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Abstract The Martian magnetotail current sheet serves as a critical pathway for ionospheric ion escape.
Contrary to the conventional view that external magnetic pressure is balanced mainly by internal ion thermal
pressure, we present novel observations from the Mars Atmosphere and Volatile Evolution spacecraft of an
electron-dominated pressure balance configuration. The current sheet electrons exhibit two distinct populations:
a thermal core of ionospheric origin and a suprathermal shell of magnetosheath origin. Their bulk temperature
reaches up to three times higher than that outside the current sheet. Based on linear instability analysis, we
propose two candidate heating mechanisms: (a) Landau resonant or transit-time heating by magnetosonic waves
likely originating from the magnetosheath, and (b) Landau or cyclotron resonant heating by whistler and
electron cyclotron harmonic waves generated spontaneously from the shell-like electron velocity distribution.
These results highlight the potentially significant role of plasma waves in sustaining the Martian atmospheric
escape channels.

Plain Language Summary Mars does not have a global magnetic field like Earth, but it still forms a
“magnetotail”—an extended region behind the planet shaped by the Sun's magnetic field. A thin layer in this
magnetotail, called the current sheet, plays a key role in allowing charged particles from Mars' upper atmosphere
to escape into space. While earlier studies suggested that ion thermal pressure typically supports the force
balance in this region, our observations from NASA's MAVEN spacecraft data reveal a distinct type of current
sheet in which the pressure balance is dominated by electrons rather than ions. We find that electrons inside
these current sheets are significantly hotter than those measured outside. Our detailed analysis supports two
possible heating mechanisms: one involving magnetosonic waves coming from the surrounding space
environment, and another driven by whistler and electron cyclotron harmonic waves generated internally. These
findings highlight the important role of plasma waves in sustaining the Martian atmospheric escape channels.

1. Introduction

In terrestrial planetary systems, magnetotail current sheets serve as important pathways for the escape of at-
mospheric constituents into space. For Earth, the magnetotail current sheet is primarily formed by the stretching
of the intrinsic magnetic field on the nightside (L. Zelenyi et al., 2019). Within this current sheet, J X B ac-
celeration and plasmoid ejection associated with magnetic reconnection facilitate the escape of oxygen ions (Ieda
et al., 1998). Oxygen ion escape through the magnetotail current sheet is estimated to account for approximately
40% of the global loss (Seki et al., 2001). In contrast, planets such as Mars and Venus, which lack a global intrinsic
magnetic field, develop their magnetotail current sheets mainly through the draping and subsequent stretching of
interplanetary magnetic fields on the nightside (e.g., Dubinin & Fraenz, 2015; Dubinin et al., 2019; L. Zelenyi
et al., 2019). The J X B acceleration within these induced current sheets contributes to up to 70% of the total
oxygen ion loss (e.g., Barabash, Fedorov, Lundin, & Sauvaud, 2007; Barabash, Fedorov, Sauvaud, et al., 2007;
Dubinin et al., 2017; Fedorov et al., 2008, 2011; Jakosky, Grebowsky, et al., 2015; Nilsson et al., 2023; Zhang
et al., 2024).
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A fundamental scientific question concerns how these magnetotail current sheets maintain force balance. In
classical current sheet models (e.g., Harris, 1962; Artemyev, Vasko, et al., 2016; L. M. Zelenyi et al., 2022), the
external magnetic pressure is balanced by the internal thermal pressure of particles. At Earth, ion thermal pressure
statistically dominates over electron thermal pressure (e.g., Artemyev, Angelopoulos, & Runov, 2016; Artemyev
et al., 2019). The ion-to-electron temperature ratio typically ranges from 3 to 4 and can reach as high as 15 in
extreme cases (Artemyev, Angelopoulos, & Runov, 2016). Several potential heating mechanisms for current
sheet particles have been proposed, including adiabatic heating during earthward convection (e.g., Artemyev
et al., 2012; Baumjohann, 1998), slow-mode shock heating associated with magnetotail reconnection (Baum-
johann, 1998), Landau, transit-time, and stochastic heating by kinetic Alfvén waves (Chaston et al., 2014), and
Landau heating by quasi-monochromatic magnetosonic waves (Tsurutani & Smith, 1984). At Mars, the
importance of internal ion thermal pressure in maintaining the balance of the magnetotail current sheet has been
widely investigated (e.g., Artemyev et al., 2017; DiBraccio et al., 2015; Harada et al., 2015; Li et al., 2023; Zhang
et al., 2024). Although enhanced electron fluxes in the current sheet have long been observed (e.g., Halekas
et al., 2006; Halekas et al., 2008; Xu et al., 2024; Zhang et al., 2025), the potential significance of electron thermal
pressure and the underlying heating mechanisms remain largely unexplored.

In this Letter, we report observations by the Mars Atmosphere and Volatile Evolution (MAVEN) spacecraft
(Jakosky, Lin, et al., 2015) of Martian magnetotail current sheets in which the external magnetic pressure was
predominantly balanced by the thermal pressure of electrons rather than ions. Based on the observational data and
linear instability analysis, we propose two plausible electron heating mechanisms: one driven by externally
originated magnetosonic waves, and the other by spontaneously generated whistler and electron cyclotron har-
monic (ECH) waves.

2. Data and Instrumentation

We utilize data from three instruments aboard the MAVEN spacecraft: the magnetometer (MAG) (Connerney
et al., 2015), the Supra-Thermal And Thermal Ion Composition (STATIC) experiment (McFadden et al., 2015),
and the Solar Wind Electron Analyzer (SWEA) (Mitchell et al., 2016). MAG provides magnetic field vector data
at both 1 and 32 Hz cadences. We use the 1 Hz data, which are sufficient to resolve the quasi-periodic magne-
tosonic oscillations under investigation. STATIC measures ion composition and velocity distributions from
0.1eV to 30 keV. We identify ion species by mass-to-charge ratio (in units of atomic mass per elementary charge)
(Fowler et al., 2022): H* (0-1.55), He*™™ or Hf (1.55-2.7), O* (14-20), OF (20-40), and CO3 (40-60). We
calculate these ion moments using the same algorithm as in the Space Physics Environment Data Analysis System
(SPEDAS) (Angelopoulos et al., 2019), with corrections for spacecraft velocity and potential. However, due to
the finite mass resolution of STATIC, CO; measurements may be contaminated by O3 ions of similar mass (Text
S1 and Figures S1 and S2 in Supporting Information S1). SWEA measures electron velocity distributions from 3
to 4600 eV. We apply the correction algorithm implemented by Andreone et al. (2022) in the SPEDAS to remove
spacecraft photoelectron and secondary electron contamination, and then compute the electron moments from the
corrected distributions (Text S2 and Figure S3 in Supporting Information S1).

3. Event Overview

Around 00:47 UT on 19 February 2018, MAVEN crossed the magnetotail current sheet, identified by a reversal in

the x-component of the magnetic field in the Mars Solar Orbital (MSO) coordinate system (Figures 1a—1d). This

event was included in a statistical survey investigating the influence of the radial interplanetary magnetic field

component on the magnetotail current sheet structure (Wen et al., 2025). Across the transition, the magnetic field

strength decreased (Figures 1d and 1e), while particle densities and temperatures increased (Figures 1f and 1h).

The ion population shifted toward heavier species (Figure 1f), which exhibited very low temperatures (Figure 1h
— B

and Figure S1 in Supporting Information S1). The external magnetic pressure Py = 20 Was largely balanced by

the internal electron thermal pressure P, = n,kgT,. While both density and temperature contributed to the
enhanced electron thermal pressure, the factor-of-three increase in electron temperature (from 15 eV outside to
45 eV inside the current sheet) represented a significant input of thermal energy.

The current sheet electrons exhibited two distinct populations: a thermal core and a suprathermal shell, separated
by a pronounced dip in phase space density (PSD) at intermediate energies (Figures 2a and 2b). The thermal core
likely originated from dayside ionospheric plasma transported across the terminator or from nightside

YU ET AL.

20f 12

85U8017 SUOWWOD 881D 3|qed![dde auy Aq peusenob are saoNe YO ‘@SN o Sa|ni Joj Akeiq 18Ul UO A8]IA UO (SUOIPUOD-PU-SWRIALI0D" A8 | IM ARe.d [pu[UO//SdNL) SUONPUOD PUe SWwi | 38U} 89S *[9202/T0/8Z] Uo Ariqiauliuo A8|IM ‘80ueios JO AiseAIun Aq 89TSTT 195202/620T OT/I0p/Liod A8 |im Areiqeut|uo'sgndnBe//:sdny wouy pepeojumod ‘2z ‘5202 ‘L00816T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL118168

(y*+29)'" (Rw)

=

£

ke}

@

i

Q

[5}

=3 -10

©

= 20

ut 00:10 00:40 01:10 01:40
x (Rv) -0.03 -0.77 -0.12 0.71
y (Rv) 1.09 -0.75 -1.71 -1.66
z(Ry) -0.57 -0.47 0.71 1.58

= 20
(=

10
0

'
—_
o

Velocity (km s™)
> & o
o o o

SoPIe YO 88N JO'S3|NJ 10} A%eIqIT BUIIUO 8|1 UO (SUORIPUCD-PLIE-SWIBYWI0D" A3 | 1M AReq]1[Bul1|UO//SARY) SUORIPUOD pUe SWB L 8U3 885 *[9202/T0/82] U0 Aigiauliuo A8 ‘80ue s JO Asieniun AQ 89T8TT 195202/620T 0T/I0p/woo"A3|m A el eutjuo'sgndnfe;/sdny Wwoiy pepeojumod ‘2z ‘Sz0z ‘L00876T

Magnetic Field (

—_ —_
o [&)]

Density (cm™)
[4)]

-100
-150

[ e ]
o o

Temperature (eV)
a nN A
EN o o o

Pressure (nPa)
=)
n

103
UT 00:44 00:46 00:48 00:50 00:52
x (Rw) -0.73 -0.71 -0.67 -0.63 -0.59
y (Rw) -0.97 -1.07 -1.16 -1.24 -1.31
z (Rw) -0.32 -0.24 -0.16 -0.08 0.00
Figure 1.

YU ET AL.

3of 12

11dde aup Aq

85U801 SUOWIWOD) BAIRSID



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL118168

atmospheric ionization induced by precipitating electrons (Fox et al., 1993). The suprathermal shell, peaking near
~30 eV and extending smoothly beyond 100 eV, likely originated in the magnetosheath and underwent subse-
quent acceleration and heating. We define “acceleration” as bulk energy gain and “heating” as enhanced random
thermal motion. Acceleration may be attributed to the ambipolar electrostatic potential proposed by Xu
et al. (2024), while the heating mechanism is the focus of this study. Both electron populations were nearly
isotropic (Figure 2c), indicating effective thermalization. In contrast, outside the current sheet, suprathermal
electrons (>5 eV) displayed significant anisotropy (Figures 2e and 2f). For the subsequent theoretical analysis, we
model the observed PSD as a superposition of multiple generalized Maxwellian ring-beam distributions
(Figures 2d and 2g, Text S3 and Table S1 in Supporting Information S1), a functional form similar to that used in
previous studies of Martian magnetosheath ion populations (e.g., Halekas et al., 2023; Shen et al., 2025).

4. Wave-Driven Heating of Electrons
4.1. Magnetosonic Waves Originating Externally

Quasi-periodic magnetic field perturbations extending from the magnetosheath-side to the center of the current
sheet (Figures 3a and 3b) suggest that electron heating by externally originated waves is a plausible mechanism.
To isolate wave signals from the background field, we apply a zero-phase, fourth-order, low-pass Butterworth
filter with a cutoff frequency of 0.01 Hz to the magnetic field data (Text S4 and Figure S4 in Supporting In-
formation S1). We apply Minimum Variance Analysis (MVA) (Sonnerup & Scheible, 1998) to the background
magnetic field and determine the current sheet normal as the direction of minimum variance (Figure 3a and Text
S5 in Supporting Information S1). Similarly, we apply MVA to the filtered wave fields and identify the wave
vector direction as the minimum variance direction, with a 180° ambiguity (Text S5 and Figure S5 in Supporting
Information S1). On the magnetosheath-side (00:49-00:50 UT) of the current sheet, we determine the wave
normal angle y to be either 80° or 100°. We estimate the corresponding wave frequency in the spacecraft frame as
s = 0.105rad - s~! by averaging the intervals between adjacent peaks in the filtered magnetic field component
(Figure 3b). The low frequency, quasi-perpendicular propagation, and strong in-phase correlation between
magnetic and thermal pressure fluctuations (Figure 1i) collectively confirm the magnetosonic nature of these
waves.

We compute the hot plasma wave dispersion relations (Figure 3c) using the BO code (e.g., Xie, 2019; Xie &
Xiao, 2016) with representative plasma parameters outside the current sheet (Table S1 in Supporting Informa-
tion S1). The magnetosonic wave dispersion is well approximated by @ = kV,, and the Poynting flux is esti-
mated as § = VA|AB|2/(4,uO), where AB is the wave magnetic amplitude. From the magnetosheath-side (00:49—
00:50 UT) to the center (00:47 UT), V, decreased by a factor of ~21, while | AB| remained nearly constant. Under
the assumption of steady-state wave energy transport, this implies a net inward energy flux, which is only
consistent with waves incident toward the current sheet at a wave normal angle of ~80°.

To determine the wave frequency @ and wave vector K in the plasma rest frame, we simultaneously solve the hot
plasma dispersion relation (Figure 3c) and the Doppler shift equation

Wops =k V + o, )]

where V = (34.5,6.5,0.5) km-s~!' denotes the velocity of the spacecraft relative to the plasma (Fowler
et al., 2021). Among the multiple solutions, only one exhibits wave polarization consistent with the observations
(Figures 3d and 3e), which we identify as the physical mode with @ = 0.132rad-s™! and k = (~1.13,1.81,
0.09) x 1073 km™!. Polarization analysis is performed in a mean-field-aligned (MFA) coordinate system, with €

Figure 1. Overview of the current sheet properties observed on 19 February 2018. (a—c) MAVEN trajectory in the Mars Solar Orbital (MSO) coordinate system, with
three markers indicating the locations of the current sheet, the outer boundary of the induced magnetosphere, and the bow shock. (d) Magnetic field from the induced
magnetosphere through the magnetosheath to the upstream solar wind. (e—i) Magnetic field and plasma properties near the current sheet: (¢) Magnetic field; (f) Electron
and ion number densities; (g) Ion velocities along the x-direction in the MSO coordinate system; (h) Electron and ion temperatures; (i) Thermal pressures of ions and
electrons, magnetic pressure, and total pressure. In each panel, colors help distinguish the indicated quantities. Heavy ion data in panels (g-h) are shown only during
00:45:44-00:48:48 UT, when densities are high enough for reliable detection. These data have been filtered to remove outliers exceeding three times the local variation.

YU ET AL.

4of 12

85U8017 SUOWWOD 881D 3|qed![dde auy Aq peusenob are saoNe YO ‘@SN o Sa|ni Joj Akeiq 18Ul UO A8]IA UO (SUOIPUOD-PU-SWRIALI0D" A8 | IM ARe.d [pu[UO//SdNL) SUONPUOD PUe SWwi | 38U} 89S *[9202/T0/8Z] Uo Ariqiauliuo A8|IM ‘80ueios JO AiseAIun Aq 89TSTT 195202/620T OT/I0p/Liod A8 |im Areiqeut|uo'sgndnBe//:sdny wouy pepeojumod ‘2z ‘5202 ‘L00816T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL118168

Phase Space Density (s® m®)

Phase Space Density (s® m®)

100 - | —
00:10 00:20 00:30

107"
10712
10
1071
107
107
1077
107

10-19
10-11

10712
10
1071
1075
10716
107
107

1071

— 10-12

- 10-13

|

il
00:40

T T 1
00:50 01:00 01:10

108 -107

(b) 00:47:13-19 UT

11! (d) Model
4 Inside CS

102

10718

Energy (eV)

10'

10718

Phase Space Density (s® m)

100 T T T T T T T T T T
10°

(€) 00:49:01-07 UT

4  Outside CS
1017

5 102

10718

Energy (eV)

x10% 10!

N

.
L1 11111l
L1 11111l

10°1°

I I I 100 I I I I I I I I I I
10 10" 102 10° 0 30 60 90 120150180 0 30 60 90 120150180
Energy (eV) Pitch Angle (deg) Pitch Angle (deg)

Figure 2. Observed and modeled electron PSDs on 19 February 2018. (a) Spatiotemporal evolution of electron PSDs, with two dashed lines indicating the time moments
analyzed in the subsequent panels. Electron PSDs (b—d) inside and (e—g) outside the current sheet. (b, €) Energy dependence of angle-averaged electron PSDs, with inset
panels highlighting the transition between two electron populations. Solid dots represent observations at four adjacent time moments, and solid lines represent the
modeling results. (c, f) Observed and (d, g) modeled electron PSDs as functions of energy and pitch angle.

along the background magnetic field, e,y in the direction of ¢ X k, and e,;; = e;; X ¢ completing the

orthogonal triad.

By analogy with ionospheric plasma heating by magnetosonic waves (e.g., Fowler et al., 2018; Fowler
et al., 2020; Su et al., 2020), the observed magnetosonic wave is expected to propagate into the current sheet and
heat the plasma therein. In the plasma rest frame, the linear wave-particle resonance condition is given by
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Figure 3. Magnetosonic waves inside and outside the current sheet. (a) Background magnetic field in the MVA coordinate
system. (b) Wave magnetic field in the MSO coordinate system. (c) Comparison between the cold plasma dispersion relation
(white dots) and the hot plasma dispersion relation (color-coded according to damping rate) outside the current sheet. The
orange dashed line represents the dispersion relation of @ = kV,. The dashed lines indicate specific wavenumbers and
frequencies in the local plasma frame. (d and e) Comparison of magnetic polarizations between observations (solid lines) and
predictions from hot plasma wave theory in the MFA coordinate system. Arrows indicate the rotation direction of the magnetic
field vector. (f) Same as panel (c), but for analysis inside the current sheet. (g) Hot plasma wave energy density. The first wave
mode corresponds to the magnetosonic wave, while the other wave modes may represent coupled modes between ion Bernstein
modes and acoustic modes (with particle kinetic energies much greater than wave magnetic energies).
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where k| = |k|cos y is the component of the wave vector parallel to the background magnetic field, n is the
resonance order, and Q; = ¢,B/mj is the gyrofrequency of the sth particle species. As derived by (Summers
et al., 2007), the minimum kinetic energy required for a particle to resonate with the wave is

2
1 w — nfd
E. . =-m|——], 3
min 2m5( k” ) ( )

with wave parameters obtained from BO solution using representative current sheet plasma conditions (Table S1
in Supporting Information S1). For ¢~ and H*, the minimum resonant energy occurs at the n = 0 Landau
resonance. Because the wave frequency is close to the gyrofrequency of H}, the minimum resonant energies of
H;, o, O; ,and CO'2+ occuratthen = 1,8, 16, and 22 cyclotron resonances, respectively. The minimum Landau
resonant energy for e~ is 2.53 X 1072 eV, several orders of magnitude below their thermal energy, indicating
strong electron Landau damping. For H* and H3, the minimum resonant energies (4.64 and 0.06 eV) are also
below their thermal energies, but their low number densities limit damping contributions. Although the minimum
resonant energies of O, OF, and COJ are low compared to their thermal energies, the high resonance orders
result in weak wave-particle coupling. The first-order (n = 1) resonant energies for O*, O}, and CO; are
55.5 eV, 129.0 eV, and 184.4 eV, respectively, several times higher than their thermal energies. These results
indicate that ion resonant damping is negligible compared to electron Landau damping within the current sheet.

According to linear theory (e.g., Shklyar, 2017; Stix, 1992), the rate of change of the particle kinetic energy
density Pyp is given by

Pyp =2yW, 4)

where y is the wave damping rate and W is the total electromagnetic and acoustic energy density of the wave. The
BO solution inside the current sheet yields y = 1.27 x 1072 s~! (Figure 3f). The absence of direct electric-field
measurements prevents a direct evaluation of the full Poynting flux. Assuming a constant wave Poynting flux
across the current sheet boundary, a combination of BO solutions inside and outside the current sheet gives
W =741 x 107"'J.m™ (Figure 3g). This results in an estimated energy deposition rate of
Pyp ~ 11.8eV-cm™ . s~!. By analogy with studies in Earth's inner magnetosphere (Wu et al., 2023) and within
idealized magnetohydrodynamic frameworks (Nufiez, 2020), magnetosonic waves incident on the current sheet
may experience partial reflection or mode conversion. Reflection reduces the net energy deposition, while mode
conversion can alter heating efficiency depending on the nature of the resulting wave modes. The current sheet
exhibits strong inhomogeneity, with a thickness (~600 km) much smaller than the magnetosonic wavelength
(~2900 km), violating the uniformity requirement for Landau damping. Thus, the dominant mechanism is better
characterized as transit-time damping (e.g., Robinson, 1989; Robinson, 1991), due to particles crossing the
confined wave field. Qualitatively, higher Landau damping rates generally correspond to lower transit-time
damping rates (Short & Simon, 1998). Despite these limitations, our estimate provides a first-order approxi-
mation for the upper bound of electron heating within the current sheet.

4.2. Whistler and ECH Waves Generated Spontaneously

Electron pressure—sustained current sheets in the Martian magnetotail are not rare, yet magnetosonic waves are
not always observed (Figures S9—S11 in Supporting Information S1). Instead, the shell-like electron distribution
can spontaneously generate whistler, ECH, upper hybrid, and RX-mode waves (Sundkvist et al., 2006; Tatar-
onis & Crawford, 1970; Umeda et al., 2012), due to a positive energy gradient in the electron PSD. We sys-
tematically evaluated these wave modes and identified the two most unstable inside the current sheet: whistler and
ECH waves (Figure 4a). For whistler waves, the growth rate peaks at a wave normal angle near 77° (Figure 4b),
with energy transfer via Landau resonance (Figure 4c). ECH modes, in contrast, show maximum growth around
89°, extracting energy through harmonic cyclotron resonances (Figure 4c). The substantial growth rates on the
order of 10°s™! for both modes suggest rapid wave growth, which would effectively flatten the PSD energy
gradient and lead to electron heating. However, the magnetic field data, with a sampling rate up to 32 Hz, lacked
the temporal resolution needed to fully resolve whistler waves, and no high-frequency electric field data were
available for direct ECH wave analysis.
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Figure 4. Linear instability analysis of the observed electron distribution inside the current sheet. (a) Maximum wave growth
rate over all frequencies, shown as a function of wavenumber and wave normal angle. (b) Dispersion relations of the
dominant unstable modes, identified as whistler and ECH waves, with wave normal angles selected to maximize growth.
(c) Minimum resonant energies for the identified waves at various resonance orders. The dashed line marks the energy of the
observed PSD dip. Colors in all panels represent the growth rates.

5. Summary and Discussion

We report novel MAVEN observations of a distinct Martian magnetotail current sheet in which the external
magnetic pressure is balanced primarily by the internal thermal pressure of electrons. From outside to inside the
current sheet, the bulk electron temperature increases by up to a factor of three, reaching values up to five times
higher than those of heavy ions. The electron velocity distribution within the current sheet consists of two
components: a thermal core, likely originating from the ionosphere, and a suprathermal shell, likely originating
from the magnetosheath (Xu et al., 2024). Based on linear instability analysis, we propose two candidate heating
mechanisms:
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1. Landau resonant or transit-time heating by magnetosonic waves, potentially driven by foreshock ultralow
frequency waves in the induced magnetosphere (e.g., Brain et al., 2002; Collinson et al., 2018; Fowler
etal., 2018, 2020; Ruhunusiri et al., 2015; Su et al., 2020, 2023). The estimated electron Landau heating rate by

3 .51, However, this estimate is subject to uncertainties due

magnetosonic waves reaches up to 11.8eV - cm™
to the lack of direct electric field measurements, unmodeled wave reflection and mode conversion, and the
omission of transit-time damping in the finite-scale current sheet. More accurate quantification will require
future coordinated electromagnetic observations and high-resolution kinetic simulations.

2. Landau and cyclotron resonant heating mediated by whistler and ECH waves, which are self-consistently
generated by the shell-type electron velocity distribution. These waves can grow rapidly under the
observed conditions, with a peak growth rate on the order of 10° s™!, and are expected to scatter electrons via
Landau and cyclotron resonances, thereby flattening the initially positive gradient in PSD along the energy
direction. This process results in a net transfer of free energy from the unstable electron population to thermal
motion, manifesting as a significant increase in electron temperature. This evolution is analogous to the
saturation of the Bernstein instability in Earth's magnetospheric plasmas with partial-shell electron distribu-
tions (Umeda et al., 2007) or shell-like ion distributions (Liu et al., 2011), where wave-particle interactions
drive the system toward a quasi-steady, heated state. The pre-relaxed electron distribution could have been
more anisotropic than observed, providing stronger free energy sources for wave growth (Text S6 and Figures
S6 and S7 in Supporting Information S1). A self-consistent description of the coupled electron-wave evolution
will require future kinetic simulations.

Due to the limitations of single-event observations, the conditions under which electron thermal pressure dom-
inates the current sheet force balance remain uncertain. For instance, in a subsequent crossing of a similar region
(Figure S8 in Supporting Information S1), the magnetic field orientation had changed, and the pressure balance
was instead dominated by ions, with electron thermal pressure slightly lower than that of ions. This suggests that
the electron-dominated configuration may be episodic or sensitive to upstream conditions. A comprehensive
statistical survey is therefore required to determine the occurrence rate and controlling parameters of this regime.

Our present work highlights a novel role of plasma wave-driven processes in Martian atmospheric escape, where
waves do not directly accelerate particles to escape energies, as described in previous studies (e.g., Ergun
etal., 2006; Espley et al., 2004; Fowler et al., 2018; Lundin et al., 2011), but instead contribute to electron heating,
thereby sustaining the pressure balance structure of the magnetotail current sheet as a key escape pathway for
ionospheric plasma. The generation of magnetosonic waves is modulated by both seasonal variations at Mars and
transient solar wind activities (Collinson et al., 2018; Fowler et al., 2018). However, the excitation of whistler and
ECH waves requires an anisotropic, beam-like, or shell-like electron velocity distribution, which may frequently
arise from the mixing of magnetosheath and ionospheric plasmas within the current sheet (e.g., Xu et al., 2024;
Zhang et al., 2025).
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