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Abstract Cross‐scale energy transfer is a fundamental problem in plasma physics but is poorly understood.
Based on Magnetospheric Multiscale satellite (MMS) data, we present the evidence of the energy transfer
between ion‐scale and electron‐scale waves in the Earth's foreshock region. Low‐frequency fast‐magnetosonic
waves (LFWs, ∼0.2 Hz; ion‐gyration scales) are observed in the solar wind upstream of the Earth's bow shock.
Due to the magnetic compression of LFWs, suprathermal electrons (∼10–100s eV) are adiabatically heated in
the perpendicular direction, which leads to the high anisotropy in the high‐magnetic‐field region. Then high‐
frequency whistler mode waves (HFWs, 0.1–0.5 fce; electron‐gyration scales) are excited by those anisotropic
electrons through cyclotron resonance. Therefore, this study reveals how energy is transported from LFWs to
HFWs, suggesting that wave‐particle interactions have played a key role in cross‐scale energy transfer in
collisionless plasmas.

Plain Language Summary Cross‐scale energy transfer is a fundamental problem in plasma physics,
in which wave‐particle interaction plays an important role. Previous studies provide a limited and incomplete
picture of the coupling process between high‐frequency whistler mode waves (HFWs, electron‐scale) and low‐
frequency fast‐magnetosonic waves (LFWs, ion‐scale), and therefore further investigation is still needed to
clarify their coupling mechanism. Based on MMS satellite data, we present a promising coupling process
between HFWs and LFWs in the Earth's foreshock region. Observation results indicate that suprathermal
electrons are perpendicularly heated by the LFWs in the high‐magnetic‐field region via betatron acceleration.
These electrons could generate the HFWs through cyclotron resonance, which is confirmed by both
observations and theoretical calculations. Therefore, this event shows the energy transfer among LFWs,
suprathermal electrons, and HFWs, illustrating that the energy is directly transported from the ion scale to the
electron scale. Our finding provides a potential generation mechanism for HFWs, which may be highly
important for understanding the electron dynamics in the Earth's foreshock region.

1. Introduction
The solar‐planetary system is filled with a large number of collisionless plasmas, and a variety of physical be-
haviors occur across multiple scales (Nykyri et al., 2021; Parashar & Matthaeus, 2022; Tu & Marsch, 1995;
Verscharen et al., 2019). It spans more than eight orders of magnitude, from the microscopic scales characterized
by electron or ion gyro‐motions to the macroscopic scales comparable to those of planets (Nykyri et al., 2021;
Parashar & Matthaeus, 2022; Tu & Marsch, 1995; Verscharen et al., 2019). Cross‐scale energy transfer between
these scales is an intriguing and fundamental problem, but the process is poorly understood. Previous studies have
indicated that the turbulence cascade model is the most accepted model for cross‐scale energy transfer in col-
lisionless plasmas (Alexakis, 2007; Parashar & Matthaeus, 2022; Tu & Marsch, 1995). This model describes the
energy transfer from large scales to small scales until it is ultimately dissipated as heat at the molecular scale.

In addition, recent observations have proved that wave‐particle interactions play a significant role not only in
particle acceleration, precipitation, etc. (Tsurutani et al., 2013; Gao et al., 2023; Kasahara et al., 2018; Kitamura
et al., 2018; S. Liu et al., 2015; Ni et al., 2008; Thorne et al., 2010, 2013; Xiao et al., 2009, 2010, 2014; Yuan
et al., 2012, 2018), but also in cross‐scale energy transfer (Asamura et al., 2021; Z. Liu et al., 2022). Z. Liu
et al. (2022) reported that hot ions heated by ultralow‐frequency waves transfer energy to electromagnetic ion
cyclotron (EMIC) waves and finally dissipate at ion‐gyration scales via EMIC‐wave induced ion energization.
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Asamura et al. (2021) presented an energy transfer process from magnetosonic waves to low‐energy protons,
during which the transferred energies are further converted to excite EMICwaves. These studies reveal the energy
transfer between large scales (e.g., fluid scale) and small scales (e.g., ion‐gyration scales) via wave‐particle in-
teractions (Asamura et al., 2021; Z. Liu et al., 2022); moreover, the possible coupling process between electron‐
gyration and ion‐gyration scales has also been investigated.

Low‐frequency fast‐magnetosonic waves (LFWs) usually have a wavelength larger than 1,000 km, comparable
with the ion gyro‐radii in the Earth's foreshock region (Hobrara et al., 2007; Wang et al., 2021). These waves are
an important part of the macroscopic structure upstream of the bow shock and have been widely investigated over
the last several decades (Gary et al., 1984; Hobrara et al., 2007; Lu et al., 2024; Tsurutani et al., 1983, 2001; Wang
et al., 2020). They are right‐hand polarized and typically have the frequencies less than ∼few Hertz, below the
lower hybrid resonance frequency (Hobrara et al., 2007; Tsurutani et al., 1983, 2001; Wang et al., 2021). Previous
studies have suggested that the generation of LFWs is related to resonant interactions (Gary et al., 1984; Hellinger
et al., 2007; Hull et al., 2020; Lu et al., 2024) or nonresonant interactions (Gary et al., 1984; H. Li et al., 2013;
Wang et al., 2020, 2021). Moreover, high‐frequency whistler mode waves (HFWs, electron‐gyration scales), in
the frequency range from ∼0.1 fce to 0.8 fce, have also been detected in the Earth's foreshock region (Artemyev
et al., 2022; Bai et al., 2024; Oka et al., 2017; Wang et al., 2020; Yao et al., 2021). Wang et al. (2020) reported the
simultaneous observation of HFWs and LFWs, and they speculated that the LFWs may heat electrons and further
generate the HFWs, but no direct evidence was provided. Yao et al. (2021) analyzed an observation event in
which LFWs could trap electrons in the low‐magnetic‐field region due to the magnetic mirror force, and those
trapped electrons generate HFWs in this region. Bai et al. (2024) reported the observation of HFWs within short
large‐amplitude magnetic structures (SLAMs) which may evolve from LFWs. These HFWs can be generated by
anisotropic electrons that may form during the evolution of SLAMs. Previous studies provided a limited and
incomplete picture of the coupling process between HFWs and LFWs (Bai et al., 2024; Wang et al., 2020; Yao
et al., 2021), and thus further investigation is still needed to understand the cross‐scale energy transfer.

In this study, we present an important coupling process between HFWs and LFWs in the Earth's foreshock region:
suprathermal electrons are perpendicularly heated by the LFWs in the high‐magnetic‐field region via betatron
acceleration, and these electrons could provide free energy to generate the HFWs. As a result, the energy is
directly transported from the LFWs (ion‐gyration scales) to the HFWs (electron‐gyration scales). The observa-
tions presented here indicate that wave‐particle interaction is a potential mechanism for cross‐scale energy
transfer in collisionless plasmas.

2. Data Sources
The Magnetospheric Multiscale (MMS) mission consists of four identical spacecrafts, and each spacecraft carries
a number of plasma and field instruments to measure particle distributions and electromagnetic fields (Burch
et al., 2016). In this study, the onboard Fluxgate Magnetometer (FGM, Russell et al., 2016) provides the magnetic
field in survey mode (8 or 16 samples/s). The electromagnetic waveform data in burst mode (8,192 samples/s) are
measured by the Search Coil Magnetometer (SCM, Le Contel et al., 2016), Axial Double‐Probes (ADP, Ergun
et al., 2016), and Spin‐plane Double‐Probes (SDP, Lindqvist et al., 2016). The Fast Plasma Instrument (FPI,
Pollock et al., 2016) provides the abundant plasma measurements, including density, velocity, energy spectrum,
and pitch angle distribution.

3. Observation Results
On 25 November 2017, all four MMS spacecrafts crossed the Earth's bow shock at ∼23:40 UT from the
downstream side (magnetosheath) to the upstream side (solar wind). The spacecraft location during the shock
crossing was [12.8, 5.77, 2.38] RE in the geocentric solar ecliptic (GSE) coordinate system. Figure 1 presents the
low‐frequency waves and an overview of the shock crossing measured by the MMS‐1. The wave frequencies are
approximately 0.2 Hz in the spacecraft rest frame according to the wavelet transform analysis (as shown in

Figure 1a). Figure 1b shows that the wave magnetic field B→w in the frequency range of 0.1–1.0 Hz displays as a
series of wave packets, and its magnitude reaches a maximum value close to ∼5 nT. The background magnetic

field B→0 (<0.05 Hz) shown in Figure 1c is used to define the field‐aligned coordinate. These waves are observed
in the solar wind upstream of the bow shock (as shown in Figures 1d–1i). From the downstream to the upstream,
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Figure 1. Overview of a shock crossing byMMS‐1 on 25 November 2017. (a) Wavelet spectrum based on the magnetic field data measured by FGM, (b) magnetic fields
of the low‐frequency waves (B→w) filtered at 0.1–1.0 Hz, and (c) background magnetic field B

→
0 (<0.05 Hz) at 00:22‐00:32 UT; background conditions during the time

interval between 11 and 25/23:00 UT and 11–26/01:00 UT, including (d) magnetic field B→, (e) electron and ion densities, (f) ion velocity V→i, (g) ion energy flux, (h) pitch
angle distribution of <30 keV ions, and (i) electron energy flux.
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the magnitude of the magnetic field decreases from ∼10 to ∼2 nT (Figure 1d), the plasma density decreases from
∼60 to ∼10 cm− 3 (Figure 1e), and the bulk velocity of solar wind increases from ∼120 km/s to ∼300 km/s
(Figure 1f). Using the mixed mode coplanarity method (Schwartz, 1998), the shock‐normal vector n→ is estimated
as [0.919, − 0.142, − 0.367] in GSE, and the shock angle θBn is ∼57°. The ion and electron energy fluxes shown in
Figures 1g and 1i also indicate that the shock crossing from the magnetosheath (downstream) to the solar wind
(upstream). Figure 1h shows the pitch angle distribution of ions with energies less than 30 keV. A reflected ion
component (with a pitch angle larger than 100°) can be clearly observed in the solar wind. Therefore, these low‐
frequency waves are observed in the foreshock region.

To identify the low‐frequency wave, we perform further analyses for the magnetic fields during 00:22–00:32 UT,
and Figure 2 shows the results for the interval 00:24–00:25 UT (other intervals have similar results). Figures 2a

and 2b show the wave magnetic fields B→w and electric fields E
→

w in field‐aligned coordinates. Then the Poynting

vector can be calculated using the formula S
→
= (E

→
w × B→w)/μ0. As shown in Figure 2c, the ratio S∥/|S| is

positive, indicating that these waves propagate along the background magnetic field B→0. Moreover, the minimum
variance analysis (MVA, Sonnerup & Cahill, 1967) is applied. The B2–B1 hodogram in Figure 2d shows the
circular polarization of these waves. Here the direction of the background magnetic field points out of the plane;
therefore, these waves are right‐hand polarized in the spacecraft rest frame. The B1–B3 hodogram in Figure 2e
shows that these waves are planar. The MVA result shows that the minimum variance direction is [− 0.943, 0.216,
− 0.253], which is close to the result (303[− 0.945, 0.288, 0.154] km/s) based on multi‐satellite timing method
(Horbury et al., 2002), and then we can obtain that the wave normal angle is ∼20°, which is the angle between the

wave phase velocity (i.e., wavevector k
→

LFW) and background magnetic field B
→
0. Figures 2f–2i show the cor-

relation coefficients between the perpendicular magnetic fields Bw,⊥ and velocities v⊥. The correlation coefficient
between Bw,⊥1/Bt and Vi,⊥1/VA is defined asCC1Bw⊥,Vi⊥ which is equal to − 0.40 (Figure 2f). Figures 2g–2i show that

the values of CC2Bw⊥,Vi⊥ , CC
1
Bw⊥,Ve⊥ , and CC

2
Bw⊥,Ve⊥ are − 0.29, − 0.71, and − 0.64, respectively. Based on these

features, including propagation direction (S∥/|S| > 0), phase relation between wave magnetic fields and plasma

Figure 2. The properties of the low‐frequency wave. (a) Wave magnetic fields B→w , (b) wave electric fields E
→

w, and (c) the ratio S∥/|S|, where |S| is the Poynting flux
intensity and S∥ is its parallel component along B

→
0; the hodograms for (d) B2–B1 and (e) B1–B3, and (f, g) the perpendicular wave magnetic fields (Bw,⊥1/Bt, Bw,⊥2/Bt)

and ion velocities (Vi,⊥1/VA, Vi,⊥2/VA) filtered at 0.1–1.0 Hz. (h, i) The format is the same as (f, g), but for electron velocities (Ve,⊥1/VA, Ve,⊥2/VA). In panels (d) and (e), B1,
B2, and B3 are the magnetic field components in the minimum variance coordinates (B1 is the component along the maximum variance direction, B2 is the component
along the intermediate direction, and B3 is the component along the minimum variance direction), and red triangles represent the initial point.
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velocities (CCBw⊥,V⊥
< 0), and polarization (right‐hand), we can determine that the low‐frequency wave is fast‐

magnetosonic wave (LFW, the detailed identification method can be found in Zhao et al., 2020).

Due to the compression of the LFWs, suprathermal electrons (∼10–100s eV) are adiabatically heated in the
perpendicular direction. Figures 3a and 3b show the magnetic intensity and two perpendicular components (in
field‐aligned coordinates). The amplitude of the LFWs reaches a maximum value close to 4 nT, which is com-
parable to the background magnetic field (∼2 nT), or even larger. Figure 3c shows that the electron energy flux of
tens of eV has a larger value (dark red) in the high‐magnetic‐field region. Then we investigate the electron pitch
angle distributions in the energy ranges of 10–30 eV, 30–100 eV, 0.1–0.3 keV and 0.3–1.0 keV (Figures 3d–3g).
These electron energy fluxes tend to have larger values in the perpendicular direction, especially in the high‐
magnetic‐field regions. The observational characteristic indicates that these electrons have a larger anisotropy
in the high‐magnetic field regions.

Figure 3. (a) Total magnetic field intensity Bt, (b) perpendicular wave magnetic fields (Bw,⊥1,Bw,⊥2), (c) electron energy flux, and (d–g) electron pitch angle distributions
in the energy ranges of 10–30 eV, 30–100 eV, 0.1–0.3 keV and 0.3–1.0 keV. In panel (d), white line represents the profile of magnetic intensity.
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As shown in Figure 4, high‐frequency whistler mode waves (HFWs) are simultaneously observed with these
thermalized electrons. Figures 4a–4d shows the spectra of the HFWs. These waves are in the frequency range of
∼0.1–0.5 fce (∼10–80 Hz), and typically observed in the high‐magnetic‐field region (Figures 4a and 4b). Figure 4c

shows the information of wave normal angle θ, less than 30°. This is the angle between the wavevector k
→

HFW and

magnetic field B→, where B→ is the magnetic field shown in Figure 1d, including the background magnetic fields

B→0 and LFW's magnetic fields B
→

w. Based on the wave electric field and magnetic field data, the propagation

Figure 4. The properties of high‐frequency whistler mode waves. (a) Wave magnetic field spectrum, (b) wave electric field spectrum, (c) wave normal angle, (d) the ratio
Sz/S, where S is the Poynting flux intensity and Sz is its parallel component along B→, (e) total magnetic field intensity Bt (black) and electron number density Ne (blue),
(f) minimum cyclotron resonance energy of electrons interacting with waves with normalized frequencies of 0.12, 0.16 and 0.20 fce through the first‐order cyclotron
resonance, and (g) the ratio of resonant electrons to total electrons R(VR) and (h) electron anisotropy A(VR) for wave frequencies of 0.12, 0.16 and 0.20 fce. The three lines in
panels a–d represent 0.1, 0.5, and 1.0 fce, respectively.
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direction is presented in Figure 4d. There are two distinct bands: one propagates along B→ at higher frequencies
(∼0.35 fce), and the other has opposite propagation directions but lower frequencies (∼0.15 fce). Two bands have
small wave normal angles, less than 30° (Figure 4c). Here, the bidirectional propagation feature suggests that
these waves are observed in the source region, and the small wave normal angles also conform to this conjecture.

In this event, these HFWs are modulated and typically observed in the high‐magnetic‐field region, which seems to
be highly related to the thermalized electrons shown in Figure 3. Figure 4e shows that the variation in the electron
density is in phase with the total magnetic field intensity Bt. Assuming that these waves are parallel propagating,
the minimum cyclotron resonance energies for three normalized frequencies (0.12, 0.16, and 0.20 fce) can be
determined. The resonance energies are in phase with the total magnetic field intensity Bt. Generally, low
magnetic field reduces the cyclotron resonance energy, which leads to more resonant electrons in the low‐
magnetic‐field region. In that frame, whistler mode waves tend to be excited in the low‐magnetic‐field region
(e.g., magnetic equator and minimum B pockets). However, as shown in Figure 4, these HFWs are observed in the
high‐magnetic‐field regions, opposite to the general frame. To investigate the generation of these HFWs, we
perform linear theoretical analysis using the method in W. Li et al. (2011). The linear growth rates of parallel‐
propagating whistler mode waves can be calculated by the following formula,

γ = π
⃒
⃒Ωce

⃒
⃒ · R(VR) · [A(VR) −

1
|Ωce|/ω − 1

], (1)

where Ωce is the electron cyclotron angular frequency, ω is the wave angular frequency, and VR is the parallel
velocity of electrons satisfying the first‐order cyclotron resonance condition. A(VR) is the electron anisotropy for a
fixed resonance velocity, and R(VR) roughly represents the ratio of resonant electrons to total electrons. Since R
(VR) is always positive, the linear growth rate γ is positive when A(VR)> 1

|Ωce|/ω− 1
. Therefore, whether a whistler

mode is unstable depends only on A(VR), while the rate of growth or damping depends on both A(VR) and R(VR).
Based on the electron pitch angle distributions measured by FPI instrument, the values of R(VR) and A(VR) are
presented in Figures 4g and 4h, respectively. The amplitude of the HFWs is strongly inversely correlated with R
(VR) but is correlated with A(VR). As a result, the electron anisotropy A(VR), modulated by the LFWs, is the key
parameter controlling the generation of these HFWs.

Figures 5a and 5b show the wave magnetic power and the power‐weighted average of Sz/S as a function of the
normalized frequency f/fce during the interval 00:24:24–00:24:25 UT. There are two distinct bands: one band

propagates along B→ with the frequency ranging from ∼0.33 fce to 0.45 fce (marked by red shading); the other
propagates in the opposite direction with the frequency ranging from∼0.08 fce to 0.2 fce (marked by blue shading).
To further verify that the thermalized electrons are responsible for the excitation of HFWs, we calculate the
dispersion relation and the linear growth rate using the BO dispersion solver (Xie, 2019). Figure 5c shows the
simultaneously measured electron phase space density (in the plasma rest frame) as a function of pitch angle and
energy. The observation data is marked by symbols. The electron distribution is obtained by averaging the FPI
measurements at 00:24:24–00:24:25 UT. The measured electron distribution shown in Figure 5c is fitted by the
sum of drift bi‐Maxwellian components as f = ∑ifi, i = 1–5,

fi = ni
̅̅̅̅̅̅̅̅̅̅̅m
2πT∥i

√ m
2πT⊥i

exp[−
m(v∥ − vb)2

2T∥i
−
mv2⊥
2T⊥i

], (2)

where v∥ and v⊥ are the parallel and perpendicular velocities. T∥i and T⊥i are the parallel and perpendicular
temperatures of the component i, and vb is its bulk velocity. The number density of each component is represented
by ni. The fitting curves are marked by dotted or solid lines in Figure 5c, and all the fitting parameters are
presented in Table 1.

Based on the fitting parameters, we calculate the dispersion relations and linear growth rates shown in Figure 5d,
where the red lines represent the calculated waves with parallel propagation direction and the blue lines represent

the waves with anti‐parallel propagation direction (respect to B→). The parallel waves have a peak linear growth
rate of ∼0.0007 Ωce at the frequency about 0.226 fce, and the anti‐parallel waves have a peak value of ∼0.015 Ωce
at the frequency about 0.217 fce. As a result, theoretical analysis indicates that the anti‐parallel waves should have
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larger amplitudes, which is in good consistent with the observation results shown in Figures 5a and 5b. This event
was observed in the solar wind (the bulk velocity is 297.5[− 0.995, 0.082, 0.059] km/s in GSE); thus, the Doppler

effect caused by the bulk flow needs to be considered. The magnetic field B→ is approximately [− 0.297, 0.868,
0.398] in GSE, and the revised frequencies are estimated to be ∼0.187 fce (anti‐parallel) and ∼0.256 fce (parallel).
Therefore, the instability analysis results indicate that there are two sets of waves propagating in opposite di-
rections, which agree well with the observed wave features. In conclusion, these thermalized electrons heated by
compressional LFWs can provide free energy for the generation of HFWs.

4. Summary and Discussion
In summary, the observation results reported in this study reveal the energy
transfer from LFWs (ion‐gyration scales) to HFWs (electron‐gyration scales).
Due to the magnetic compression of the LFWs, suprathermal electrons (∼10–
100s eV) are adiabatically heated in the perpendicular direction, which leads
to the large anisotropy in the high‐magnetic‐field region. Then the HFWs
(0.1–0.5 fce) excited by the anisotropic electrons are simultaneously observed,
which is confirmed by the observation and linear instability analysis.
Therefore, this study shows the energy transfer among LFWs, suprathermal
electrons, and HFWs, illustrating that energy is directly transported from ion‐

Figure 5. (a) Time integrated power spectral densities of wave magnetic fields Bsw, and (b) power‐weighted average of Sz/S
as a function of normalized frequency f/fce for the interval 00:24:24–00:24:25 UT; (c) electron phase space densities and their
fitted curves as a function of pitch angle and energy, and (d) the dispersion relation and linear growth rate calculated by the
BOmodel, where the red lines represent the calculated waves with parallel propagation direction and the blue lines represent
the waves with anti‐parallel propagation direction (respect to B→). In panel (c), observational measurements are represented
by symbols, and the fitting curves are represented by lines.

Table 1
The Fitting Parameters for the Electron Distribution in Figure 5c

B = 5.54 nT ni (cm
− 3) T∥(eV) T⊥(eV) vb /c

#1 7.515 8 11 0

#2 0.5 24 40 0

#3 0.1 70 92 0

#4 0.13 30 30 − 0.00884

#5 0.005 90 90 − 0.01977
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gyration scales to electron‐gyration scales. Our study provides important evidence that wave‐particle interactions
are a potential mechanism for cross‐scale energy transfer in collisionless plasmas.

Simulation and observation studies have suggested that the generation of LFWs is related to resonant interactions
(Hellinger et al., 2007; Hull et al., 2020; Lu et al., 2024) or nonresonant interactions (H. Li et al., 2013; Wang
et al., 2020). In our event, the obtained wave frequency f is ∼0.2 Hz, the wave phase velocity vph is ∼300 km/s
(mainly in the anti‐sunward direction, –x̂ in GSE), and the wave normal angle is ∼20°. The corresponding
wavelength λ (equal to |vph|/f ) is ∼1,500 km (comparable with the ion gyro‐radii: ∼797 and 1,128 km for 0.5 and
1.0 keV protons with pitch angle equal to 30°), and thus the wavenumber is∼0.004189/km. Based on the resonant

condition (ω − k
→

LFW · v→res = nωci,n = ±1), the resulting resonance velocity v→res is − 270 x̂ km/s with n= 1 and
− 369 x̂ km/s with n= − 1, which is far from the beam component (vbeam,x=∼300 km/s). Therefore, the conditions
are consistent with those of the nonresonant mode, which is similar to the case in Wang et al. (2020).

The electron distributions shown in Figure 3 present two important features: (a) the enhancement of electron
fluxes (from ∼10 to ∼300 eV) is consistent with the peak of magnetic field intensity; (b) the electron flux has
larger values in the perpendicular direction (around 90° pitch angle), especially in the high‐magnetic‐field
region, suggesting the larger anisotropy here. Both features show that these electrons should be heated in
the perpendicular direction due to the compression of the low‐frequency waves (via betatron acceleration),
which is quite different from that in Yao et al. (2021). Yao et al. reported that electrons can be trapped in the
low‐magnetic‐field region (magnetic trough) due to the magnetic mirror force, where the electron fluxes
usually peak in the low‐magnetic‐field region. As a result, our study proposes one different electron‐
modulating process by LFWs, which is important for the generation of HFWs in the Earth's foreshock re-
gion. Moreover, recent study reported the observation of HFWs in SLAMs that may evolve from LFWs (Bai
et al., 2024), while our study provides the evidence that HFWs can be generated before the nonlinear
evolution of the LFWs.

High‐frequency whistler mode waves (∼fce) are believed to play a significant role in the electron dynamics of
Earth's radiation belts (Gao et al., 2023; Kasahara et al., 2018; S. Liu et al., 2015; Ni et al., 2008; Thorne
et al., 2010, 2013; Tsurutani et al., 2013; Xiao et al., 2009, 2010, 2014), but their role in the Earth's foreshock
remains controversial. Recent studies have suggested that intense HFWs can cause not only electron pitch angle
scattering but also electron phase trapping in the foreshock region. Oka et al. (2017) presented evidence that
HFWs can efficiently scatter 0.5–2 keV electrons by cyclotron resonance. Artemyev et al. (2022) quantified the
nonlinear phase trapping of electrons (∼100 eV) by coherent HFWs, and these electrons are accelerated up to
several hundreds of eV. In this study, we show that suprathermal electrons are adiabatically heated in the
perpendicular direction by LFWs, and then provide free energy to excite HFWs by cyclotron resonance. Our
finding may provide a general picture of the generation of HFWs, which should be highly important for un-
derstanding the electron dynamics in the Earth's foreshock region.

Data Availability Statement
The MMS data used in this study are available from the website https://spdf.gsfc.nasa.gov/pub/data/mms/. The
MMS data analysis is carried out using the publicly available Space Physics Environment Data Analysis System
(SPEDAS, http://spedas.org).
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