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Anomalous resonance between low-energy
particles and electromagnetic plasma waves
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Cyclotron resonance between plasma waves and charged particles is a fundamental and
ubiquitous process in the plasma universe, during which the particle’'s gyromotion has a
constant phase in the wave field to enable a sustained energy exchange. In this classical
picture, however, the particle’s angular velocity is determined only by the background
magnetic field. Here, we show that the classical condition of cyclotron resonance fails to
describe the observations of low-energy particles in resonance with large-amplitude waves,
which highlights the roles of the wave field in nonlinearly modifying the resonant picture. The
revised scenario of anomalous resonance is then validated by the agreement between test-
particle simulations and ultrafast spacecraft measurements, which present in-phase and/or
antiphase relationships between the wave magnetic field and ion flux oscillations at energy
and pitch-angle ranges incompatible with the classical resonance condition. This revision
could significantly affect the wave-particle energy exchange and wave evolution processes.

TSchool of Earth and Space Sciences, Peking University, Beijing, China. 2 Research Institute for Sustainable Humanosphere, Kyoto University, Kyoto, Japan.
3 Institute of Geophysics and Planetary Physics, University of California, Los Angeles, CA, USA. 4 Denali Scientific, Fairbanks, AK, USA. > NASA Goddard
Space Flight Center, Greenbelt, MD, USA. 6 Southwest Research Institute, San Antonio, TX, USA. ®email: xzzhou@pku.edu.cn

COMMUNICATIONS PHYSICS | (2022)5:300 | https://doi.org/10.1038/s42005-022-01083-y | www.nature.com/commsphys 1


http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-022-01083-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-022-01083-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-022-01083-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-022-01083-y&domain=pdf
http://orcid.org/0000-0002-5579-005X
http://orcid.org/0000-0002-5579-005X
http://orcid.org/0000-0002-5579-005X
http://orcid.org/0000-0002-5579-005X
http://orcid.org/0000-0002-5579-005X
http://orcid.org/0000-0003-3800-1044
http://orcid.org/0000-0003-3800-1044
http://orcid.org/0000-0003-3800-1044
http://orcid.org/0000-0003-3800-1044
http://orcid.org/0000-0003-3800-1044
http://orcid.org/0000-0003-4953-1761
http://orcid.org/0000-0003-4953-1761
http://orcid.org/0000-0003-4953-1761
http://orcid.org/0000-0003-4953-1761
http://orcid.org/0000-0003-4953-1761
http://orcid.org/0000-0002-6683-3940
http://orcid.org/0000-0002-6683-3940
http://orcid.org/0000-0002-6683-3940
http://orcid.org/0000-0002-6683-3940
http://orcid.org/0000-0002-6683-3940
http://orcid.org/0000-0001-9720-5210
http://orcid.org/0000-0001-9720-5210
http://orcid.org/0000-0001-9720-5210
http://orcid.org/0000-0001-9720-5210
http://orcid.org/0000-0001-9720-5210
http://orcid.org/0000-0002-6414-3794
http://orcid.org/0000-0002-6414-3794
http://orcid.org/0000-0002-6414-3794
http://orcid.org/0000-0002-6414-3794
http://orcid.org/0000-0002-6414-3794
http://orcid.org/0000-0003-0452-8403
http://orcid.org/0000-0003-0452-8403
http://orcid.org/0000-0003-0452-8403
http://orcid.org/0000-0003-0452-8403
http://orcid.org/0000-0003-0452-8403
mailto:xzzhou@pku.edu.cn
www.nature.com/commsphys
www.nature.com/commsphys

ARTICLE

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-022-01083-y

ments, the energy transfer and dissipation largely rely on

wave-particle interaction. The interaction becomes especially
efficient when a streaming particle observes the Doppler-shifted
plasma waves at its cyclotron frequency, a process named
cyclotron resonance!. The resonance condition is

w—kv—-Q=0, (1)

I n the collisionless space and astrophysical plasma environ-

where w is the wave angular frequency, k| is the wavenumber in
the background magnetic field direction, v is the particle’s par-
allel velocity, and Q is the particle’s cyclotron frequency. When
Eq. (1) is satisfied, the particle is locked in phase with the waves to
enable a sustained wave-particle energy exchange. Accordingly, a
resonant velocity V, is defined by

V,=(w— Q)/k”a ()

to represent the parallel velocity of resonant particles.

Cyclotron resonance plays a key, if not dominant role in
shaping the particle dynamics in the near-Earth and planetary
space environments. Two branches of plasma waves, namely, the
electromagnetic ion cyclotron (EMIC) waves at frequencies
slightly below the ion gyrofrequency?? and the whistler-mode
chorus waves below the electron gyrofrequency®>, are especially
important in accelerating positively-charged ions®-8 and energetic
electrons®~11, respectively. The latter process is also a major
mechanism responsible for the formation of Earth’s and Jupiter’s
radiation belts!2-14, Resonant particles can be also decelerated
in the perpendicular direction, which indicates pitch angle
variation and, consequently, precipitation into the planetary
atmospherel>-22,

Observational identifications of the cyclotron resonance have
been made possible after the launch of the Magnetospheric
Multiscale (MMS) four-spacecraft constellation?3. Based on the
MMS high-resolution (~150 ms) data of energetic ions, Kitamura
et al. report that during an EMIC wave event?4, the ion fluxes
show periodic stripes in their gyro-phase spectra at energy and
pitch-angle ranges matching the resonance condition in Eq. (1).
These phase-bunching features are unambiguous manifestation of
wave-particle cyclotron resonance®2%, More recently, spacecraft
observations have also identified the formation of proton hills in
phase space, which has been attributed to cyclotron resonance
and believed to cause the frequency chirping of the observed
EMIC waves?°.

The resonance condition in Eq. (1), however, is derived based
on a linear assumption that neglects the effect of the wave field on
particle’s angular velocity. This implicit assumption can be
understood by revisiting the equation of particle motion in the
electromagnetic fields of parallel-propagating plasma waves,

mdv

dt
where the particle velocity v includes the parallel v and perpen-
dicular v, components, By is the background magnetic field, E,
and B, are the wave electric and magnetic fields (both in the
plane perpendicular to By), respectively. In deriving Eq. (1) from
(3), only the background Lorentz force qv, xB, is used to
compute the particle’s angular frequency Q = gB,/m without
considering the modification from the wave-associated forces
(Lorentz force qv;x B; and electric force gE,, see “Methods”
section for the detailed derivation). Therefore, the resonance
condition in Eq. (1) applies only if the wave field is weak
(B,/B,<0.01, as a rule of thumb) or the particle’s perpendicular
velocity is large (v > v|). These assumptions are critical in the
development of the classical cyclotron resonance theory20-28, in
which the particle motion is described by a pendulum equation

=q[E, +vx (By +By)], (3)

(Eq. (17) in the “Methods” section) to accommodate a single
resonance island in phase space.

On the other hand, the resonant velocity in Eq. (2) can be
modified significantly if the wave amplitude is large enough.
Recent simulations?*-32 have indeed shown that particles with
small pitch angles can experience anomalous resonance at con-
ditions different from Eq. (1), which highlights the importance of
the wave-associated qv| x B, force in nonlinearly modifying the
conventional theory. The resonance condition may also be revised
by the wave electric field, since the electric force gE; can become
comparable to the background Lorentz force for low-energy (tens
or hundreds of eV) particles in large-amplitude waves. The role of
the electric force in modifying the particle angular velocity has
been explored theoretically33, which suggests that particles with
parallel velocities much lower than the resonant velocity in
Eq. (2) can still follow trapped trajectories in the velocity phase
space. The trapping motion of these particles indicates a resonant
behavior, although they were termed “nonresonant ions” in
Berchem & Gendrin33 because of their deviation from the reso-
nance condition in Eq. (1). Moreover, the modification of the
particle’s angular velocity reaches the extremum when the phase
difference { between the perpendicular velocity and wave mag-
netic field equals 0 or 180°, which indicates the presence of two
resonance islands centered in the direction parallel and anti-
parallel to the wave magnetic field>3. The two-island scenario has
also been obtained via a Hamiltonian formalism3#-39, although
such adjustments have not attracted sufficient attention due to the
lack of observational evidence.

Here, we present MMS observations of large-amplitude EMIC
waves with in-phase and antiphase relationships between the
magnetic field and ion flux oscillations at energy and pitch-angle
ranges incompatible with the cyclotron resonance condition.
These two kinds of phase-bunched signatures are both repro-
duced by test-particle simulations, which provide direct evidence
of the occurrence of anomalous resonance and the revision of the
classical resonance condition. Since the low-energy particles
usually have high phase-space densities (PSDs) in space
plasmas®’, their anomalous resonant behavior could impact the
wave-particle energy transfer and consequently the evolution of
plasma waves.

Results

Observations. The EMIC waves were observed by the MMS
constellation on January 14, 2020 when the spacecraft traveled
outbound in the dawnside magnetosheath. The four satellites
observed nearly identical features (see Supplementary Figs. 1-4)
due to their minor separations (typically 10-40 km), and there-
fore, we average the data over four spacecraft to improve
the statistical significance. The utilized data include three-
dimensional ion distributions from Fast Plasma Investigation,
the magnetic field measurements from Flux Gate Magnetometer,
and the electric field measurements from Electric field Double
Probes383°. The Hot Plasma Composition Analyzer data are also
used to distinguish different ion species?%, which shows a 99.5%
contribution of protons to the plasma density. Therefore, we
focus mostly on wave-proton interactions.

Figure 1 presents the overview of electromagnetic field and
particle observations from 19:23:30 to 19:23:50 UT. The magnetic
field in Geocentric Solar Eclipse (GSE) coordinates, shown in
Fig. 1a, oscillated at a period of ~2.5 s, although the field strength
(green line) hardly varied during this time interval. To better
describe the field fluctuations, a field-aligned coordinate (FAC) is
defined with the axial direction ([—0.45, 0.05, 0.89] in GSE) given
by the background magnetic field B, (determined via a lowpass
elliptic filter at 0.05Hz). The perpendicular 1, direction is
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Fig. 1 MMS observations of an electromagnetic ion cyclotron wave event. a Magnetic fields in the Geocentric Solar Eclipse coordinates, with the x, y, z

components and total magnetic field strength indicated by the black, blue, red and green lines, respectively. b Wavelet power spectra of the L; —

Lo

components of By. ¢ Wave magnetic field. d Wave electric field. e 3-s averaged Poynting flux. In panels (c-e), the black, blue and red lines represent the 1;,
1, and || components in the field-aligned coordinates, respectively. f Wave phase speed. g-i Gyro-phase spectra of phase space density (PSD) for
perpendicular-moving ions (pitch angles between 90°£11.25°) within the 53-, 441-, and 974-eV energy channels, respectively, with the phase of B,
indicated by the blue lines. j Energy spectrum of PSD in log scale for the ions with pitch angles between 90°£11.25° and phase angle between 150° and
180°. k, | Gyro-phase spectra of PSD for ions (pitch angles between 0°-50°) within the 974- and 1269-eV energy channels, respectively.

determined by the cross product of By and the sunward direction,
and the 1, direction completes the triad. The wavelet power
spectrum of the perpendicular B field is given in Fig. 1b, which
shows the peak wave power at 0.4 Hz between the local proton
(red line) and helium-ion gyrofrequencies (blue line). The B, and
E,; wave fields, filtered within the 0.25~0.65 Hz frequency range,
are shown in Fig. 1c, d. Obviously, B; |, leads in phase than B,
by ~90° which, together with their nearly identical amplitudes,
indicate the left-hand circular polarization of the waves. The
negligible fluctuations in E,; and in By, (with By /B,; ~ 0.15)
also indicate the concentration of the wave field in the
perpendicular plane. Figure le shows the 3-s running-averaged
Poynting flux S = E; x B;/u,, which, as expected, is predomi-
nantly in the antiparallel direction. Therefore, the perpendicular
wave fields (hereinafter referred to, for simplicity, as B; and E;)

can be used to estimate the wave phase speed v,,24. Based on
Faraday’s law, we have
w |E1 1B, |
V| =——=—F"—" 4)
| W’ | k”l Bl )

where E; 5 is the E; component perpendicular to both By and
B;. The estimated phase speed is given in Fig. 1f. In other words,
we have observed the hydrogen-band EMIC waves propagating
unidirectionally in the spacecraft rest frame (labeled by subscript
s) at the averaged velocity v,,=—165km s~l. Given the
measured plasma bulk velocity of 35km s~ in the field-aligned
direction, the wave phase velocity in the plasma rest frame
(subscript p) is v,,,= —200 km s~ L. These parameters enable us to
determine the wavelength of ~400 km, which is much larger than
the spacecraft separation and therefore justifies our approach to
average the four spacecraft observations.

Since the ion distributions are measured at the temporal
resolution of 150 ms, or ~1/15 of the wave period, one can
determine the gyro-phase of each ion captured by the spacecraft
at any given time. Here, the gyro-phase definition is based on
FAC coordinates, with 0° representing the L1, direction.
Figure 1g-i shows the gyro-phase spectra of perpendicular-
moving ions (in the pitch-angle range of 90° + 11.25°) within the
53, 441 and 974 eV energy channels, respectively. The ion counts
in each bin were typically greater than 100, high enough to ensure
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the statistical significance in this event. These spectra are
characterized by periodic occurrence of inclined stripes with
enhanced PSDs, which match the phase angle ¢y of the wave
magnetic field B, as indicated by the blue lines. Such a phase-
bunched feature applies for perpendicular-moving ions from
50eV to 1keV (see Fig. 1j for the energy spectrum of
perpendicular-moving ions with gyro-phase between 150° and
180°), with the direction of enhanced ion PSDs rotating along
with By in the left-hand manner. The strong oscillations in Fig. 1j
are compatible with the picture of ion acceleration or deceleration
by tens or even hundreds of eV (see the energy variations of the
PSD contours). Given the negative PSD gradient over energy, one
can expect that the ions with enhanced PSDs (moving along B,
direction, or { = 0°) have been accelerated most significantly, and
those with reduced PSDs (moving against B;, or (= 180°) have
been decelerated the most.

The phase-bunched signatures are also observed for ions
moving in the quasi-parallel direction. Figure 1k, 1 shows the
gyro-phase spectra of the quasi-parallel-moving ions (with pitch-
angle ranging from 0° to 50°) within the energy channels of
974 eV and 1269 eV, respectively. These features, however, are
distinguished from those observed in Fig. 1g-i for perpendicular-
moving ions in that the jon PSDs were enhanced in the —B,;
direction (rather than B, in Fig. 1g-i) indicating the strongest ion
acceleration at { = 180°.

Neither perpendicular-moving ions nor the quasi-parallel-
moving ions discussed above satisfy the classical resonance
condition in Eq. (1). Here, the resonant velocity, computed based
on Eq. (2), equals 90 km s~ in the spacecraft rest frame (55 km s !
in the plasma rest frame), in which the parameters w,=2.7s71,
Vws=—165km s7!, and Q=4.17 s~ ! are determined from
observations. This velocity corresponds to the pitch angles of 27°
and 78° for protons with energies of 53 eV and 974 eV, respectively,
which are very different from the phase-bunched protons shown in
Fig. 1g (53 eV, with pitch angle of ~90°) and Fig. 1k (974 eV, 0-50°
pitch angle). The significant deviation is examined in the next
section via test-particle simulations.

Simulations. Test-particle simulations are performed to analyze
the evolution of ion distributions based on Liouville’s theorem,
which ensures constant particle PSDs along their trajectories*!42.
After we adopt an initial condition (uniform magnetic field,
gyrotropic Maxwellian ion distributions in the plasma rest frame)
and prescribe the wave field (a Gaussian-profiled monochromatic
wave packet traveling against the background magnetic field with
equal phase and group velocities), the trajectories of ions with
various energies and moving-directions can be traced backward
in time from any time and location to identify their initial velo-
cities prior to the wave appearance. The time- and location-
dependent ion distributions, including those detected by a virtual
spacecraft (moving at a constant speed in the plasma rest frame to
accommodate the background flow observed by MMS), can be
determined via Liouville’s theorem. The detailed simulation setup
is described in the “Methods” section.

Figure 2 shows the virtual spacecraft observations of our
simulation. Figure 2a presents the wave magnetic field, in which
the first two wave periods are associated with weak B; but
significant dB, /dt, and the latter six periods (the shadowed time
interval) with stronger wave field correspond to the shadowed
interval in Fig. 1. The simulated gyro-phase spectra for
perpendicular-moving ions, given in Fig. 2b-d for three energy
channels, show phase-bunched signatures nearly identical to the
observations in Fig. 1g-i. The peaks of the simulated ion PSDs are
aligned with the wave magnetic field (the blue lines) in the

shadowed interval, although they show minor phase differences
before that (the wave magnetic field leads in phase, to be
discussed later). The observed pitch angle (90°) ion energy
spectrum (Fig. 1j) are also reproduced in our simulations (see
Fig. 2e). The agreement between simulations and observations
provides an opportunity to understand the wave-particle inter-
actions via analyzing representative ion trajectories.

We select two sample ions with the same energy (441eV),
pitch angle (90°) and gyro-phase (250°) when they reach the
virtual spacecraft at slightly different times (see the white dots in
Fig. 2c). Obviously, proton A belongs to the phase-bunched
population with higher PSDs, which indicates that it has been
accelerated from a lower energy than proton B’s initial energy (see
their energy variations in Fig. 2f). Figure 2g shows the temporal
variations of ¢, in which the motion of proton B is characterized
by its faster gyromotion than the wave field rotation. Proton A,
on the other hand, gyrates faster than the wave vector only during
the initial stage; after t=t,+ 9, the increasing { suggests that
the wave field observed by proton A rotates faster than proton A’s
angular motion. The sign reversal of d{/ dt indicates the proton’s
resonant behavior, since it is trapped within a wave-carried
phase-space island (see the limited { range of proton A in Fig. 2g)
when the waves are strong enough.

Figure 2h, i presents the simulation results of the gyro-phase
spectra for the 974- and 1269-eV protons moving in the quasi-
parallel direction, which shows similar signatures to the
observations (Fig. 1k, 1), phase-bunched in antiphase with the
wave magnetic fleld. We also select from Fig. 2h two typical ions,
protons A’ and B/, with the same energy (974 eV), pitch angle (7°)
and gyro-phase (110°) when reaching the virtual spacecraft, to
understand their trajectories in the wave field. Here, proton A’
represents the phase-bunched population with enhanced PSDs,
which has been accelerated from a lower energy than proton B’
(see Fig. 2j for their energy variations). The ( variations of the two
ions, given in Fig. 2k, show that the gyromotion of proton B’ is
always slower than the wave field, whereas proton A’ is
transitioned from a traversing trajectory into a trapped orbit
near {=180° as the wave amplitude becomes sufficiently high at
around f + 10s. In other words, the simulation results (together
with their similarities with the observations) indicate the
coexistence of two resonance islands centered at {=0 and 180°,
respectively.

Note that the proton trajectories discussed above are made
complicated by the Gaussian profile of the wave evolution. To
better understand the trapping and traversing motion of the
protons, we next remove the Gaussian profile to focus on the
proton behavior in the waves with uniform amplitude of 4 nT.
Figure 3a presents the phase-space trajectories of protons A, B, A’
and B’ (represented by blue, yellow, red, and pink lines,
respectively) before they reach the spacecraft at the corresponding
circles. The horizontal and vertical axes are ( and d{/dt,
respectively. Proton A’s closed trajectory, together with its
intersection with the d{/dt=0 line, indicates the proton’s
trapping motion around a resonance island centered at (=0
(which coincides with the phase-bunched region of enhanced ion
PSDs, see Fig. 1h). Within this island, proton A experiences
significant variations in pitch angle (see Fig. 3b for proton
trajectories in the v v, plane), kinetic energy (Fig. 3c) and
parallel velocity (Fig. 3d). Proton A’ also follows a closed
trajectory to indicate its trapping motion within a different
resonance island centered at {=180°. Note that the energy
variation of proton A’ is rather small (see Fig. 3¢) in this case,
which corresponds to the less significant PSD variations as
observed in Fig. 1k, 1 than in Fig. 1g-i. The trajectories of protons
B and B/, on the other hand, are always below or above the
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Fig. 2 Simulation results observed by the virtual spacecraft. a \Wave magnetic field, with the L; and L, components indicated by the black and blue lines,
respectively. b-d Gyro-phase spectra in the same format as in Fig. 1g-i. e Energy spectrum in the same format as in Fig. 1j. f, g Temporal variations of kinetic
energy and ¢ (phase difference between the particle perpendicular velocity and the wave magnetic field) for sample protons A (black) and B (red), with
their final energy and pitch angle (when reaching the spacecraft) labeled in Fig. 2d. The dashed lines represent the variations after their spacecraft arrival.
h, i Gyro-phase spectra in the same format as in Fig. 1k-1. j, k Temporal variations of kinetic energy and ¢ for sample protons A’ (black) and B’ (red), in the
same format as in (f, g). | Temporal variations of the particle trapping frequency (wy, black), resonance island expansion rate (we,, red) and nominal
gyrofrequency (£2;, blue) associated with the wave field By, calculated based on the typical proton with 441eV energy and 90° pitch angle.

d{/dt=0 line in Fig. 3a, which agrees with their traversing
motions with monotonic { variations in Fig. 2g, k, respectively.

Discussion

The coexistence of two resonance islands clearly differ from the
one-island expectation?” of the conventional resonance theory.
Moreover, the large deviations of protons A and A’ from the
cyclotron resonance condition in Eq. (1) also highlights the role
of the wave-associated forces in nonlinearly modifying the par-
ticle angular velocity. According to Berchem and Gendrin33, the
time derivative of { can be derived from Eq. (3), as

d¢ cos(
a= w — kHV” Q+Q (1/” W)T, (5)

where the wave-associated forces, qv x B; and gE,, are both

considered to have an additional (the fourth RHS) term to its
conventional counterpart,

d¢

dt

Here Q, = gB,/m is the nominal gyrofrequency associated

with the wave field B;. The detailed derivation is given in the

“Methods” section. The inclusion of the additional term in the full

resonance condition indicates that the resonant velocities at the
island centers ({=0 and 180°) equal

=w—kv —Q. 6)

V/:(W_Q)Vj_i-ol"w: + (VeFw) @)
' kv ¥ S
1

respectively, which satisfy the first-order (d{/dt=0) and the
second-order (d2{/dt* = 0) resonance conditions simultaneously.
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a Trajectories in the d¢/dt-{ phase space. b Trajectories in the v-v, plane, in

which the velocities are normalized by the Alfvén velocity V4 =290 km s~ (computed based on the averaged plasma density N, =11 cm~3 and magnetic
field strength Bo = 43.5 nT). ¢ Trajectories in the Energy-( phase space. d Trajectories in the v -{ phase space, in which v, is also normalized by Va. The
cyclotron resonant velocity, V,, =55 km s is delineated by the dashed line. The circles indicate the proton phase-space locations when they reach the
virtual spacecraft. The blue, yellow, red, and pink lines represent protons A, B, A’ and B’, respectively. The purple and green crosses represent protons C

and D, respectively.

The revised resonant velocity has an additional term in com-
parison to Eq. (2), which depends on the wave amplitude and the
particle perpendicular velocity. In case (2, becomes large enough
(or v, approaches zero), the resonant velocity V. approaches v,
at {=0, which has an opposite sign to V; to indicate that the
resonance island can even be shifted to the reversed direction.

To better understand the nonlinear shift in resonance condi-
tion, we launch resonant protons at (=0 and 180° (protons C
and D) in the prescribed field, both of which stay immobile in
phase space (see the purple and green crosses in Fig. 3a, respec-
tively) to indicate synchronized motions with the wave field. Since
proton C rotates in the same direction as the wave magnetic field
(and perpendicular to the wave electric field), the wave-associated
forces must be in the opposite direction to the background Lor-
entz force gqv, x B,. Here, the wave-associated forces are domi-
nated by gE,, since qv, x By is negligible for protons with pitch
angles close to 90° (see Fig. 3b for the parallel velocity of proton
C). The comparable values between gE,; and gv, x B, reduce the
proton’s angular velocity from Q to warrant the occurrence of
anomalous resonance at a lower, or sometimes even reversed,
resonant velocity (see Fig. 3d). For the proton D with a small
pitch angle (see Fig. 3b), the gqv xB, force plays a more
important role in the generation of the additional resonance
island centered at {=180°. This island originates from the fact
that gE; and qv x B, for particles in the island center are both in
the same direction as qv, x By, which indicates an enhanced
angular velocity and consequently an enlarged resonant velocity
(see Fig. 3d).

We next discuss the condition when the aforementioned
nonlinear effect on particle angular frequency becomes critical.
The detailed derivation, which follows the Omura%3 approach in

dealing with chorus wave-electron interactions, is given in the
“Methods” section. To apply the classical cyclotron resonance
theory, the following criterion must be satisfied:

/B, / VSL
— <KL/,
B, ’vw — Vr’3

indicating that the resonance condition in Eq. (1) must be revised
when the wave amplitude relative to the background field
becomes strong enough. Moreover, particles with lower v,
would be more easily affected. For proton A, the left- and right-
hand sides of Eq. (8) are 0.3 and 1.2, respectively. For proton A’,
the right-hand side equals 0.06, even lower than the left-hand
side. Their comparable values violate the criterion to indicate the
occurrence of anomalous resonance. This criterion also provides a
threshold for v, which is ~500 km s~! (equivalent to the velocity
of a 1.5-keV proton) in this event. This threshold agrees with the
observations in Fig. 1 that anomalous resonance (manifested by
phase-bunched stripes) appears at energies below 1.5 keV.
Finally, we discuss the effect of wave amplitude variations to the
resonance islands. Obviously, the width of the resonance island
varies (proportional to the square root of By, see Omura*3) when
the particle experiences a varying wave amplitude, which is also
manifested by the transition of proton A’s trajectory from tra-
versing to trapping orbits (see Fig. 2g). Moreover, the island center
would be displaced in { from 0 or 180° and the displacement
would depend on the island expansion rate (an analogy to
Albert26, see the “Methods” section for relevant derivations). In
our simulation, the Gaussian profile of the wave packet indicates a
significant B, variation (and consequently a large island expansion
rate, see the red line in Fig. 2I) during the initial wave periods,

®)
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which leads to the displacement of the island center and therefore
a deviation of the ion PSD peaks from the wave magnetic field
direction (Fig. 2b-d). The deviation, similar to the case discussed
in Shoji et al.?> and Omura et al.?’, also indicates an ion current
component in the wave electric field direction, which enables
wave-particle energy transfer. As the island expansion rate reduces
in the shadowed region, the phase-bunched PSDs become more
aligned with the wave magnetic field.

Conclusions

We report observations of EMIC waves with phase-bunched
enhancements of proton fluxes at energies below 1.5keV. The
phase-bunched signatures could either appear along or against
the wave magnetic field direction, which indicate the coexistence
of two resonance island at pitch-angle and energy ranges
incompatible to the classical cyclotron resonance condition. The
observed signatures are successfully reproduced by test-particle
simulations, which shows that the electric and Lorentz forces
associated with the wave field, usually neglected in the calcula-
tion of particle angular velocities, plays a crucial role in revising
the trajectories of low-energy particles. The revision not only
modifies the resonance condition but also leads to the coex-
istence of two resonance islands in the phase space. Given the
high PSDs of low-energy particles in space plasmas, the occur-
rence of anomalous resonance also implies that our current
understanding of the wave-particle energy exchange and the
associated wave evolution, largely based on the classical picture
of cyclotron resonance, may not be accurate especially in regions
of weak magnetic field.

Methods

Simulation setup. The initial condition of our test-particle simulation is based on
MMS observations before the wave amplitude grows (from 19:23:23 to 19:23:28
UT). The initial ion distributions are assumed to be Maxwellian,

m 2 mVZ+mV}+mv,
—n (2 o x Ty Tz 9
f=n (271T> eXP( 2T ’ ©

with parameters determined via a best-fit procedure to match the observations in
the 50-1000 eV energy range. These parameters include the proton temperature
T=130 eV and number density 1o = 8.5 cm 3. In the spacecraft rest frame, the ion
distributions are also shifted to match the observed ion bulk velocity, (—20, 10, 35)
km s~! in the FAC coordinates.

The electromagnetic fields in the plasma rest frame are expressed as

2
(z — Vit — ZO)

E=E, =E exp| — i {—sin (k”z - wpt>x, cos (kHz - wpt)y] , (10)

2
(z — Vil — ZO)
B =B, + B, = Byz+ B exp e [cos(kuz — wpt)x, sin(kHz - wpt)y} s

(11)

which describes the unidirectional propagation of a Gaussian-profiled wave packet
against the background magnetic field at the phase velocity vy, = viys—

V,s = —200 km s~ L. In this model, the wave group velocity equals the phase velocity.
The wave angular frequency w, = w; — kv,; = 3.28 s~ ! in the plasma rest frame is
determined based on a Doppler-shift of the observed w, = 2.7 s~1, which
corresponds to the wavelength A = 383 km. The Gaussian-profiled wave packet is
initially centered at Z, = 51 with a characteristic width L = 31. The maximum
amplitude of the wave electric field is set to be Ep, = 0.8 mV s~1, and the
corresponding By, = E o /¥, €quals 4 nT. Here, the background field B, = 43.5
nT is assumed to be uniform in the magnetosheath, which agrees with the
observations and is distinct from studies in the inner magnetosphere where the field
inhomogeneity becomes important?>27.

The virtual spacecraft, moving at a constant velocity of —v; in the plasma rest
frame, departs from the Z=0 plane to obtain the proton velocity distributions
every 0.3 s. To enable direct comparison between observations and simulations, the
observational constraints (such as the uncertainty of £11.25° in pitch-angle
determination) are considered by tracing 81 evenly-distributed particles within
each bin of finite widths in gyro-phase (30°), pitch angle (22.5°), and energy
channel. In other words, a total number of 60,264 protons are traced. The resulting

phase-space densities, determined via Liouville’s theorem for each particle, are then
averaged in each bin to produce the gyro-phase spectra of proton PSDs in Fig. 2.

Derivation of the resonance theory. The derivation of the resonance condition
starts from the basic equation of particle motion in the wave field (Eq. (3)). Here,
we follow Berchem and Gendrin®? to describe the velocity vector v by parallel
velocity v, perpendicular velocity v, and phase angle ¢,, so that Eq. (3) can be
decomposed into

dvy

it EBlvlsin( = —Q,v,sin{, (12)
dv q . .
d—tl =— (E, —v;B,)sin{ = 0, (v, — v,,)sin, (13)
d¢, B, ¢q cos( cos(
i :—WO—E(EI—v”Bl)T:—Q+Ql(vH—VW)T, (14)

in which the mirror force in the parallel direction is neglected in Eq. (12) due to the
zero curvature of B in our setup. The time derivative of phase difference { is
expressed by

a0 _dg, dgy _dg,

= = — . 15
@@ d - a ek as)
Substituting Eq. (14) into (15), we have
d¢ cos{
—=w—kyv,—Q+0Q(v) —v,) —, (16)
a 1 (v =) v,

which is labeled Eq. (5) in the main text.

In the classical theory of cyclotron resonance?’, the fourth RHS term in Eq. (16)
is neglected to derive the resonance condition in Eq. (1). The negligence enables the
derivation of the particle motion in the format of the pendulum equation,

2
%:QIkI\VLSin(ﬂ (17)
which is characterized by a trapping frequency w, = \/k;v, 2, if the v, variation
is also neglected. Many previous studies2>27 have also considered the driver of the
pendulum, which could originate from the field inhomogeneity, to enable the
wave-particle energy transfer.

If we keep the nonlinear (the fourth RHS) term in Eq. (16), the full resonance
condition in Eq. (7) can be accordingly derived, and the pendulum Eq. (17) can be
replaced by

2 — —
d—tf =k, <1 + =)= Vo) le))z(v“ Vr)) sin{
L

(
) 18)
1+72(VH s ) }sinz(,

(v —v) ﬁcos( e
2

v, B dt v

in which the additional terms are contributed by the time derivatives of v, v, {
(given by Egs. (12), (13), and (16)) and B, (the second RHS term in Eq. (18)). The
third RHS term in Eq. (18) is of higher order and can therefore be neglected.

Equation (18) suggests that the resonance island is centered at {=0 or 180°
only if the second RHS term vanishes (when the particle observes a constant wave
amplitude). Otherwise, the island center would be displaced in { with the value
depending on relative magnitude of the first two terms, which in turn relies on the
characteristic frequencies wy,, 2, and dB,/B, dt. Here, dB,/B; dt can be interpreted
as the expansion rate w,, = dL,/L,dt of the resonance island since the island width
L, is proportional to w,, or /B;*>. The temporal variations of the three
characteristic frequencies are shown in Fig. 2i for our simulation. The island
expansion could be also understood from the Hamiltonian perspectiveZ6 of a
decreasing inhomogeneity factor as the wave amplitude increases.

Finally, we derive the criterion that the fourth RHS term in Eq. (16) can be
safely neglected (which indicates that the conventional theory is an appropriate
approximation). The derivation approach is similar to the one used in Omura*3,
which was developed to deal with the interaction between electrons and chorus
waves. We first reorganize Eq. (16) into

__ o
dt = kg

(2 — B)cos{ — 0, (19)
where 6 = k;(v) — V) is simply —d{/d¢ in the classical theory. For near-resonant

particles, 6 is in the same order as the trapping frequency w,,. By assuming
0~ w, < Q, Eq. (19) can be expressed as

¢ A 5
<5> ( 9 cos{ + 6
0

dar =
where 0 = 2 ~ 1. Therefore, the condition to neglect the first RHS term is

AR R T 21
<Q> <<<Q - _Vr+vw ’ ( )

Wy (20)
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which can also be expressed as Eq. (8). Similar conclusions can be also obtained via
the modified Hamiltonian analysis3%3°,

Data availability
All MMS data are available to the public via https://lasp.colorado.edu/mms/sdc/public/.

Code availability

The MMS data are processed and analyzed using the IRFU-Matlab package available at
https://github.com/irfu/irfu-matlab. The test-particle simulation codes are also available
from Github (https:/github.com/lijinghuan1997/anomalous-resonance).

Received: 1 September 2022; Accepted: 9 November 2022;
Published online: 23 November 2022

References

1. Kennel, C. F. & Petschek, H. Limit on stably trapped particle fluxes. J.
Geophys. Res. 71, 1-28 (1966).

2. Summers, D. & Thorne, R. M. Relativistic electron pitch-angle scattering by
electromagnetic ion cyclotron waves during geomagnetic storms. J. Geophys.
Res.: Space Phys. 108, https://doi.org/10.1029/2002JA009489 (2003).

3. Summers, D., Ni, B. & Meredith, N. P. Timescales for radiation belt electron
acceleration and loss due to resonant wave-particle interactions: 2. Evaluation
for VLF chorus, ELF hiss, and electromagnetic ion cyclotron waves. J.
Geophys. Res.: Space Phys. 112, https://doi.org/10.1029/2006JA011993 (2007).

4. Bortnik, J., Thorne, R. M. & Meredith, N. P. The unexpected origin of
plasmaspheric hiss from discrete chorus emissions. Nature 452, 62-66 (2008).

5. Kasahara, S. et al. Pulsating aurora from electron scattering by chorus waves.
Nature 554, 337-340 (2018).

6. Omura, Y., Ashour-Abdalla, M., Gendrin, R. & Quest, K. Heating of thermal
helium in the equatorial magnetosphere: a simulation study. J. Geophys. Res.
90, https://doi.org/10.1029/JA090iA09p08281 (1985).

7. Zhang, J. C. et al. A case study of EMIC wave-associated He+energization in
the outer magnetosphere: cluster and double star 1 observations. J. Geophys.
Res.: Space Phys. 115, https://doi.org/10.1029/2009ja014784 (2010).

8. Liu, Z. Y. et al. Simultaneous macroscale and microscale wave-ion interaction
in near-earth space plasmas. Nat. Commun. 13, 5593 (2022).

9. Summers, D., Thorne, R. M. & Xiao, F. Relativistic theory of wave-particle
resonant diffusion with application to electron acceleration in the
magnetosphere. J. Geophys. Res.: Space Phys. 103, 20487-20500 (1998).

10. Horne, R. B. et al. Wave acceleration of electrons in the Van Allen radiation
belts. Nature 437, 227-230 (2005).

11. Thorne, R. M. et al. Rapid local acceleration of relativistic radiation-belt
electrons by magnetospheric chorus. Nature 504, 411-414 (2013).

12. Horne, R. B. et al. Gyro-resonant electron acceleration at Jupiter. Nat. Phys. 4,
301-304 (2008).

13. Reeves, G. D. et al. Electron Acceleration in the Heart of the Van Allen
Radiation Belts. Science 341, 991-994 (2013).

14. Allison, H. J., Shprits, Y. Y., Zhelavskaya, I. S., Wang, D. & Smirnov, A. G.
Gyroresonant wave-particle interactions with chorus waves during extreme
depletions of plasma density in the Van Allen radiation belts. Sci. Adv. 7,
eabc0380 (2021).

15. Jordanova, V. K. et al. Kinetic simulations of ring current evolution during the
Geospace Environment Modeling challenge events. J. Geophys. Res. 111,
https://doi.org/10.1029/2006ja011644 (2006).

16. Tao, X. et al. Evolution of electron pitch angle distributions following injection
from the plasma sheet. J. Geophys. Res.: Space Phys. 116, https://doi.org/10.
1029/2010ja016245 (2011).

17. Yuan, Z. et al. Characteristics of precipitating energetic ions/electrons
associated with the wave-particle interaction in the plasmaspheric plume. J.
Geophys. Res.: Space Phys. 117, https://doi.org/10.1029/2012ja017783 (2012).

18. Usanova, M. E. et al. Effect of EMIC waves on relativistic and ultrarelativistic
electron populations: ground-based and Van Allen Probes observations.
Geophys. Res. Lett. 41, 1375-1381 (2014).

19. Shprits, Y. Y. et al. Wave-induced loss of ultra-relativistic electrons in the Van
Allen radiation belts. Nat. Commun. 7, https://doi.org/10.1038/ncomms12883
(2016).

20. Ni, B. et al. Origins of the Earth’s diffuse auroral precipitation. Space Sci. Rev.
200, 205-259 (2016).

21. Blum, L. W. et al. Observations of coincident EMIC wave activity and
duskside energetic electron precipitation on 18-19 January 2013. Geophys. Res.
Lett. 42, 5727-5735 (2015).

22. Yao, Z. et al. Revealing the source of Jupiter’s x-ray auroral flares. Sci. Adv. 7,
eabf0851 (2021).

23. Burch, J. L., Moore, T. E., Torbert, R. B. & Giles, B. L. Magnetospheric
multiscale overview and science objectives. Space Sci. Rev. 199, 5-21 (2015).

24. Kitamura, N. et al. Direct measurements of two-way wave-particle energy
transfer in a collisionless space plasma. Science 361, 1000-1003 (2018).

25. Shoji, M. et al. Discovery of proton hill in the phase space during interactions
between ions and electromagnetic ion cyclotron waves. Sci. Rep. 11, https://
doi.org/10.1038/s41598-021-92541-0 (2021).

26. Albert, J. M. Gyroresonant interactions of radiation belt particles with a
monochromatic electromagnetic wave. J. Geophys. Res.: Space Phys. 105,
21191-21209 (2000).

27. Omura, Y. et al. Theory and observation of electromagnetic ion cyclotron
triggered emissions in the magnetosphere. J. Geophys. Res.: Space Phys. 115,
https://doi.org/10.1029/2010ja015300 (2010).

28. Artemyev, A. V. et al. Trapping (capture) into resonance and scattering on
resonance: Summary of results for space plasma systems. Commun. Nonlinear
Sci. Numer. Simul. 65, 111-160 (2018).

29. Kubota, Y. & Omura, Y. Rapid precipitation of radiation belt electrons
induced by EMIC rising tone emissions localized in longitude inside and
outside the plasmapause. J. Geophys. Res.: Space Phys. 122, 293-309 (2017).

30. Grach, V. S. & Demekhov, A. G. Precipitation of relativistic electrons under
resonant interaction with electromagnetic ion cyclotron wave packets. .
Geophys. Res.: Space Phys. 125, https://doi.org/10.1029/2019ja027358 (2020).

31. Kitahara, M. & Katoh, Y. Anomalous trapping of low pitch angle electrons by
coherent whistler mode waves. J. Geophys. Res.: Space Phys. 124, 5568-5583
(2019).

32. Bortnik, J. et al. Amplitude dependence of nonlinear precipitation blocking of
relativistic electrons by large amplitude EMIC waves. Geophys. Res. Lett. 49,
€2022GL098365.

33. Berchem, J. & Gendrin, R. Nonresonant interaction of heavy ions with
electromagnetic ion cyclotron waves. J. Geophys. Res. 90, https://doi.org/10.
1029/JA090iA11p10945 (1985).

34. Karimabadi, H., Akimoto, K., Omidi, N. & Menyuk, C. R. Particle acceleration
by a wave in a strong magnetic field: Regular and stochastic motion. Phys.
Fluids B: Plasma Phys. 2, 606-628 (1990).

35. Albert, J. M., Artemyev, A. V., Li, W., Gan, L. & Ma, Q. Models of resonant
wave-particle interactions. J. Geophys. Res.: Space Phys. https://doi.org/10.
1029/2021ja029216 (2021).

36. Artemyev, A. et al. Theoretical model of the nonlinear resonant interaction of
whistler-mode waves and field-aligned electrons. Phys. Plasmas 28, 052902
(2021).

37. Pierrard, V. & Lazar, M. Kappa distributions: theory and applications in space
plasmas. Sol. Phys. 267, 153-174 (2010).

38. Pollock, C. et al. Fast plasma investigation for magnetospheric multiscale.
Space Sci. Rev. 199, 331-406 (2016).

39. Torbert, R. B. et al. The FIELDS instrument suite on MMS: scientific
objectives, measurements, and data products. Space Sci. Rev. 199, 105-135
(2016).

40. Young, D. T. et al. Hot plasma composition analyzer for the magnetospheric
multiscale mission. Space Sci. Rev. 199, 407-470 (2014).

41. Schwartz, S. ., Daly, P. W. & Fazakerley, A. N. in Analysis Methods for Multi-
Spacecraft Data (eds Paaschmann, G. & Daly, P. W.)159-184 (ESA, 1998).

42. Zhou, X. Z., Runov, A., Angelopoulos, V., Artemyev, A. V. & Birn, J. On the
acceleration and anisotropy of ions within magnetotail dipolarizing flux
bundles. J. Geophys. Res.: Space Phys. 123, 429-442 (2018).

43. Omura, Y. Nonlinear wave growth theory of whistler-mode chorus and hiss
emissions in the magnetosphere. Earth Planets Space 73, https://doi.org/10.
1186/540623-021-01380-w (2021).

Acknowledgements

The authors are grateful to the MMS mission and the MMS team for providing high-
quality, high-resolution electromagnetic field and particle measurements. This study was
supported by the National Natural Science Foundation of China grants 42174184 and
42230202, Major Project of Chinese National Programs for Fundamental Research and
Development 2021YFA0718600, and the China Space Agency project D020301.

Author contributions

J.-H.L. analyzed the observational data, conducted the simulations, developed the theory
and co-wrote the paper. X.-Z.Z. designed the project, oversaw the progress, and took
responsibility for the paper writing. Z.-Y.L,, L.L,, Y.O., C.Y., Q.-G.Z,, and Z.P. provided
theoretical insight into the data. Z.-Y.L. and L.L. also participated in the manuscript
preparation. S.-Y.F., and L.X. assisted with data analysis and interpretation. CT.R., C.P,,
G.L.,, and J.L.B assured the MMS data quality. All authors contributed to the discussion of
the results.

8 COMMUNICATIONS PHYSICS | (2022)5:300 | https://doi.org/10.1038/s42005-022-01083-y | www.nature.com/commsphys


https://lasp.colorado.edu/mms/sdc/public/
https://github.com/irfu/irfu-matlab
https://github.com/lijinghuan1997/anomalous-resonance
https://doi.org/10.1029/2002JA009489
https://doi.org/10.1029/2006JA011993
https://doi.org/10.1029/JA090iA09p08281
https://doi.org/10.1029/2009ja014784
https://doi.org/10.1029/2006ja011644
https://doi.org/10.1029/2010ja016245
https://doi.org/10.1029/2010ja016245
https://doi.org/10.1029/2012ja017783
https://doi.org/10.1038/ncomms12883
https://doi.org/10.1038/s41598-021-92541-0
https://doi.org/10.1038/s41598-021-92541-0
https://doi.org/10.1029/2010ja015300
https://doi.org/10.1029/2019ja027358
https://doi.org/10.1029/JA090iA11p10945
https://doi.org/10.1029/JA090iA11p10945
https://doi.org/10.1029/2021ja029216
https://doi.org/10.1029/2021ja029216
https://doi.org/10.1186/s40623-021-01380-w
https://doi.org/10.1186/s40623-021-01380-w
www.nature.com/commsphys

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-022-01083-y

ARTICLE

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s42005-022-01083-y.

Correspondence and requests for materials should be addressed to Xu-Zhi Zhou.

Peer review information Communications Physics thanks the anonymous reviewers for
their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
32

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

COMMUNICATIONS PHYSICS | (2022)5:300 | https://doi.org/10.1038/s42005-022-01083-y | www.nature.com/commsphys 9


https://doi.org/10.1038/s42005-022-01083-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsphys
www.nature.com/commsphys

	Anomalous resonance between low-energy particles and electromagnetic plasma waves
	Results
	Observations
	Simulations

	Discussion
	Conclusions
	Methods
	Simulation setup
	Derivation of the resonance theory

	Data availability
	References
	Code availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




