are in good agreement with the earlier studies.

3.3. Validation Through Simulations and Theory

In this section, we describe the results of one-dimensional Particle-In-Cell (PIC) electromagnetic simulations that
are performed to understand the generation mechanism of the magnetosonic wave and its harmonics in the weak
magnetic field around Mars. For this purpose, we have examined the ambient plasma parameters. The ambient
magnetic field, solar wind velocity, proton density, and proton temperature are available at a sampling rate of 4 s.
These are the key parameters derived from different instruments on MAVEN and readily available to the sci-
entific community for scrutiny. During the time of wave event, for every 20 min, the average value of each
physical parameter is computed and listed in Table 2. It is to be noted that the magnetic field is 3.3 nT, the proton
temperature is ~5 eV, and proton density is 20 cm~> during the wave observation period. The SWEA instrument
shows a peak in the electron flux around few tens of eV, implying that the electron temperature is to be taken as
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(a) 0 (wave vector)

19.2 19.4 19.6 19.8 20 20.2 20.4 20.6

(b) B (polarization)

19.2 19.4 19.6 19.8 20 20.2 20.4 20.6
UT [hours]

Figure 5. Panel (a) shows the wave normal angle 6, while panel (b) plots angle /5, a measure of polarization, as a function of
frequency and time.

~10 eV. By considering the quasi-neutrality, we can equate electron and ion densities. These ambient plasma
parameters indicate that thermal velocity of electron is V,, = 1,326 km/s, thermal velocity of ions V,; = 22 km/s,
n;=n, = ny=20x 10° m™>, ion plasma frequency is 5.6 x 10> rad/s, electron plasma frequency is 2.5 x 10° rad/s,
ion cyclotron frequency is @.; = 0.3 rad/s, and lower hybrid frequency is 13 rad/s. The magnetosonic waves are
observed between the proton gyro-frequency up to lower hybrid frequency. Here, the ratio of ion plasma fre-
quency to ion cyclotron frequency is high due to weak ambient magnetic field. The Debye scale of ions and
electrons is around 4-5 m, and the proton gyro-radius is of the order of 100 km. In order to simulate such a plasma
system, one needs to choose a smaller grid size to compensate for the Debye scale and a larger system length to
compensate for the gyro-radius; therefore, such kinetic simulation becomes computationally expensive. We have
used the reduced mass ratio in the simulations to have reasonable computation time. The use of reduced mass ratio
does not affect the physical results of the simulation (Matsumoto & Omura, 1993). The magnetosonic waves are
linked to ion dynamics and the wave modes involving electron dynamics such as lower hybrid waves are well
above those of the dominant harmonics of magnetosonic waves. The normalized mass ratio used in the simu-
lations (i.e., m;/m, = 100) gives the lower hybrid frequency of 0.1, which is 10 times greater than the ion cyclotron
frequency considered in simulations. This justifies the use of reduced mass ratio.

During the time of wave observation the plasma beta, which is the ratio of the thermal pressure to the magnetic
pressure, is found to be around 6 and the ratio of electron plasma frequency to gyro frequency is 430, which is very
high. In the case of the Earth's magnetosphere, we mostly observe low plasma beta (Boldyrev et al., 2021). In the
case of the solar wind plasma near the Earth's bow shock region, the plasma beta vary between 0.5 and 1.5 (B.
Kakad et al., 2019). In the Martian magnetosphere, the plasma beta is relatively high, and we have performed
simulations for such a system. We assume a reduced electron-to-ion mass ratio of 1/100, and the input parameters
for the simulations are chosen based on the observed plasma parameters. We have normalized parameters in the
simulations. The system length, grid size, and the time step are taken to be Lx = 1,000 along the x-direction,
dx = 0.4, dt = 0.015, respectively. The number of superparticles of each species per grid are taken as 4,096. The
equations and methods of the simulation model are given in Omura and Usui (2007) and B. Kakad et al. (2014).
The simulation code, KEMPOL1 is available at http://space.rish.kyoto-u.ac.jp/software/. It may be noted that the
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Figure 6. For fundamental mode, the average direction of (i) ambient magnetic field (red arrow), (ii) solar wind velocity (blue
arrow), and (iii) wave vector (black arrow) along the trajectory of the MAVEN spacecraft around the Mars during the wave
observation period of ¢, = 19.1 to .., = 20.7 UT hr. Each of these vectors is estimated over every 20 min of interval and
plotted accordingly. The yellow and gray-shaded portions of the globe indicate the day and night sectors of Mars. The
schematics of the wave vector direction of EMIC wave and magnetosonic wave (defined with respect to the ambient
magnetic field and solar wind velocity) are shown in panels (b, c), respectively.

parameters considered in the simulations are normalized. The densities, frequency and velocities are normalized
with electron plasma density, electron cyclotron frequency and electron thermal velocity, respectively. The
normalized input parameters are sequentially mentioned for [electron, ion, hot ion] as follows; perpendicular
thermal velocities V,; = [1, 0.08, 0.08], parallel thermal velocities V,; =[1, 0.08, 0.08], density n =[16, 11.2,4.38],
gyro frequencies w,. = [1, 0.01, 0.01]. The ambient magnetic field is in y-direction. Studies have shown that in
Earth's plasmasphere the excitation of the magnetosonic waves is supported by the unstable ring type distribution
(Claudepierre et al., 2021). A recent study from Martian ionosphere suggests that ring beam hot proton distri-
butions generated through the penetration of magnetosheath protons can excite magnetosonic waves locally
(Wang et al., 2023). Therefore, we have assumed a 30% hot population of ring type velocity distribution. The ring-
type hot proton population is introduced by considering a beam in a perpendicular direction such that the drift
speed is V,; = [0, 0, 1.5]. Such a scenario can be anticipated through the presence of some hot proton particle
injection in the generation region. It may be noted that the wave event is
observed in the dawn to morning sector, where a beam of such protons may be
present to excite these waves. It is because the solar wind blows across the
Mars in the dawn and dusk sectors.

Average Ambient Plasma Parameters at Every 20 min of Interval During the

Observed Wave Event

The @ — k plot of the electric field £, and magnetic field B, are shown in

tur (UT hours) 1,4 (UT hours) B, (@T) V,, (km/s) n,(cm™) T, (eV) Figure 7. It is clearly seen that several harmonics of magnetosonic waves are

19.09
19.42
19.75
20.09
20.42

19.42
19.75
20.09
20.42
20.76

32
33
33
3.1
3.6

generated in the simulation system at multiples of @_; by considering a hot

3049 216 4.3 population of ions with ring-type velocity distribution. It indicates that gen-
S 219 45 eration of harmonics of magnetosonic waves is possible in the plasma envi-
305.4 21.8 44 ronment around Mars, provided there exists a free energy source (in the
302.9 225 12.6 present PIC simulation, the free energy is assumed by the presence of a ring-
307.2 21.1 9.1 type of hot protons). The generation of magnetosonic harmonics has been

Note. The start time, end time over which average is taken, ambient magnetic
field, solar wind velocity, ion density and ion temperature are listed.

reported in the literature through simulations in the Earth's magnetosphere
(Liu et al., 2011), where the ambient magnetic field is strong. The present
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Figure 7. w—k spectra of E, and B, components of electric field and magnetic field, respectively obtained from the PIC simulation during .t = 0-12,000. The wave

vector k is in the x-direction. The ambient magnetic field is in the y-direction. The black horizontal dashed lines indicate the multiples of proton gyro-frequency at w,;,
20,;, 3w,;, and so on.

ci? ci®
simulation shown here is applicable for the weak magnetic field plasma environment. As the purpose of the
present paper is to demonstrate a possible scenario of multiple-harmonic proton cyclotron frequency modes in the
magnetosonic mode branch, we have focused on the perpendicular propagation.

To interpret the simulation result, let us consider the linear stability of the proton ring velocity distribution
function. For the sake of simplicity, we restrict ourselves to the exactly perpendicular propagation, which the
present PIC simulation also assumed. To simplify the problem further, we assume a quasi-electrostatic
approximation. As we are only concerned with the low frequency and long-wavelength modes, we may ignore
the electron dynamics. Then one can show that the dispersion relation for quasi electrostatic mode propagating in
perpendicular direction with respect to the ambient magnetic field is given by (Lee & Birdsall, 1979; Tataronis &
Crawford, 1970),

2nwy; [ 202 12(b) \ 9fi(v1)
0=1- ’”/ (1—J(b) oL
ki 0 z 2 n292 avl (7)
kJ_VJ_
Q

1

b =

Here, Q, = eBy/mc is the ion (proton) cyclotron frequency with e, B, m;, and ¢ denoting the unit electric charge,
the ambient magnetic field intensity, proton mass, and the speed of light, respectively. The ion plasma frequency
w,,; 1s defined as “’Zi = danye?/ m;, where ny is the ambient proton density. As for the proton velocity distribution

function, f;, we adopt the thermal ring model (Yoon et al., 2014),

RS
fi(vy) = mle exp( (v, aZVO) )

®)

00
A= 2/ dxxe_(x_“)z, u=20
0 a

An example of the wave dispersion relation is shown in Figure 8. Blue curves are real frequencies and red curves
denote the growth rates for multiple-harmonic proton-cyclotron modes. The unstable portions of the real fre-
quencies are plotted with thicker lines to facilitate the visual identification of the structure of unstable modes. In
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generating Figure 8 we have adopted the dimensionless proton ring speed,
which is taken to be consistent with that of the PIC simulation, namely, vo/a ~
20. Here, a is thermal velocity and v, is beam speed of hot protons. The other
dimensionless parameter that determines the dispersive property is w,, /€,
which we chose to be 40. Figure 8 shows that multiple-harmonic proton
cyclotron modes are excited up to tenth harmonics or higher. Note that the
overall mode structure is similar to that of the classic works that may be found
in the literature, for example, electron cold ring-driven Bernstein mode
instability (Tataronis & Crawford, 1970) and the proton cold ring-driven ion
Bernstein mode instability (Lee & Birdsall, 1979). The main difference be-
tween these works and the present model is that we have adopted the thermal
ring distribution as compared with the delta-function ring distribution f
(v}) x 6(v, — vy). Note that a similar thermal electron ring model was also

considered in a relatively recent work (Yoon et al., 2014), but the application

to the proton thermal ring model has not been carried out until now. In any
event, the present linear theory is largely consistent with our PIC simulation,
in that one can see that the multiple-harmonic proton-cyclotron modes form a

Figure 8. An example of the quasi-electrostatic ion Bernstein mode quasi-continuous curve up the chain of cyclotron harmonics with increasing
dispersion relation, which is a limiting case of multiple-harmonic wavenumber as the frequency increases. This is superficially similar to the

magnetosonic mode for perpendicular propagation.

simulation result—see in particular, E, plot in Figure 7.

4. Summary and Conclusions

In this article, we report the first observation of the harmonics of a magnetosonic wave in the vicinity of
unmagnetized planet Mars. The generation of harmonics of magnetosonic waves has been confirmed by simu-
lations and theory by assuming that a suitable free energy source is present. In the present case, we have assumed
that a population of hot protons with a velocity-space ring feature along the perpendicular direction is present. The
harmonics of magnetosonic wave are observed in the Martian magnetosphere in the dawn-to-morning sector at
around 5-10 LT. The magnetosonic harmonics are observed below ion cyclotron wave at f,;, however by
considering the Doppler shift this wave is identified as the fundamental mode. The proton cyclotron frequency is
approximately 46 mHz. The fundamental mode of magnetosonic wave is dominated by the left-handed polari-
zation, whereas the higher frequency harmonics are mainly associated with right-handed polarization. The
ambient proton density and velocity are found to vary with the proton cyclotron frequency of 46 mHz. During
these wave observations, the ambient magnetic field and solar wind flow are nearly opposite to each other. The
magnetosonic wave harmonics are propagating quasi-perpendicular to the ambient magnetic field.

Wang et al. (2023) and Teng et al. (2024) have reported magnetosonic waves in the Martian upper atmosphere.
Teng et al. (2024) observed magnetosonic emissions close to proton gyro-frequency in the magnetotail region of
the Mars and these waves were associated with significant increase in proton and oxygen fluxes. In the present
study, the magnetosonic wave amplitude is around 3 nT, which is comparable to the wave amplitude observed in
the Martian ionosphere (Wang et al., 2023). The wave frequency observed in the Martian ionosphere is in the
frequency range of 0.2—1 Hz, whereas it is 0.2-0.5 Hz in the Martian magnetotail and these waves are found to be
highly oblique to the ambient magnetic field. This indicates that the observed frequency range and characteristics
of the magnetosonic wave harmonics in the Martian magnetosheath presented in this paper is in agreement with
earlier studies. Recent studies have shown that both magnetosonic waves and EMIC waves could be simulta-
neously generated by a ring-type proton distribution in the Earth's inner magnetosphere (Min & Liu, 2016; Teng,
Ma, & Tao, 2021). In the Earth's magnetosphere, the typical frequency of the Magnetosonic waves and EMIC
waves are found to be in the range of 10-100 Hz and 1-10 Hz, respectively. In the present study, the magnetosonic
wave harmonics are observed in magnetosheath region of Mars and frequency is below 0.4 Hz. In the present
observation, the Doppler shift cannot be neglected and therefore the mode that appears below f,; is identified as
the fundamental mode of magnetosonic wave.

The harmonics of magnetosonic waves have been extensively observed in the Earth's magnetosphere (Balikhin
etal., 2015; Huang et al., 2020). In comparison with the Earth, the magnetic field on Mars is very weak. In such a
tenuous magnetic field environment, the occurrence of the harmonics of a magnetosonic wave has not been
reported so far. The present study provides evidence for the generation of harmonics of magnetosonic waves in
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the Martian bow shock-magnetosheath region. As these waves are known to play an important role in particle
heating in the generation region (Horne et al., 2000), they can have similar implications for the Martian
magnetosphere. We have observed the magnetosonic wave in the dawn sector of Mars at an altitude of 4,000—
6,000 km. As the solar wind encounters Mars and flows around it, one can assume that the presence of a hot proton
population in this region can provide the hot ring-type distribution, which is needed to excite the magnetosonic
wave. Simulations performed here indicate that by taking into account the population of hot protons of ring-type
distribution along with the cold protons can generate harmonics of a magnetosonic wave in the presence of weak
magnetic field.

Data Availability Statement

The data used in the present study are available on the Planetary Data System (https://pds-ppi.igpp.ucla.edu/). The
simulation code, KEMPOL1 is available at http://space.rish.kyoto-u.ac.jp/software/.
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