
1.  Introduction
Atmospheric escape is a critical process for the evolution of the surface habitability of terrestrial planets in 
our solar system or beyond (e.g., Dong et al., 2020; Gronoff et al., 2020; Owen, 2019; Tian, 2015). In essence, 
the ionized or neutral atmospheric particles that are able to escape into interplanetary space must have gained 
enough energy to overcome the planetary gravitational potential. As a common way to exchange energy in space 
and astrophysical plasma, wave-particle interactions have been recognized as important procedures for planetary 
atmospheric escape (e.g., Ergun et al., 2006; Espley et al., 2004; Fowler et al., 2018; Gronoff et al., 2020; Jarvinen 
et al., 2020; Strangeway et al., 2005; Su et al., 2020).

In the case of Earth, one of the important plasma wave types contributing to atmospheric escape is the whistler-mode 
chorus (e.g., Newell et al., 2009; Seki et al., 2001; Thorne et al., 2010). The chorus waves occur frequently in 
the Earth's inner magnetosphere (e.g., Burtis & Helliwell, 1969; Horne et al., 2013; Li et al., 2009; Meredith 
et al., 2001) and typically appear as a succession of rising tones over the frequency range of 0.05–0.8 electron 
gyrofrequency in the frequency-time spectrogram (e.g., Santolík et al., 2014; Tsurutani & Smith, 1977). Through 
the cyclotron resonant scattering, the chorus waves precipitate the magnetospheric electrons with energies of 
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0.1–10 keV into the atmosphere and then produce the diffuse aurora (e.g., Horne et al., 2003; Ni et al., 2008; 
Thorne et al., 2010). As the dominant energy source for the high-latitude ionosphere, the diffuse auroral precip-
itation eventually facilitates the ionospheric ion outflows (Newell et al., 2009), which is one of the important 
atmospheric escape routes (Seki et al., 2001). Different from Earth, Mars lacks a global magnetic field to shield 
itself from the solar wind. However, the crustal magnetic fields at Mars can form the mini-magnetospheres 
extending up to altitudes of 500 km (Krymskii et al., 2003). There have been observations showing the existence 
of whistler-mode waves with rising-tone frequency-time structures in the Martian mini-magnetospheres (Harada 
et al., 2016), which are further interpreted as chorus waves in a recent particle simulation (Teng et al., 2023). 
Some quasi-linear calculations (A. Shane & Liemohn, 2021; A. D. Shane & Liemohn, 2022) have shown the 
ability of whistler waves to scatter electrons in the Martian mini-magnetospheres.

Where a specific plasma wave is generated is a fundamental question that informs the quantification of its effect on 
the atmospheric escape. In the Earth's inner magnetosphere, both theoretical analysis and measurements of wave 
Poynting fluxes have demonstrated the single chorus source around the magnetic equator (Helliwell, 1969, 2014; 
LeDocq et al., 1998; Santolík et al., 2004; Teng et al., 2018). With the conservation of the magnetic moment 
invariant, the hot electron temperature anisotropy peaks at the equator (i.e., the magnetic strength minimal loca-
tion). At the same location, the magnetic field inhomogeneity minimizes (Helliwell, 1969; Katoh & Omura, 2013; 
LeDocq et al., 1998; Omura et al., 2008). The two factors facilitate the generation of whistler-mode chorus waves 
from the linear and nonlinear cyclotron instabilities of hot electrons near the equator (Omura et al., 2008). These 
waves are not confined near the equator but propagate over a broad range approximately along the magnetic field 
lines (Bortnik et al., 2006; Horne et al., 2003). By analogy, in the Martian mini-magnetospheres, the generation of 
chorus waves has been attributed to the temperature anisotropy instabilities of hot electrons (Harada et al., 2016; 
Teng et al., 2023). Harada et al. (2016) calculated the local linear growth rates of waves. Most of the time, the 
local linear growth rates appeared to be able to explain the peak frequency of observed waves. Teng et al. (2023) 
modeled the nonlinear growth of waves near the magnetic strength minimal location which was selected mainly 
from analogy to the Earth's magnetosphere. However, because of the lack of wave Poynting flux measurements, 
the source region of chorus waves has not been experimentally delimited yet.

Inspired by the finding that the power spectral densities of whistler-mode waves exhibit an analogous frequency 
dependence to the linear growth rates at the source region in the Earth's inner magnetosphere (e.g., Su 
et al., 2014, 2018), we here present the first attempt to explore the chorus wave source distribution along the 
Martian mini-magnetospheric field lines by the frequency-dependence matching. We show that the Martian 
chorus waves are not generated by a single source tightly confined near the magnetic strength minimal loca-
tion but by sources distributed intermittently or continuously over a broad range of the magnetic field lines. 
The Martian mini-magnetospheres could have more active energy transfer processes mediated by whistler-mode 
chorus waves than the expectation from analogy to the Earth's magnetosphere.

2.  Event Overview
We revisit the 12 July 2015 event reported early by Harada et al.  (2016). The Mars Atmosphere and Volatile 
EvolutioN (MAVEN) (Jakosky et al., 2015) spacecraft was orbiting Mars with an apoapsis altitude of ∼6,000 km 
and a periapsis altitude of ∼120 km (Figure 1a). At the low-altitude (300–500 km) southern hemisphere of Mars 
from 05:59:00 UT to 06:04:00 UT (Figure 1b), the magnetometer (MAG) (Connerney et al., 2015) measured the 
strong (up to 80 nT) magnetic fields B which can be approximately decomposed as

𝐁𝐁 ≈ 𝐁𝐁cs + 𝐁𝐁sw� (1)

with the crustal field Bcs modeled by J. W. Gao et al. (2021) and the estimated piled-up solar wind magnetic field 
Bsw = (0, 0, 13) nT in the Mars-centered Solar Orbital coordinate system. Given these magnetospheric measure-
ments were made near the equator on the dawnside and the solar wind was observed to have the magnetic fields 
approximately along the z-direction at the nearest moment (Figure 1a), the estimation of the piled-up field Bsw 
is reasonable. Without direct sunlight, the background electron density (Figure 1c) provided by the Langmuir 
Probe and Waves (LPW) instrument (Andersson et al., 2015) fluctuated below 350 km, consistent with previous 
measurements (Duru et al., 2011; Gurnett et al., 2010). On Mars, photoelectrons are mainly produced by the ioni-
zation of CO2 on the top of the atmosphere and peak in the energy range of 20–30 eV (Frahm et al., 2006; Mantas 
& Hanson, 1979). As measured by the solar wind electron analyzer (SWEA) (Mitchell et al., 2016), the parallel 
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Figure 1.  An event overview of whistler-mode chorus waves in the Martian mini-magnetospheres. (a) Magnetic fields B = (Bx, By, Bz) in the Mars-centered Solar 
Orbital (MSO) coordinate system observed within approximately one orbital period. (b) Zoom-in observed (circles) and modeled (lines) magnetic fields B within 
5 min in the MSO coordinate system. (c) Observed (circles) electron density Ne, whose altitudinal dependence is described by a cubic spline (line). (d) Omnidirectional 
electron differential energy flux Je (color-coded). Pitch-angle-dependent electron differential energy flux Je in the energy ranges of 20–30 eV (e) and 90–120 eV (f). (g) 
Wave electric power spectral density PE, overlain by two dashed lines marking frequencies of 0.05fce and fce.
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and antiparallel 20–120 eV electron fluxes were at an extremely low level most of the time (Figures 1d–1f), 
indicating that both foot points of the magnetic field lines were in the nightside ionosphere (Xu et al., 2017). 
Around 06:00:30 UT and 06:02:50 UT, there were injections of solar wind electrons with energies approximately 
from 10 to 500 eV (Figure 1d). These injected 90–120 eV electrons generally peaked at the 90° pitch-angle 
and exhibited the two-sided loss-cones (Figure 1f). The corresponding 20–30 eV electrons exhibited the bidi-
rectional source cones (Figure 1e), which may be a result of the additional ionization by solar wind electron 
precipitation at both foot points of the magnetic field lines in the nightside ionosphere (Cao et al., 2021; Lillis 
& Fang, 2015). All these characteristics of magnetic fields and electrons support that MAVEN was inside the 
Martian mini-magnetospheres. In these mini-magnetospheres, intense waves were detected by LPW (Andersson 
et al., 2015) in the frequency range of 0.05–0.5 fce (fce is the local electron gyrofrequency). As shown by Harada 
et  al.  (2016), these waves exhibited discrete rising tones in the high-resolution frequency-time spectrograms. 
Therefore, these waves could be identified as the whistler-mode chorus waves (Teng et al., 2023).

3.  Whistler-Electron Cyclotron Resonance
The non-relativistic linear cyclotron resonant condition can be written as

𝜔𝜔 − 𝑘𝑘‖𝑣𝑣‖ = −𝑛𝑛|Ωce|� (2)

with the wave angular frequency ω  =  2πf, wave parallel vector k‖  =  k cos ψ, wave normal angle ψ, electron 
angular gyrofrequency |Ωce|  =  2πfce, electron parallel velocity v‖  =  v cos α, and electron pitch-angle α. The 
growth of whistler-mode waves usually peaks at ψ = 0° through the fundamental resonance n = −1 (Omura 
et al., 2008). As indicated in Texts S1 and S2 and Figures S1–S4 in Supporting Information S1, the oblique 
whistler waves could experience significant Landau damping (Bortnik et al., 2006; Xiao, 2006; Xiao et al., 1998). 
For a given parallel-propagating wave, the resonant electrons with α = 0° have the minimum energy (Summers 
et al., 2007a, 2007b)

𝐸𝐸min =
1

2
𝑚𝑚e𝑣𝑣

2

‖
=

1

2
𝑚𝑚e
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𝑘𝑘

)2

=
1
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2
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)2

.� (3)

We assume the typical ion composition 40%O + + 60%𝐴𝐴 O
+

2
 (A. Shane & Liemohn, 2021; Su et al., 2020), determine 

the wavevector from the cold plasma wave dispersion relation, and obtain the minimum resonant energy Emin 
dependent on the dimensionless wave frequency f/fce and electron plasma frequency fpe/fce (Figure 2). Note that 
for the whistler-mode chorus waves of interest, their dispersion relations are insensitive to the ion compositions. 
It is found that both the wavelength λ and the minimum resonant energy Emin are negatively correlated to f/fce and 
fpe/fce. For the source electrons in a given energy range, the excited whistler-mode waves have lower f/fce values in 
the region with higher fpe/fce values. For the 12 July 2015 event with f/fce = 0.05 − 0.5 and fpe/fce = 220 − 80 (black 
dots in Figure 2), the wavelength λ ranged from 0.05 c/|Ωce| to 0.2 c/|Ωce| (i.e., 5–20 km). The corresponding 
electron minimum resonant energy was roughly several tens of eV (Figure 2c), indicating that the whistler-mode 
chorus waves were mainly excited by the high-energy electrons of solar wind origin.

4.  Linear Growth of Whistler-Mode Waves
To infer the source region of chorus waves in the Martian mini-magnetospheres, we calculate the growth rates of 
whistler-mode waves along the magnetic field lines using the previously developed code (Liu et al., 2018a, 2018b; 
Su et al., 2018) on the basis of the linear instability theory (Chen et al., 2010; Kennel & Petschek, 1966). To avoid 
repetition and facilitate readers, we give the detailed expression of the linear growth rate in Text S1 in Support-
ing Information S1. We make the specific calculations for two moments 06:00:29 UT and 06:03:01 UT with the 
peaked wave power (Figure 1g). There are three inputs to our code: (a) cold electron density, (b) background 
magnetic field strength, and (c) hot electron phase space density (approximately from 3 to 250 eV). As shown in 
Figure 1c, MAVEN had moved <0.4 hr of local time within 5 min. We assume that in the spatial region without 
direct sunlight, the cold electron density (Figure 1c) depends on only the altitude. We assume the magnetic field 
strength

|𝐁𝐁| = 𝑟𝑟0|𝐁𝐁cs + 𝐁𝐁sw|� (4)
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Figure 2.

 19448007, 2024, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
106695 by U

niversity O
f Science, W

iley O
nline L

ibrary on [22/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geophysical Research Letters

CHENG ET AL.

10.1029/2023GL106695

6 of 12

with the scale factor r0 (∼0.82 at 06:00:29 UT and ∼ 1.3 at 06:03:01 UT) determined from the local measure-
ments. This scaling aims to match exactly the observed magnetic strengths at the two moments and does not 
affect the global magnetic field configuration. With the conservation of magnetic moment, we map the observed 
electron phase space density along the entire field line. At each location, we use the smooth cubic splines to 
approximate the electron phase space densities. We introduce the magnetic field line length S, which equals 0 at 
the sampling location of MAVEN and takes a positive value in the direction parallel to the magnetic field vector 
and a negative value in the antiparallel direction. To allow the wave to propagate to the observer, the wave normal 
angle ψ is set to be 180° when S > 0 and 0° when S < 0.

For the 06:00:29 UT moment, the modeled magnetic field line of ∼1,530 km length is dipolar-like (Figure 2a). At 
the observer location, the modeled magnetic field vector is approximately perpendicular to the Martian surface 
(with an angle of 79°), consistent with the observation. From the observer to the magnetic minimal location 
(S = −158 km), the magnetic strength decreases from 18.25 to 9.46 nT (Figure 3a). When the observed hot 
electron phase space density (Figure 3b) is adiabatically mapped to the magnetic minimal location (Figure 3c), a 
“gap” emerges around the 90° pitch-angle. The modeled linear growth rate at the observer location has a compa-
rable frequency dependence with the observed wave power (Figure 3d). Even slightly away from the observer, 
the frequency-dependence pattern of the linear growth rate varies significantly (Figure 3f). Particularly, at the 
magnetic minimal location (Figure 3e), because of the changes in both magnetic strength and density, the modeled 
linear growth rate peaks at 15 Hz, approximately 25 Hz away from the central frequency of observed waves. These 
results support that the observed strong waves were excited locally (∼158 km away from the magnetic minimal 
location). The available measurements cannot help address whether the other regions, such as the magnetic mini-
mal location, were able to produce waves. Because of the variation in the hot electron temperature anisotropy, the 
observer location has a smaller linear growth rate than the magnetic minimal location. Meanwhile, compared to 
the observer location, the magnetic minimal location has a smaller magnetic field inhomogeneity 𝐴𝐴

1

𝐵𝐵

𝜕𝜕
2
𝐵𝐵

𝜕𝜕𝜕𝜕2
 (Katoh 

& Omura, 2013; Omura et al., 2008) and then a lower threshold amplitude for the nonlinear growth of waves. 
Therefore, the magnetic minimal location has a greater potential to produce waves. The present observations of 
locally generated waves, in turn, imply that there could be multiple sources for chorus waves along the field line. 
Along the field line, there were drastic density fluctuations on a scale of 10 km, comparable to or less than the 
whistler wavelengths (Figure 2b). According to previous simulations (e.g., Wu et al., 1996), the incident whistler 
waves would undergo significant reflection and refraction at these density interfaces. The field-aligned density 
fluctuations could have largely suppressed the long-distance propagation of waves from other sources to the 
observer. It should be noted that there were weak signals recorded below 30 Hz, which seemingly correspond to 
the wave growth at the magnetic minimal location (Figures 3e and 3f). However, we cannot determine whether 
these weak signals were the sporadic, damped waves from the magnetic minimal location or just some noises 
occurring coincidentally.

For the 06:03:01 UT moment, the modeled magnetic field line of ∼1,458 km length has a relatively flat top 
(Figure 2a). At the observer location, the modeled magnetic field vector is roughly tangential to the Mars surface 
(with an angle of 24°), generally consistent with the observation of 30° angle once again. The magnetic strength, 
as well as the magnetic field inhomogeneity, vary little over a long distance from S = −500 to 100 km (Figure 4a). 
This quasi-uniform field zone covers both the observer location (S  =  0) and the magnetic minimal location 
(S  =  −106  km). The corresponding hot electron phase space density F (Figures  4b and  4c) obtained by the 
adiabatic mapping is nearly constant. Both from the perspectives of linear and nonlinear instability theories, all 
the positions inside the quasi-uniform field zone have nearly equal potential to produce waves. Compared to the 
06:00:29 UT moment (Figures 3d and 3e), the 06:03:01 UT moment (Figures 4d and 4e) has lower fpe/fce values 
(Figure 4a) and then allows waves to grow at higher frequencies (Figure 2). As shown in Figure 4f, the modeled 
linear growth rates of the entire quasi-uniform field zone peak in the frequency range of 100–400 Hz where the 
strong waves were recorded. Specifically, the linear growth of waves near the observer (−40 km < S < 100 km) 
explains the peak frequency ∼200  Hz of the wave power (Figure  4d), and the linear growth away from the 

Figure 2.  Cyclotron resonant interaction between whistler waves and electrons in the Martian mini-magnetospheres. (a) Three-dimensional configuration of magnetic 
field lines (green and magenta lines) and spacecraft trajectory (blue line) in the Mars-centered geographic coordinate system. The magenta lines are the magnetic field 
lines of interest. The red dots mark the intersections between the magnetic field lines and the spacecraft trajectory. The green dots mark the derived magnetic strength 
minimal locations. (b) Wavelength λ in unit of c/|Ωce| and (c) electron minimum resonant energy Emin in unit of eV for the parallel-propagating (ψ = 0°) whistler-mode 
waves. Both λ and Emin are color-coded and dependent on the dimensionless wave frequency f/fce and electron plasma frequency fpe/fce. Black dots represent the local 
situations at 06:00:29 UT and 06:03:01 UT, with the sizes coded according to the electric power spectral densities.
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Figure 3.
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observer (−500 km < S < − 40 km) explains the plateau frequency 250–400 Hz of the observed wave power 
(Figure 4e). This frequency shift is mainly caused by the background density variation (Figure 4a). Probably 
because of the damping of waves during long-distance propagation, the observed wave power spectral density 
was higher at 200 Hz than at 250–400 Hz.

5.  Conclusion and Discussion
By comparing the frequency dependence between observed power spectral densities and modeled linear growth 
rates, we infer that the Martian mini-magnetospheric chorus waves are not generated by a single source tightly 
confined near the magnetic strength minimal location but by sources distributed intermittently or continuously 
over a broad range of the magnetic field lines:

1.	 �In a dipolar-like mini-magnetosphere, the linear growth process confined near the observer is appropriate to 
explain the central frequency and frequency coverage of the observed wave power spectral density. Approx-
imately ∼158 km (∼10% of the magnetic field line length) away from the observer, the magnetic strength 
minimal location has a greater potential to produce waves albeit at frequencies different from observations. 
The drastic oscillations of background density could have largely suppressed the propagation of waves from 
distant sources to the observer.

2.	 �In a flat-top mini-magnetosphere, the linear growth process over a 550 km long distance along the field line 
is required to explain the peak frequency and high-frequency plateau of the observed wave power spectral 
density near the magnetic strength minimal location. The inferred sources for the observed waves are contin-
uously distributed in the region with the quasi-uniform magnetic field and the smoothly behaving background 
electron density, where the long-distance propagation of waves is favored. This segment with the inferred 
sources accounts for ∼40% of the length of the entire magnetic field line above the Martian surface.

The peak linear convective growth rate of chorus waves in the Martian mini-magnetospheres is approxi-
mately 10 −5 m −1, two orders of magnitude higher than that in the Earth's inner magnetosphere (Jin et al., 2022; 
Omura, 2021; Su et al., 2018). When the waves grow linearly to a sufficiently high level, the nonlinear processes 
take place. The nonlinear growth rate could be one order of magnitude higher than the linear one at both Mars and 
Earth (Omura, 2021). The peak instantaneous amplitudes of chorus waveforms are on the order of 1 nT at both 
Mars and Earth (Z. Gao et al., 2018; Santolík et al., 2014; Teng et al., 2023). At Earth, the effective amplification 
of waves takes place within a 1,000 km long distance (e.g., Omura et al., 2008; Santolík et al., 2004), ∼2% of the 
field line length. At Mars, a 10 km long distance, ∼1% of the field line length, is sufficient for the wave ampli-
fication, as supported by a recent particle simulation (Teng et al., 2023). Compared to the prediction of linear 
growth theory, the nonlinear amplification processes would cause the wave band to smoothly extend to higher 
frequencies but would not significantly change the peak frequency of wave band nor produce an additional power 
plateau at a certain wave band (Omura, 2021). Therefore, a combination of linear and nonlinear instabilities may 
not qualitatively change our conclusion.

Different from the Earth's inner magnetosphere with a relatively smooth field-aligned density profile, the Martian 
nightside mini-magnetospheres contain wavelength-scale density fluctuations along the magnetic field lines. 
In the one-dimensional particle simulation of Teng et al. (2023) at 06:00:53 UT on 12 July 2015, the observa-
tion point was quite close to the magnetic strength minimal location (Figure 2a). Their modeling well repro-
duced the rising tone characteristics of locally observed chorus waves. However, their simulation had a limited 
computational domain of ∼200 km and assumed a constant density. More realistic particle simulations are still 
required to understand the generation and propagation of whistler-mode chorus waves in the Martian nightside 
mini-magnetospheres.

As shown by the previous statistical survey of Harada et al. (2016), the narrowband whistler-mode waves near 
the Martian strong crustal fields are not rare. The wave events of Figures 3 and 4 were observed at the close time 

Figure 3.  Locating wave sources in a dipolar-like mini-magnetosphere. (a) Magnetic field strength |B| (black line) and dimensionless plasma frequency fpe/fce (tawny 
line) dependent on the length of the magnetic field line S, with two vertical dashed lines marking the observer location and the magnetic strength minimal location. In 
the following two columns, the left panels (b and d) are for the observer location and the right panels (c and e) are for the magnetic strength minimal location. (b and 
c) Observed (dots) and modeled (lines) pitch-angle-dependent electron phase space densities F. Colors help differentiate among the energy channels which have been 
corrected according to the spacecraft potential. (d and e) Linear convective growth rates Ki of parallel (solid lines) and antiparallel (dashed lines) whistler-mode waves, 
in comparison to the observed wave electric power spectral densities PE (blue dots, with the solid lines to guide the eye). (f) Linear convective growth rate Ki (color-
coded) over the entire field line, with the normal angle ψ = 0° when S < 0 and ψ = 180° when S > 0.
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Figure 4.  Locating wave sources in a flat-top mini-magnetosphere, with the same format as Figure 3.
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moments but in the different mini-magnetospheres (Figure 2a). We have analyzed another two wave events on 
the dipolar-like magnetic field lines at different time periods in the Supporting Information (Figures S5–S10 in 
Supporting Information S1). For the event at 08:25:48 UT on 19 July 2015, the magnetic field line had a length 
of 888 km and the observer was quite close to the magnetic strength minimal location, similar to the situation of 
Teng et al. (2023). For the event at 01:28:50 UT on 18 July 2015, the magnetic field line had a length of 2,484 km 
and the observer was 466.7 km away from the magnetic strength minimal location. For both events (Figures 
S6–S10 in Supporting Information S1), the linear growth process near the observer is appropriate to explain 
the central frequency and frequency coverage of the observed wave power spectral density. The four events 
in the main text and Supporting Information S1 were scattered over a range of 27° latitude and 52° longitude 
in  the  Mars-centered geographic coordinate system. These results support the generality of our conclusion.

Our results imply that the Martian mini-magnetospheres could have more active energy transfer processes medi-
ated by whistler-mode chorus waves than the expectation from analogy to the Earth's magnetosphere. We reit-
erate that the present study is limited by the single-point observations and by the absence of wave Poynting flux 
measurements. In future Mars missions, more comprehensive measurements are required to examine the present 
inference.

Data Availability Statement
Mars Atmosphere and Volatile Evolution Data used in the study is available on NASA Planetary Data 
System  (2023). We analyzed the following data: (a) L2 MAG data (Connerney,  2023), (b) L2 LPW data 
(Andersson, 2023), (c) L2 SWEA data (Mitchell, 2023), and (d) MAVEN In Situ Key Parameters (Dunn, 2023).
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