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Abstract Atmospheric escape is a fundamental process in the long-term habitability evolution of
terrestrial planets. Recent observations on Mars have found the concurrence of the severe ionospheric
erosion and the large-amplitude, quasi-perpendicular magnetosonic waves. However, whether and then
how these magnetosonic waves had contributed to the ionospheric erosion remains unclear. Here we
propose a new candidate mechanism, electron Landau heating by magnetosonic waves, for the Martian
ionospheric erosion. In contrast to the cyclotron resonance with oxygen atomic and molecular ions above
the escape energies, the magnetosonic waves Landau-resonate with the thermal electrons at energy
channels of the order of 0.01–0.1 eV. Through the Landau resonance over tens of minutes, the
large-amplitude (12 nT) magnetosonic waves can heat the topside ionospheric electrons to ∼2 times the
normal temperature. The topside ionospheric electron heating could result in the enhancement of the
ambipolar electric potential and eventually facilitate the escape of ionospheric plasma.

Plain Language Summary An atmosphere of sufficient density is a fundamental condition
for a habitable terrestrial planet. Mars as a terrestrial planet in the habitable zone of our solar system lost
much of its atmosphere over billions of years and has thus become a unique testing ground to understand
the planetary atmospheric loss processes. Recent observations on Mars have shown that the severe erosion
of the ionosphere, an ionized part of the upper atmosphere, was accompanied by the large-amplitude,
quasi-perpendicular magnetosonic waves. However, whether and then how these magnetosonic waves had
contributed to the ionospheric erosion remains unclear. On the basis of space observations and numerical
calculations, we propose a new physical mechanism, electron Landau heating by magnetosonic waves,
for the Martian ionospheric erosion. The large-amplitude magnetosonic waves can heat the topside
ionospheric electrons to ∼2 times the normal temperature over tens of minutes, enhance the ambipolar
electric potential, and eventually facilitate the escape of ionospheric plasma. The electron Landau heating
process may also contribute to the ionospheric erosion of other terrestrial planets within and beyond
our solar system.

1. Introduction
Mars is a terrestrial planet located in the habitable zone of our solar system. Compared with Earth, Mars
has approximately 40% of the gravity but less than 1% of the atmospheric density at its surface. Mars has
thus become a unique testing ground to understand the atmospheric loss processes of terrestrial planets.
In the past several decades, two classes of loss processes driven by solar wind and radiation have been
proposed (Jakosky et al., 2018; Shizgal & Arkos, 1996): thermal processes including evaporative escape
(Jeans, 1925) and hydrodynamic escape (Pepin, 1991); nonthermal processes including photochemical
escape (Cui et al., 2019; Johnson et al., 2008; McElroy, 1972), ion sputtering (Luhmann et al., 1992), and ion
heating or acceleration (Brain et al., 2015; Lundin et al., 2004; Wei et al., 2012).

In recent years, plasma waves have been envisioned to heat or accelerate the Martian ionospheric plasma
(Ergun et al., 2006; Espley et al., 2004; Fowler, Andersson, Peterson, et al., 2018; Lundin et al., 2011),
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by analogy with Earth (André & Yau, 1997; Yau & André, 1997). One of the frequently observed waves
in the Martian ionosphere is the magnetosonic wave (Bertucci et al., 2004; Collinson et al., 2018; Fowler,
Andersson, Ergun, et al., 2018; Halekas et al., 2011). These magnetosonic waves are probably produced
by the solar wind near the parallel foreshock and propagate through the magnetosheath into the iono-
sphere (Brain et al., 2002; Collinson et al., 2018; Luhmann et al., 1983). They usually have the large normal
angles of >50◦ and the magnetic amplitudes of 2–15 nT (Collinson et al., 2018; Fowler, Andersson, Ergun,
et al., 2018). However, how the magnetosonic waves contribute to the Martian atmospheric loss remains
under debate. Fowler, Andersson, Ergun, et al. (2018) suggested that the cyclotron resonant interactions
between magnetosonic waves and heavy ions were responsible for the observed severe ionospheric erosion.
On the contrary, Collinson et al. (2018) hypothesized the energy transfer from the magnetosonic waves to
the ionospheric plasma through some adiabatic compression processes rather than the wave-particle reso-
nances. More recently, Fowler et al. (2020) proposed that a combination of the adiabatic magnetic pumping
by the large-amplitude magnetosonic waves and the pitch angle scattering by the induced whistler waves
could heat the ionospheric suprathermal electrons.

In this letter, on the basis of observations from Mars Atmosphere and Volatile EvolutioN (MAVEN) mission
(Jakosky, Lin, et al., 2015) and calculations of Waves in Homogeneous, Anisotropic, Multicomponent Plas-
mas (WHAMP) code (Rönnmark, 1982), we show that the large-amplitude magnetosonic waves are able to
rapidly heat the Martian ionospheric electrons through Landau resonances. The heating of topside iono-
spheric electrons may favor the buildup of an ambipolar electric field and eventually assist the escape of
heavy ions (Collinson et al., 2019; Moore et al., 1997).

2. MAVEN Observations
On 21 September 2014, the MAVEN mission entered the Mars orbit with apoapsis altitude of ∼6,200 km
and periapsis altitude of ∼150 km (Jakosky, Grebowsky, et al., 2015; Jakosky, Lin, et al., 2015). In this let-
ter, we analyze the particle and magnetic field data from MAVEN in the Martian ionosphere. The electron
density Ne and temperature Te were measured by the Langmuir Probe and Waves instrument (Andersson
et al., 2015; Ergun et al., 2015), the density of oxygen atomic NO+ and molecular ions NO+

2
and hydro-

gen ions NH+ were measured by the SupraThermal And Thermal Ion Composition instrument (McFadden
et al., 2015), and the magnetic field B was measured by the Magnetometer instrument (Connerney, Espley,
DiBraccio, et al., 2015; Connerney, Espley, Lawton, et al., 2015).

In Figure 1, we revisit the 1 April 2015 event reported early by Fowler, Andersson, Ergun, et al. (2018). In
the plotted time range from 05:50 UT to 06:00 UT, MAVEN was sampling the dayside (with the solar zenith
angle ΘZ = 15–30◦) ionosphere (with the altitude H = 592–196 km). Only the O+ and O+

2 density data were
available, and the H+ density likely became too low to be measured (Figure 1a). Note that O+ and O+

2 are
typically the major ion species in the Martian ionosphere (e.g., Benna et al., 2015). The summation of these
ion densities deviated obviously from the electron density (Figure 1b), probably because of the instrument
calibration issues. Under the action of solar radiation, the electron density profile typically exhibits two
peaks: the main layer M2 of ∼130 km altitude and the secondary layer M1 of ∼100 km altitude, which can be
well characterized by the Chapman photo-equilibrium model (Gurnett et al., 2008; Withers, 2009). Because
of the dominance of transport processes roughly above 200 km, the electron density decreases exponentially
with increasing altitude (Fox, 1997; Withers, 2009). Ergun et al. (2015) had adopted a Chapman model to fit
the electron density profile during the MAVEN deep dip campaign from 15 to 22 April 2015

Ne = Ne1 + Ne2, (1)

Nei = Ni exp
[

1
2

(
1 −

H − Hi

Hci
− exp

(
−

H − Hi

Hci

))]
, (2)

with the subscripts “1” and “2” for M1 and M2 layers and the specific parameters N1 = 5 × 104 cm−3,H1 =
106 km, Hc1 = 7.7 km, N2 = 2.6× 105 cm−3,H2 = 124 km, and Hc2 = 12.6 km. Under the quiet condition on
31 March 2015, the electron density profile deviated significantly from the Chapman model above 200 km,
consistent with the finding of Ergun et al. (2015). Compared to the ionospheric passes in the previous day,
this inbound pass on 1 April 2015 had several orders of magnitude lower electron densities above the altitude
H of 260 km. The remnant electrons below 380 km tended to obey the specific Chapman model given by
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Figure 1. An overview of the Martian ionospheric environment from 05:50 UT to 06:00 UT on 1 April 2015: (a) oxygen
atomic and molecular ion densities NO+ and NO+

2
(color-coded); (b) electron density Ne (solid line), compared with the

data from the previous day under the quiet condition (gray circles) and the Chapman model of Ergun et al. (2015)
(gray line); (c) electron temperature Te, compared with the data from the previous day under the quiet condition
(gray circles) and the hyperbolic tangent model of Ergun et al. (2015) (gray line); (d) magnetic field components
(Bx , By, Bz) in the Mars Solar Orbital (MSO) coordinate system (color-coded); (e) magnetic field components (Br , Ba, Bp)
in the Mean Field Aligned (MFA) coordinate system (color-coded). The MSO coordinate system is defined with the x
axis pointing from Mars to the Sun, the y axis pointing antiparallel to Martian orbital velocity, and the z axis
completing the triad. The MFA coordinate system is defined with the p axis parallel to the 90 s running average of the
instantaneous magnetic field, the a axis determined by the cross product of the parallel vector and the satellite position
vector, and the r axis completing the triad.
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Figure 2. Magnetosonic wave properties: (a) wave power PB depending on frequency f during 05:54:00–05:56:08 UT,
with the vertical dashed line marking the oxygen atomic ion gyrofrequency 𝑓O+ ; (b, c) normal BN, intermediately
varying BM, and maximally varying BL components of wave magnetic fields in the minimum variance coordinate
system during 05:55:00–05:55:24 UT, with the wave normal angle determined as 𝜓 = 84◦.

Ergun et al. (2015). For the MAVEN deep dip campaign, Ergun et al. (2015) had introduced a hyperbolic
tangent model of the electron temperature

Te =
TeU + TeL

2
+

TeU − TeL

2
tanh

(
H − H0

Hc0

)
(3)

with TeU = 0.271 eV, TeL = 0.044 eV, H0 = 241 km, and Hc0 = 60 km. In the quiet ionosphere on 31
March 2015, the electron temperature profile agreed well with the model prediction (Figure 1c). In con-
trast, the electron temperature of the eroded ionosphere on 1 April 2015 increased steeply with the altitude
increasing. At H = 300 km, the electron temperature increased to 0.45–0.60 eV, more than 2 times the
previous-day value. Above H = 300 km, the electron temperature had become too high to be measured
(Fowler, Andersson, Ergun, et al., 2018). Corresponding to the ionospheric erosion, there were waves with
the large-amplitude (up to 12 nT), sawtooth magnetic perturbations BW primarily along the background
magnetic field (Figures 1d and 1e).

In Figure 2, we determine the frequency, propagation, and polarization characteristics of waves for
the subsequent calculations. We apply the fast Fourier transform to the largest perturbations during
05:54:00–05:56:08 UT and obtain the harmonically structured wave power with the fundamental frequency
of 0.046 Hz≈ 0.88𝑓O+ (𝑓O+ is the O+ gyrofrequency). We perform the minimum variance analysis (Sonnerup
& Cahill, 1967) to the magnetic perturbations, approximate the wave vector to be parallel to the minimum
varying component, and then estimate the wave normal angle to be 𝜓 = 84◦. In the plane perpendicular to
the normal component, we find the highly elliptically polarized perturbations. These observations indicate
that the observed large-amplitude waves were the quasi-perpendicular, compressional magnetosonic waves.
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Figure 3. Properties of compressional (solid lines) and noncompressional (dashed lines) waves at different normal
angles (color-coded) in the cold plasma with low (left) and high (right) densities: (a, b) dependence of wave number
kc∕ΩO+ on wave angular frequency 𝜔∕ΩO+ ; (c, d) ratio between parallel and total wave power PB///PB depending on
𝜔∕ΩO+ ; (e, f, g, h) minimum cyclotron resonant energy of oxygen atomic and molecular ions Emin depending on
𝜔∕ΩO+ ; (i, j) minimum Landau resonant energy of electrons Emin depending on 𝜔∕ΩO+ . The red dots mark the
properties of observed magnetosonic waves during 05:55:00–05:55:24 UT on 1 April 2015.

3. Numerical Calculations
The MAVEN observations indicate the concurrence of the large-amplitude magnetosonic waves and the
severe ionospheric erosion, but whether and how these magnetosonic waves had contributed to the iono-
spheric erosion remains unclear. Figure 3 shows a parametric analysis about the wave properties and
the minimum resonant energies (Summers et al., 2007a, 2007b) in the framework of cold-plasma theory.
According to observations at H = 300 km (Figure 1), the magnetic field strength B is set to 55 nT, the ion
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compositions are set to 70%O++30%O+
2 , and the electron density is set to 300 cm−3 for the eroded ionosphere

and 3,000 cm−3 for the normal ionosphere. The corresponding ratio of the electron plasma frequency to
the electron gyrofrequency 𝜔pe/|Ωe|, a commonly used dimensionless parameter, has the values of 101 and
319 in the eroded and normal ionospheres. According to the compressibility defined as the ratio of parallel
to total magnetic power PB||/PB, the allowed plasma waves are classified into the compressional and non-
compressional types. Specifically, when two wave modes arise in the frequency range of interest, the mode
with a lower PB||/PB is defined as the noncompressional mode and the other mode is defined as the com-
pressional mode; the identified compressional mode can extend along the dispersion curve over a broader
frequency range where the noncompressional mode is forbidden. For the quasi-perpendicular waves (except
near the cutoff frequency), PB||/PB is close to 1 at the compressional mode and falls to 0 at the noncompres-
sional mode. As the normal angle decreases, PB||/PB decreases at the compressional mode but increases at
the noncompressional mode. The linear resonant condition between waves and particles can be written as

𝜔 − k||v|| = nΩs, (4)

with the wave angular frequency 𝜔, the parallel wave vector k|| = k cos𝜓 , the angular gyrofrequency of par-
ticles Ωs =

qsB
ms

, the parallel velocity of particles v||, and the resonance order n. From the resonant condition
above, we can determine the parallel velocity of the particles falling into the nth order resonance

v|| = 𝜔 − nΩs

k|| . (5)

Because of no constraint on the perpendicular velocity v⟂ in the linear resonance theory, the energy of
resonant particles reaches the minimum at v⟂ = 0 (Summers et al., 2007a, 2007b)

Emin = 1
2

msv2|| = 1
2

ms

(
𝜔 − nΩs

k||
)2

. (6)

Except near the cutoff frequency, the dispersion relation of the highly oblique, compressional waves can be
approximately written as

𝜔 ≈ k⟂vA, (7)

with the perpendicular wave vector k⟂ = k sin𝜓 and the Alfvén velocity vA. Substituting Equation 7 into
Equation 6 yields

Emin ≈ 1
2

ms

[(
1 − n

Ωs

𝜔

)
vA tan𝜓

]2

. (8)

For the observed waves with the fundamental frequency 𝜔 ≈ 0.88ΩO+ among all the resonance orders, Emin
reaches the valley at n = 1, 2, and 0 for O+, O+

2 , and e−, respectively. With the dispersion relation in Figures 3a
and 3b, we calculate the corresponding minimum resonant energies (Figures 3e–3j) from Equation 6. The
minimum resonant energies of O+ and O+

2 are 4 and 8 eV in the normal ionosphere and increase to 30 and
80 eV in the eroded ionosphere, which are 2–20 times larger than the corresponding escape energies. The
expected cyclotron resonant interactions below the escape energies of O+ and O+

2 could occur only when the
wave frequencies are sufficiently close to the gyrofrequency harmonics or the wave normal angles are suffi-
ciently low. In the normal topside ionosphere, the ion temperature is quite close to the electron temperature
of ∼0.25 eV (Hanson et al., 1977). The magnetosonic waves seem to be difficult to directly accelerate the ions
from the thermal energy to the escape energy through the cyclotron resonance. In contrast, for the Landau
resonance with e−, the minimum resonant energies of the compressional waves are largely independent of
the wave frequency and have values comparable to the electron temperature in both the normal and eroded
ionospheres. As a result, the Martian ionospheric thermal electrons should substantially Landau-damp the
magnetosonic waves.

Although the magnetosonic waves had the waveforms deviating obviously from the sinusoidal pattern
(Figure 1d), their Landau damping rates may still be reasonably estimated by the linear theory (Matsumoto &
Nagai, 1981). Similar to Figure 3, Figure 4 shows a parametric analysis by WHAMP code (Rönnmark, 1982)
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Figure 4. Properties of waves at different normal angles (color-coded) in the hot plasma with low (left) and high (right)
densities: (a, b) dependence of wave number kc∕ΩO+ on wave angular frequency 𝜔∕ΩO+ (circles), compared with the
cold-plasma approximation (solid lines for compressional waves and dashed lines for noncompressional waves);
(c, d) compressional and (e, f) noncompressional wave damping rate 𝛾∕ΩO+ (circles) depending on 𝜔∕ΩO+ ;
(g, h) compressional and (i, j) noncompressional wave energy density 4𝜇0W∕B2

W (circles), compared with the
cold-plasma approximation (solid and dashed lines). The red dots mark the properties of observed magnetosonic waves
during 05:55:00–05:55:24 UT on 1 April 2015.

of the wave dispersion relations, the wave damping rates, and the wave energy densities in the hot plasma.
The WHAMP code includes several populations of particles obeying the subtracted Maxwellian distribution
(Ashour-Abdalla & Kennel, 1978) and solves the linear analytic dispersion equation of waves in homoge-
neous magnetized hot plasmas. Keeping the wave vector k real, the WHAMP can find the complex wave
frequency 𝜔− i𝛾 , where 𝛾 is the wave temporal damping rate. The total wave energy density W contains
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both the electromagnetic and acoustic contributions (Stix, 1992)

W =
𝜀0

4
E∗

W ⋅
𝜕

𝜕𝜔

(
𝜔𝜖h

)
⋅ EW +

|BW|2
4𝜇0

, (9)

𝜖h = 1
2
(
𝜖 + 𝜖†

)
, (10)

with the electromagnetic vectors of waves EW and BW, the plasma dielectric tensor 𝜖, the superscripts rep-
resenting the complex * and Hermitian † conjugates, and the vacuum permittivity 𝜀0 and permeability 𝜇0.
For simplicity, we assume both electron and ion distributions are isotropic. According to the MAVEN obser-
vations (Figure 1), we set the electron temperature Te = 0.50 and 0.25 eV and in the eroded and normal
ionospheres. To exclude the hot-ion effect, we have artificially set all the ion temperatures to TO+ = TO+

2
=

10−6 eV. Contrary to the noncompressional waves, the compressional waves have the dispersion relations
changing little from the cold to hot plasma. Because the wave resonant energies are comparable to or much
less than the electron temperature, both the compressional and noncompressional waves experience the
strong Landau damping. The damping rate tends to increase with the normal angle increasing. For the
observed waves with the fundamental frequency 𝜔 ≈ 0.88ΩO+ and the normal angle 𝜓 = 84◦, the total wave
energy densities W are always about 2 times the wave magnetic energy density |BW|2

4𝜇0
, and the dimensionless

Landau damping rates 𝛾∕ΩO+ reach 2× 10−3 and 5× 10−3 in the eroded and normal ionospheres. In the solar
wind (Matsumoto & Nagai, 1981), Earth's magnetosphere (Dai et al., 2019; Horne et al., 2000, 2007) and lab-
oratory plasmas (Porkolab, 1994), the magnetosonic waves have been suggested to heat electrons through
the Landau resonance. By analogy, we can expect the electron Landau heating by magnetosonic waves in
the Martian ionosphere.

4. Discussion
In the linear theory (Shklyar, 2017; Stix, 1992), the rate of change of kinetic energy density of the particles
PWP driven by the wave resonant interactions may be approximately written as

PWP = 2𝛾W . (11)

With ΩO+ = 0.32 rad⋅s−1 and BW = 12 nT observed on 1 April 2015, we dimensionalize the damping rate
𝛾 and energy density W of Figures 4c, 4d, 4g, and 4h, and from Equation 11, obtain the change rate of
electron kinetic energy density PWP = 0.45 and 1.14 eV⋅cm−3⋅s−1 in the eroded and normal ionospheres. The
time required for the large-amplitude magnetosonic waves to cause a temperature enhancement ΔTe of the
ionospheric electrons with a constant-density Ne can be estimated as

Δt =
3
2

NeΔTe

PWP
. (12)

Taking ΔTe = 0.25 eV (Figure 1), Δt = 16 min for the normal density Ne = 3×103 cm−3 and Δt = 4.1 min for
the eroded density Ne = 3× 102 cm−3. Because of the potential cross-species or cross-region energy transfer,
the required time in reality would be higher to some extent than the present estimation. In all the calcula-
tions above, we have ignored the possible change of ion compositions during the ionospheric erosion. The
decrease of mass density would enlarge the Alfven velocity vA, increase the minimum resonant energy Emin,
lower the wave damping rate 𝛾 , and prolong more or less the required heating time Δt. Nevertheless, these
calculations support the possibility that the Landau heating of the large-amplitude magnetosonic waves on
a timescale of tens of minutes could explain the observed topside ionospheric electron temperature variation
(Figure 1c).

The parallel ambipolar electric field along a draped field line can be expressed as (e.g., Collinson et al., 2019;
Gombosi & Nagy, 1989; Liemohn et al., 1997; Varney et al., 2014)

E|| = − 1
eNe

𝜕pe

𝜕s
(13)

with the electron pressure pe = NeTe and the field line length s. For the normal Martian ionosphere with
the topside electron temperature ∼0.25 eV, the electric potential drop Φ = ∫ E||ds is about 0.7 V (Collinson
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et al., 2019; Ergun et al., 2015). When the topside electron temperature increases to ∼0.5 eV or more
(Figure 1c), a first-order approximation of the corresponding potential drop is 1.4 V or more. Since the escape
energy for oxygen from Mars is 1.91 eV, the electron Landau heating by the large-amplitude magnetosonic
waves could substantially promote the erosion of the Martian ionosphere.

5. Summary
Fowler, Andersson, Ergun, et al. (2018) have reported the concurrence of the large-amplitude magnetosonic
waves and the severe erosion of the Martian topside ionosphere on 1 April 2015. Our present study attempts
to examine whether and then how these magnetosonic waves had contributed to the ionospheric erosion.
At the altitude of ∼300 km on the dayside, the magnetosonic waves exhibited a sawtooth waveform with the
peak amplitude of ∼12 nT and the primary frequency of 0.88 𝑓O+ and propagated in the quasi-perpendicular
normal angle of 84◦ with respect to the draped magnetic field lines. Because of the unignorable frequency
difference from the ion gyrofrequency harmonics and the large normal angles, these waves are found to be
difficult to cyclotron-resonate with O+ and O+

2 below the escape energies. In contrast, these waves could
easily fall into Landau resonance with the thermal electrons at energy channels of the order of 0.01–0.1 eV.
The Landau damping rates of magnetosonic waves reach 2 × 10−3ΩO+ and 5 × 10−3ΩO+ in the eroded
(low-density) and normal (high-density) ionospheres. On a time scale of tens of minutes, the large-amplitude
magnetosonic waves can provide sufficient energy for the observed∼2-time enhancement in the ionospheric
electron temperature. The topside ionospheric electron heating may increase the ambipolar electric poten-
tial and then substantially facilitate the ionospheric erosion. In spite of the limitation to parametric and
idealized calculations, our study has provided a new candidate mechanism, Landau heating of electrons by
magnetosonic waves, for the Martian ionospheric erosion. Future theoretical, observational, and modeling
works are required to quantitatively evaluate the contributions of these physical mechanisms proposed here
and previously (e.g., Collinson et al., 2018; Fowler, Andersson, Ergun, et al., 2018; Fowler et al., 2020) to the
evolution of the Martian ionosphere.

Data Availability Statement
MAVEN data were obtained from the website https://lasp.colorado.edu/maven/sdc/public/data/sci/, and
WHAMP code was obtained online (from the website https://github.com/irfu/whamp).
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