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Abstract

The whistler-mode wave extending from the fast-magnetosonic wave branch is a fundamental perturbation of
electromagnetic fields and plasmas in various environments including planetary space, laboratory, and
astrophysics. The origin and evolution of the waves is a long-standing question due to the limited instrumental
capability in resolving highly variable plasma and electromagnetic fields. Here, we analyze observational data with
a high time resolution from the Magnetospheric Multiscale spacecraft in front of the terrestrial bow shock (e.g.,
foreshock). We develop a novel approach to extract the three-dimensional fluctuating electron velocity
distributions (8f.(V)) from their background (f.o(V)), and have successfully captured the coherent resonance
between fluctuating electrons (§f,(V)) and wavelike electromagnetic fields (6B, dE) at an unprecedentedly high
frequency (>1 Hz) for investigating wave—particle interactions. We provide that the unstable whistler wave grows
rapidly over a timescale that is much shorter than the proton gyro-period. Regarding the energy origin for the
waves, we find the ion distributions consisting of the solar wind ion flows and the ion beams reflected from the
shock play crucial roles in providing the free energy and determining the eigenmode disturbances of fields and
electrons. The quantification of wave growth rate and the characterization of wave—particle interactions for the
instability driver can significantly advance the understandings of wave evolution and energy conversion between
multisource multispecies particles and wave electromagnetic fields.
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1. Introduction

The emission, propagation, and dissipation of plasma waves are
fundamental processes in planetary space, interplanetary space,
and beyond (Bruno & Carbone 2013; Le et al. 2013; Burch et al.
2016; Howes 2017; Narita 2018; Verscharen et al. 2019; Shan
et al. 2020; Zong et al. 2020), and are ranked as one of the key
objectives by various space exploration programs (Burch et al.
2016; Fox et al. 2016). The growth and dissipation of wavelike
turbulence is a key consequence of energy conversion between
fields and particles, which have been a research focus of the space
physics community for decades (Gary 1993). The growth of
waves could lead to the formation of shocklet or shock structures
(Tsurutani et al. 1989). In previous literature, the instability for
plasma waves is estimated by calculating the growth rate
according to linear plasma theory with a predefined background
plasma state and magnetic field as the observational input (Bale
et al. 2009; Zhao et al. 2019). A direct examination of wave
growth rate from spacecraft observations is crucial to validate the
theoretical studies. The key barrier to obtain direct observational
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evidence of wave growth is the limited resolving capability of
space instruments, which have a breakthrough due to the
successful launch of the Magnetospheric Multiscale (MMS)
mission. MMS provides state-of-the-art high-quality measure-
ments of electromagnetic fields and of the particle species by the
FIELDS (Torbert et al. 2016) and Fast Plasma Investigation
(Pollock et al. 2016) instruments, respectively.

The endeavors dedicated to diagnosing field—particle interac-
tions have been recently arousing wide attention and significant
concerns. Landau damping of kinetic Alfvén waves is highlighted
by the observed correlation between the electron velocity
distribution function and the parallel electric field (Gershman
et al. 2017; Chen et al. 2019). Phase relations between wave fields
and ion differential energy flux were observed, and the energy is
suggested to transfer from ions to ion cyclotron waves (Kitamura
et al. 2018). The spectra of the turbulence dissipation rate were
provided for ion cyclotron waves and kinetic Alfvén waves in
magnetosheath turbulence (He et al. 2020). However, these recent
investigations are limited to low frequencies, and have never
exceeded the ion gyro-frequency. The growth of whistler waves
occurs at higher frequencies, which are ubiquitous and crucial for
understanding high-frequency kinetic physics in multiple plasma
environments (Wilson et al. 2013; Stansby et al. 2016). For
whistler waves, the correlated change of the electron velocity
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Figure 1. The MMS spacecraft outside Earth’s bow shock observe an event of large-amplitude whistler waves. (a) Sketch of particles and waves measured by MMS in
front of the bow shock. The elements displayed in order outward from the Earth at the center are the magnetic lines of the geo-magnetosphere (color coded with
magnetic field strength), the bow shock (semitransparent purple surface), the four MMS satellites, and whistler waves (yellow curves). (b) Ion energy spectrum in a
prolonged interval involving the outbound and inbound bow shock crossings. (c) Magnetic field components in the same prolonged interval. (d) Ion energy spectrum
in a shorter subinterval but still including the event marked by the shaded area. (¢) Magnetic field components in the same subinterval. (f) Electron energy spectrum in
the same subinterval. (g) Electron temperatures (T, T | , and dimensional averaged T.) in the same subinterval. (h) Oscillations of the magnetic field (6B) during the
wave event. (i) Correlated oscillations of the electron fluid velocity (6V.) during the wave event. (j) Weak oscillations of the ion fluid velocity (6V;) during the wave
event. (k) Oscillations of the electric field in the ion mean bulk flow frame (6E’) during the wave event. (1) Oscillations of the current density (&J) during the wave

event.

distribution associated with the fluctuating wave electromagnetic
fields has not been observed before, which is the primary goal of
this work differing from previous studies. We target the foreshock
region to investigate the growing process of whistler waves, since
the plasma number density is sufficiently high for a detection at
the timescale of electron gyro-motion and the magnetic field is
weak enough for the gyro-motion to be captured by the detector
recording. As a result, we reveal the comprehensive process of the
field—particle interaction at a high measurement cadence,
manifesting the ongoing rapid growth of whistler waves, which
finally evolve to large amplitudes and contribute to shocklet
formation. The field—particle coupling for whistler waves of this
work is a crucial constituent of the collisionless shock physics,
especially for the energy deposit and conversion of a supercritical
shock.

2. Observational Analysis

2.1. Observation of Whistler Waves as Precursor Signal in
Foreshock

MMS traveled in the upstream region of the terrestrial bow
shock at 08:31 UT on 2015 October 25 (Figure 1(a)).
Supercritical shocks like the Earth’s bow shock are typical in
the heliosphere when the supersonic solar wind is hindered by a
planetary magnetosphere, forming foreshocks in their upstream

regions (Eastwood et al. 2005; Turner et al. 2020). Burst-mode
measurements of the fields and particles with high quality and
high cadence provide an opportunity to reveal the process of
field—particle interactions. In Figure 1, we show the wave
signatures of different measurement variables. In Figures 1(b)
and (c), we display, for a prolonged time interval, the ion energy
spectrum and the magnetic field vectors. The interval is
sufficiently long to involve both the outbound and inbound
crossings of the bow shock. To see the details of the wave event
under study, we illustrate a shortened time interval of the ion
energy spectrum, magnetic field vectors, electron energy
spectrum, and electron temperatures in Figures 1(d)—(g). We
note that the wave activity is adjacent to a magnetic pulse
structure likely to be a shocklet/short large-amplitude magnetic
structure (SLAMS; see Figures 1(d) and (e)), which is a typical
structure in the foreshock and believed to nonlinearly evolve
from the foreshock ultra-low-frequency (ULF) waves (Hada
et al. 1987; Tsubouchi & Lembege 2004). The nature of most
ULF waves could be either Alfvénic for the nearly imcompres-
sible cases or associated with oblique magnetosonic-whistler
waves for the magnetic compressible cases (Wilson 2016).

The magnetic field vectors oscillate in phase with the
electron bulk velocities (Figures 1(h) and (i)), and both of them
rotate quasi-circularly in the L-M plane in LMN coordinates
(Figure 2). The LMN coordinate system is obtained by
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Figure 2. Magnetic field and electron fluid velocity disturbances show right-handed polarization, which is typical for whistler waves. (a)—(b) Hodograms of the
fluctuating magnetic field vectors (6B) and the electron fluid velocity vectors (6V.) in LMN coordinates as transformed from Geocentric Solar Ecliptic (GSE)
coordinates through MVA. (c) Arrangement of fluctuating magnetic field vector (6B) in chronological order.

applying the minimum variance analysis (MVA) technique to
the magnetic field vector sequences, and applied as a
coordinate transformation to the electron bulk velocity vectors.
On the contrary, the ions’ bulk velocity exhibits a much weaker
oscillation leaving the current density oscillation mainly
contributed by electrons’ bulk velocity (Figure 1(j)). The
electric field vectors also experience quasiperiodic oscillations
(Figure 1(k)). Note that, we use —V,, x B to approximate the E,
component since the quality of E, as measured by the axial
double probe instrument is not as good as E, and E, measured
by the spin-plane double probe instrument. This approximation
would somewhat underestimate the growth rate but does not
affect the conclusion.

The fluctuating electric field is an indispensable building block
in the resonance between waves and particles. The fluctuating
electric field resonates with the disturbed electron phase space
density so that the first-order moment integral of the electron
phase space density and its corresponding current (Figure 1(1))
revolve around the background magnetic field. The spatial
gradient of the associated wave current along the wavevector
direction leads to the appearance and growth of the fluctuating
magnetic field. The fluctuating magnetic field changes with time,
and occurs self-consistently with the evolution of the fluctuating
electric field through Faraday’s law.

We find the wave propagation in the solar-wind flow
frame to be in the upwind/sunward direction, based on both
the multispacecraft timing method (Paschmann & Daly
1998) and the singular-value decomposition (SVD) method

(Santolik et al. 2003). According to the analysis based on the
electromagnetic SVD method (Santolik et al. 2003), the wave
propagation angle is estimated to be about 120°, the frequency
in the plasma reference frame is about 17 Hz, and the the
frequency in the spacecraft frame is about 2.5 Hz, which is
lower due to the upstream propagation of waves against the
flow. Therefore, we identify that the wave activity is associated
with quasi-parallel right-hand polarized whistler waves, which
changes to a left-hand polarization in the spacecraft frame due to
the Doppler-shift effect. The waves’ relative amplitude is large
(6B|/By > 1), indicating a nonlinear state. Quasi-parallel
propagating whistler waves with constant magnitudes of the
transverse bulk velocity and magnetic field fluctuations are
solutions of the full nonlinear multifluid equations for all wave
amplitudes (Marsch & Verscharen 2011). Therefore, we can use
the theoretical prediction from the linear plasma wave theory to
investigate the essential physics behind our observations.

2.2. Observation of Field—Particle Correlation for the Whistler
Waves

In the Earth-centered reference frame, the observed ion
velocity distribution function (f;) consists of two distinct
populations: an earthward core population of solar-wind ions
and an antiearthward beam population of ions reflected from
the bow shock (Figures 3(al) and (a2)). In this case, the core
part of the reflected protons travels upstream in the spacecraft
reference frame at a speed below the solar-wind speed.
As a basic phenomenon, the relative drift speed between the
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Figure 3. Ion—ion drift velocity distribution as the source of free energy to excite whistler waves. Clear correlations between the electromagnetic wave field and the
electron velocity distributions show the field—particle interactions that drive the growth of whistler waves. (al)—(a2) Ion velocity distribution in the GSE coordinates
characterized by a pattern of “core-beam-drift”: the dark purple surfaces on the right and left sides of the origin show the solar-wind ions as the core population and
the shock-reflected ions as the beam population. The global mean magnetic field vector (B,) and the local magnetic field vectors (By + 6B) (disturbed by the wave
fluctuations) are denoted by the thick and thin yellow sticks, respectively. (b1)—(b8) Disturbed electron velocity distributions in the LMN coordinates, with the red and
blue isosurfaces representing the levels of positive and negative df. (&, = 102 ecm~® s%), respectively. Rotate in phase with the wave electromagnetic field vectors
(6B by the yellow stick, E” by the green stick) at subsecond periods. (c1)—(c2) We find a correlation between the azimuthal-angle distribution of electron phase space
densities (colored background) and the azimuthal angles of the wave electric field vectors (white crosses). The animation proceeds through 10 rotations, corresponding
to the time interval from 08:31:53.01 to 08:31:56.97.

(An animation of this figure is available.)
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solar-wind protons and the reflected beam becomes smaller
when the sampling location moves deeper into the foreshock
region approaching the bow shock (e.g., von Alfthan et al.
2014). The whistler wave’s fluctuating magnetic field vectors
are also illustrated in velocity space, gyrating like the ridges of
an umbra around the ion core population. The non-Maxwellian
ions are likely to drive plasma instabilities and excite waves.
However, before this work, it still remains a long-lasting
challenge to capture the growing process of wave activity since
the essential field—particle interaction responsible for the
energy transfer has yet to be revealed. What would happen to
electrons for coupling under the condition of non-Maxwel-
lian ions?

The oscillation of the disturbed electron velocity distribution
function (df;) as a perturbation related to the eigenmode reflects
the key role of particles in the process of field—particle
interactions. In line with the definition of the disturbed velocity
distribution function adopted in linear Vlasov theory for plasma
waves, we subtract the background velocity distribution
function (VDF) as averaged over the wave period (f. ) from
the real-time measured VDF (f,) to get the disturbed VDF
(¢fe =fe — fe.0)- We find that positive (red) and negative (blue)
Of, are located almost opposite to one another and gyrate in
velocity space with the same period as that of the fluctuating
electromagnetic fields (6E’ (green), 6B (yellow); Figures 3(b1)—
(b8) and the associated online animation). Moreover, the
electric field vector always points toward positive §f, during the
entire wave period, showing that the energy is transferred from
the particles to the fields rather than the inverse. The good
phase correlation between the 6E’’s azimuthal angle (¢ (6E"))
and the enhanced f.’s azimuthal angle (¢ (enhanced — f)) is
also illustrated in Figures 3(cl) and (c2).

3. Theoretical Interpretation
3.1. From Field—Particle Correlation to Wave Growth

The Vlasov equation, which involves the background and
disturbed velocity distributions as well as the disturbed
electromagnetic fields, can be expressed as

Q(ﬁ) 1) + LGE + vV x 6B)
ot m
Wy + )+ V- V() + ) =0, €Y)

where fy, ¢f, 6E, and 6B are the background velocity
distribution, the wave-disturbed velocity distribution, and the
wave electric and magnetic fields, respectively. The electric
field part in the Lorentz force is responsible for the energy
transfer between fields and particles, while the magnetic field
part contributes to the energy transfer of the particles
themselves between the parallel and perpendicular directions.
Therefore, the term OFE - Vdf is crucial for investigating the
time-integrated effect of energy transfer between fields and
particles. This term relates directly to the rate of change of the
field energy and particles kinetic energy:

_ro 2
) fat(fo+6f)v dv

o (o
ot\ 2p

N _2%% [ GBSV, + 6B &V, + 6E8V.,)dV. (2)
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Therefore, for % < 0, like in the case of electrons, if

((6E - V)éf (V)) > 0, which means that the sense of correla-
tion between §f and OFE is the same as the sense of correlation
between 6V and df, then magnetic field energy increases with

time (§(<%>) > 0).

3.2. Formula to Measure Growth Rate Spectrum

Following the formula provided by He et al. (2019), the
spectrum of energy conversion rate as a function of frequency
reads as

aE = %(57 CSET 4 8TF - 6B, (3)

where J, J *, E , and E * represent the spectral coefficients and
corresponding conjugate counterparts of 6J and OE, respec-
tively. Dividing ;g by the wave electromagnetic field energy
density spectra, we obtain the following growth/damping rate
spectrum,

11 (5] - 6E* + 6T - 6E)

V=T =~ “)
2 4|8B/2p0 + colSEP /2

The time—frequency spectrum of field—particle energy
transfer rate €;g(?, f) shows an evident strip near a frequency
of 2 Hz (Figures 4(a) and (c)). According to the relation &jg(t,
f) ~~6B* (He et al. 2019), we obtain the time-averaged growth
rate spectra (y(f), vi(f), and “Yyace(f)) as a function of
frequency, manifesting that v, (f) and 7yace(f) show a distinct
bump standing out from the background of the zero growth rate
spectrum (Figures 4(b) and (d)). Here, vyace(f) is the sum of
Y (f) and v, (f), representing the total energy conversion rate
in all three dimensions. We note that the first half of the time
interval has a larger growth rate and a larger amplitude than the
second half. Such a difference of wave activity between the
first and second halves is owed to the difference in ion velocity
distribution, which has a more pronounced ion—ion drift
distribution in the first half.

3.3. Full Set of Eigenmode Solutions Based on Plasma Wave
Theory

We inherit from previous works and develop a new code
package called “Plasma Kinetics Unified Eigenmode Solu-
tions” (PKUES) to calculate the eigenmode fluctuations
comprehensively under the observed plasma conditions. The
set of parameters for the plasma conditions are listed as
follows: ﬁ”c = 65, TLC/THC = 102, TLb/THb = 13, I’lb/l’lc =
0.5, Typ/Tje= 1.1, vg/c=—9.5x 107, wyc/c=2.0 x 1077,
Tye/Tc=0.7, T ¢/T).=1.1, where (. is the proton core
population’s parallel plasma beta value, T, ./T). is the proton
core population’s thermal anisotropy, T,/ is the proton
beam population’s thermal anisotropy, ny,/n, is the density ratio
of proton beam population to proton core population, Ty,/7c
is the parallel temperature ratio between proton beam
population and proton core population, v4/c is the core—beam
drift speed normalized to the light speed, w./c is the proton
core population’s parallel thermal speed as normalized to the
light speed, T./Tc is the parallel temperature ratio between
the electron and proton core population, and 7' ./Tj. is the
electrons’ thermal anisotropy. We set the drift velocity (vq) to
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Figure 4. Evidence for ongoing enhancements of wave activity encountered by MMS. (a) Spectrum of 6J - 6E’ in a time—period diagram. (b) Spectrum of gamma,
normalized growth rate, in the time—period diagram. (c) Frequency profiles of 8/ - E’ including the trace and the components in the parallel and perpendicular

directions. (d) Frequency profiles of gamma (normalized energy conversion rate).

be negative in the field-aligned coordinates because the
observed drift velocity of reflected protons is antiparallel to
the background magnetic field direction. Specifically, the x
component of the background magnetic field and the drift
velocity are negative and positive, respectively.

First, we use and modify the dispersion relation solver tool
“Plasma Dispersion Relation Kinetics” (PDRK; Xie &
Xiao 2016), which transforms the dispersion relation to a
standard matrix eigenvalue problem of an equivalent linear
system, to calculate all the possible solutions of eigenmodes at
one time. Our modifications/improvements of PDRK consist
of the following three steps: (1) We add the calculation of
magnetic helicity and magnetic compressibility to help with the
wave mode selection. (2) We distinguish different branches
with different colors when displaying the dispersion relations
of all wave modes. (3) We realize the function of interactive
operation in the part of wave mode selection to select the
solutions along the dispersion relation, avoiding manual input
of the wave model solution.

We then manually choose the most plausible wave mode out
of all eigenmode solutions according to the requirement that a
selection of critical criteria agree with the observations: type of
polarization (e.g., right-hand circular polarization), Doppler-
shifted wave frequency (i.e., wave frequency in the spacecraft
reference frame), transport ratio of fluctuation variables (e.g.,
large ratio of |0E|/|Va6B|), and sign of the growth rate (e.g.,
positive vy for the growth process). After determining the most
consistent eigenmode with our observations, we then calculate
the other fluctuation quantities, e.g., ion and electron fluctuat-
ing number densities and bulk velocity vectors, which are not
addressed in the PDRK package. Similar to the “New
Hampshire Dispersion Solver” (NHDS; Verscharen & Chandran
2018), we also calculate the disturbed ion and electron velocity
distributions according to Chapter 10 in the book by Stix
(1992). We incorporate the functions of both codes, PDRK and
NHDS, and develop a new code package called “Plasma
Kinetics Unified Eigenmode Solutions” (PKUES).
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Figure 5. Eigenmode instability driven by non-Maxwellian ion phase space density as predicted from linear theory of plasma kinetics. (a) Ion phase space density with
the integrated multiorder moments of the two populations. This theoretical result is similar to the results of our ion observations. (b) Electron phase space density. The
integrated multiorder moments are also similar to those of our observations. (c) Dispersion relation and (d) growth rate profile of right-hand polarized whistler waves
based on the given ion and electron background velocity distributions. (e)—(h) Time sequences of the disturbed magnetic field vectors, electron bulk velocity vectors,

electric field vectors, and current density vectors.
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Figure 6. Analysis of field—particle correlations, which are the key underlying concept of secular wave—particle interactions and responsible for the growth of wave
activity. (a)—(d) Correlations between perturbation of the electron phase space density (df.: red isosurface for df, > 0, blue isosurface for df, < 0, green isosurface for
Je0 + Ofc) and the electromagnetic field vectors (green stick for OE, yellow stick for 6B). (e)—(f) Correlation between the azimuthal angle of the fluctuating electron
velocity distribution ¢5fe (t). The angle of a temporally local maximum &f; (¢, ¢), and the azimuth angle of the fluctuating electric field ¢ (¢) serve as proxies. (g) Time
sequences of the energy conversion rate from particles to electromagnetic fields (red for 6J. ;- E | 1, blue for 6J > - 6E | 5). An animation of the rotating correlations

between perturbation of the electron phase space density is available in the online journal. The animation proceeds through one complete rotation, corresponding to the
time interval from wt = 0 to wt = 27.

(An animation of this figure is available.)
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Figure 7. Fundamental physics of field—particle interactions taking place in the foreshock region of planetary bow shock. The drift between solar-wind ions and shock-
reflected ions in velocity space is intrinsically unstable and determines the dominant eigenmode together that transfers the free energy between fields and particles.
Perturbations of the electromagnetic fields and the electron velocity distribution associated with this dominant eigenmode couple to drive the whistler waves, which
then evolve into nonlinear large amplitude and may contribute to the reformation of shocklet and shock.

3.4. Similar Field—Particle Correlation Reproduced in a
Theoretical Model

The ion-ion drift instability and the associated excited
whistler waves as witnessed by MMS are confirmed with the
prediction from plasma wave theory (Gary 1991). Using
background plasma parameters consistent with the observa-
tions, the ion VDF with an ion—ion core-beam drift and the
electron VDF lead to whistler waves in linear theory with the
properties as those observed in MMS (Figures 5(a) and (b)).
Plasma wave theory predicts that the whistler wave is the
unstable eigenmode in this case (see Figures 5(c) and (d)) for
its dispersion and growth rate relations). The wave fluctuations
of the magnetic field, electric field, electron bulk velocity, and
current density are sampled from the wave tail to the wave head
(Figure 5(e)—(h)) for comparison with the observations in the
spacecraft reference frame, where the whistler waves propagate
upstream but are convected back by the solar-wind flow.

The theoretically predicted phase coherence between the
gyrated disturbed electron velocity distribution (9f;) and the
gyrated wave electromagnetic field vectors (OE’ and 6B) is of
great importance for understanding the relevant field—particle
interactions (Figures 6(a)~(d) and the associated online anima-
tion). Again both the electric and magnetic field vectors (OE’ and
6B) point toward positive ., where the angle between 6E’ and 6B
is smaller than 90°, clearly suggesting the ongoing process of
energy transfer from particles to fields and the enhancement of
wave electromagnetic field energy. This particle-to-field energy
transfer is also confirmed by the azimuthal-angle correlation
between the enhanced f, and the wave electric field OE’
(Figures 6(e) and (f)), and the time sequence of &J - 6E’, which
shows a negative level on average (Figure 6(g)).

4. Summary and Discussion

We take full advantages of the MMS satellite in measuring
fields and particles with state-of-the-art high quality. We witness
the growth of whistler waves at a high measurement cadence in

space plasmas. As the characteristic perturbations in the unstable
whistler waves, we reveal the disturbed electron velocity
distribution (df;) and find it to be gyrating in phase with the
disturbed electromagnetic field vectors, where the field vectors
(OE' and 6B) point toward positive df,. We conclude that such
phase correlations between ¢f, and 6E' are directly evidence of the
energy transfer from particles to fields (6J - 6E’ < 0) that leads to
the growth and emission of whistler waves. The wave frequency
is estimated to be wgc ~ 2.5 Hz in the spacecraft reference frame,
and wpp, ~ 16 Hz in the plasma reference frame. The normalized
growth rate is comparable in order of magnitude between the
direct observation (Y,ps~3 Hz) and the theoretical prediction
(Yiheory ~ 1 Hz). We also obtain the spectrum of growth rate as a
function of frequency directly from the in situ measurements. We
identify and attribute the free-energy source for the whistler
wave’s unstable growth to the proton’s “core-beam-drift” velocity
distribution.

The scenario of whistler waves growth revealed in this work
(Figure 7) helps us to understand the mystery of the origin of
whistler waves, which are ubiquitous in various plasma
environments. Our observational and theoretical studies are
important to define a paradigm on how to explore field—particle
couplings and how to quantify the coupling efficiency in
collisionless plasmas. In principle, both ions and electrons are
linked with and coupled through the electromagnetic fields.
However, their dynamic evolution along with the wave fields is
distinct from one another in this instability. As the source of
free energy, the drifting ion beam population is scattered and
decelerated by the Lorentz force as the second-order cross
product of the disturbed ion beam fluid velocity with the
disturbed magnetic field. The scattered and decelerated ion
beam would modify the eigenmode’s polarizations, changing
the phase relation between &f, and 6E’, hence saturating the
growth of whistler waves. However, the ion beam’s disturbed
velocity at the wave frequency cannot be well observed by the
MMS plasma instrument, the angular resolution of which
makes it difficult to achieve this goal. More-advanced space
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missions dedicated to measuring the solar-wind plasma
turbulence in the vast heliosphere with an ultrahigh angular
resolution are required to accomplish the objective of revealing
the mysteries of turbulence dissipation and cyclotron wave’s
prevalence.
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