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Abstract We recently reported the finding of elementary rising-tone emissions embedded within each
harmonic of magnetosonic waves, by investigating wave electric field waveforms measured by Van Allen
Probes. The present study further uncovers a new set of fine structures of magnetosonic waves, namely, each
elementary rising-tone may consist of a series of mini harmonics spaced around the O* gyrofrequency. The
measured ion distributions suggest that the proton ring distribution provides free energy to excite the waves,
whilst the O ions suppress the wave growth around multiples of O gyrofrequency, resulting in the formation
of mini harmonics. Further investigation suggests that the warm plasma dispersion relation, that is, the ion
Bernstein mode instabilities, may contribute to the formation of mini harmonics. The mini harmonic structure
implies a new mechanism of energy redistribution among ion species in space plasmas, potentially providing a
new acceleration mechanism for O* ions in the magnetosphere.

Plain Language Summary Magnetosonic waves are a type of natural electromagnetic wave that
helps convert and transfer energy in near-Earth space. The most striking feature of magnetosonic waves is that
they consist of a series of narrow frequency bands spaced at roughly the proton gyrofrequency. Our research,
using high-resolution data from NASA's Van Allen Probe satellites, discovered a fine structure within the
waves. Each band consists of multiple mini bands, which we call the mini-harmonics because they are spaced
around the oxygen ion (O*) gyro-frequency at which O ions naturally gyrate. The particle data measured by the
satellite suggests that protons provide the free energy to generate these waves, while O™ ions suppress the wave
growth at certain frequencies, leading to the generation of mini harmonics. Our findings provide new insights on
the dynamics of O ions in near-Earth space.

1. Introduction

Magnetosonic waves, also known as equatorial noises (e.g., Russell et al., 1970) or ion Bernstein mode
waves (e.g., Min & Liu, 2016), are electromagnetic waves found in the inner magnetosphere typically within
a frequency range between the proton gyrofrequency (f,) and the lower hybrid resonance frequency (fipr)
(e.g., Santolik et al., 2004). Magnetosonic waves are usually confined to the equatorial plane, and are
commonly observed both inside and outside the plasmapause, distributed from the dayside to the duskside
(e.g., Ma et al., 2013, 2016, 2019; Meredith et al., 2008). Magnetosonic waves can interact with radiation
belt electrons through Landau resonance (Horne et al., 2007), transit-time scattering (Bortnik &
Thorne, 2010), and bounce resonance (Chen et al., 2015). These processes can accelerate and scatter
electrons from ~100 keV to several MeV, contributing to the formation of electron butterfly pitch angle
distributions (Li & Ni et al., 2016; Maldonado et al., 2016).

A key characteristic of magnetosonic waves is their discrete harmonic structure, spaced at the proton gyrofre-
quency (Santolik et al., 2002). Ring current protons with a ring distribution (0f/ d v, >0, where f represents the
phase space density, and v, is the ion velocity perpendicular to the ambient magnetic field) at energies of around
10 keV can excite magnetosonic waves at very oblique wave normal angles (Chen et al., 2010; Ma et al., 2014).
Magnetosonic waves often exhibit periodic rising-tone features, lasting for about 1 min with a frequency sweep
rate of approximately 1 Hz/s (Boardsen et al., 2014; Fu et al., 2014). Observations from both Van Allen Probes
(Némec et al., 2020) and Cluster satellites (Némec et al., 2015) show that these rising-tone features are compound
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of multiple harmonics. A very recent study (Li et al., 2024) reveals a fine structure of magnetosonic waves, that is,
each harmonic may consist of a series of “elementary” rising-tone emissions, distinct from “compound” rising-
tones which extend across multiple harmonics.

Here, we further investigate the fine structure of magnetosonic waves, revealing that each harmonic consists of
multiple mini-harmonics spaced around the O" gyrofrequency (f.o.). We propose possible mechanisms to
explain the mini-harmonic structure.

2. Data Description

Data provided by NASA's Van Allen Probes (Mauk et al., 2013) are investigated in this study. The Waveform
Receiver (WFR) of the Electric and Magnetic Field Instruments Suite and Integrated Science (EMFISIS)
(Kletzing et al., 2013) provides survey-mode wave power spectrogram. The Electric Fields and Waves (EFW)
Instrument (Breneman et al., 2022; Wygant et al., 2013) provides long-term (up to ~6 hr) burst-mode waveform
with sampling rates up to 16,384 samples/s. Such long-duration waveforms offer enhanced frequency resolution
compared to typical data products, enabling the resolution of wave fine structures. Ion distributions derived from
the proton and oxygen fluxes measured by the Helium Oxygen Proton Electron (HOPE) (Funsten et al., 2013) and
the Radiation Belt Storm Probes Ion Composition Experiment (RBSPICE) (Mitchell et al., 2013) instruments are
used to analyze the wave instabilities. The geomagnetic AE and Sym-H indices from the OMNI data set are used
to identify substorm and geomagnetic storm events.

3. Observations

Figure 1 presents the overview of a magnetosonic wave event. Figures 1a and 1b exhibit the AE and Sym-H indices
from January 21 to 31, 2019, indicating a minor geomagnetic storm that was accompanied by several substorms.
Figures 1c—1g show measurements by the WFR instrument onboard Van Allen Probe A during the recovery phase
of the storm from 10:30 UT to 13:00 UT on 26 January 2019 (The vertical dashed line in Figures 1a and 1b).
Figure 1c shows the w,,./@,, ratio. Figures 1d and 1e show the survey-mode wave electric spectra and the magnetic
spectra, with frequency resolutions from ~2.1 Hz at the low end to ~100 Hz at the high end, enabling us to see the
macro-structure of the waves. Magnetosonic waves were detected outside of the plasmapause, as inferred from the
@,/ W, ratio, and were observed from L = 4.4 to L = 5.7 in the afternoon sector very close to the magnetic equator.
These waves exhibit rising-tone features as seen in panels d and e. The wave ellipticity in Figure 1f and the wave
normal angle in Figure 1g indicate that those waves are linearly polarized and are propagating nearly perpendic-
ularly to the ambient magnetic field, confirming that these are indeed magnetosonic waves.

The EFW burst-mode waveform is investigated to explore the detailed structure of the magnetosonic waves.
Figure 2a presents the magnetic wave spectral intensity by performing the Fast Fourier Transformation (FFT) to
the EFW burst-mode waveforms from 11:48 UT to 12:12 UT. The waveform cadence is 512 samples/s, and the
FFT uses a window of 16,384 samples (32 s) and a shift window of 2,048 samples (4s), which provides a balance
between high frequency resolution and sufficient time resolution, ensuring that mini-harmonics can be clearly
identified. The resultant frequency resolution of the derived spectra is therefore 1/32 Hz, which is much higher
than that of the survey-mode (~2—-100 Hz). This is the best resolution we can obtain, because the window size
(32 s) is already roughly equivalent to the duration of individual emissions shown in Figure 2a.

Each harmonic of the magnetosonic wave shown in Figure 2a consists of a series of elementary rising-tone
structures, similar to those reported by Li et al. (2024). A strikingly new structure evident in this figure, is that
each elementary rising-tone emission consists of multiple mini harmonics. To our best estimation, these mini
harmonics are spaced by around 1/16-1/13 f,, where f_,, is the proton gyrofrequency and is seen to be about 3 Hz
in this case. The spectral resolution of 1/32 Hz corresponds to about 6 data pixels per mini harmonic. Such a
resolution can resolve the mini-harmonics, but may not provide an accurate gap frequency. To our best
knowledge, these mini-harmonics are most likely associated with singly charged Oxygen ions (O") which are
usually the dominant heavy ions and have a gyrofrequency f., equal to 1/16 f, .

O" ions originate from the ionosphere, making a significant contribution to the plasma pressure and may even
dominate over proton pressure during storm times (e.g., Daglis et al., 1999; Kistler et al., 2023; Yue et al., 2019).
Previous studies reported observations of oxygen cyclotron harmonic (OCH) waves at multiples of £, (e.g., Liu
etal., 1994; Usanova et al., 2016). The OCH waves are parallel propagating, observed at frequencies starting from
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Figure 1. (a) The AE index and (b) the Sym-H index during 21-31 January 2019, with a vertical black dashed line indicating
the starting moment when magnetosonic waves were observed. (c)—(g) Survey-mode measurements by the WFR instrument
onboard Van Allen Probe A from 10:30 UT to 13:00 UT on 26 January 2019. Two black dashed lines in panels (c)—(g)
indicate the time and location when the satellite crosses the plasmapause. (c) The @,,./®,, ratio. (d) The wave electric power
spectral density and (e) the magnetic power spectral density. (f) The ellipticity and (g) the wave normal angle.

Jeo + to afew multiples of f.o., and with very low compressibility (B} < B, where B} and B/ are the parallel
and perpendicular components of wave magnetic field) (e.g., Wang et al., 2022, 2024). These features are distinct
from the magnetosonic waves with mini-harmonics that are perpendicular propagating (Figure 2b), linearly
polarized (Figure 2c), observed at each £, harmonic, and highly compressible (not shown in Figure). Therefore,
the mini-harmonic structure reported in this paper is a completely new phenomenon to our best knowledge.

Figure 2d displays the perpendicular proton phase space density (PSD) derived from proton differential fluxes
measured by the HOPE instrument. The pink line represents the Alfven energy E, = mpvi/ 2, where
va = B/+Jpo(m,n, + monep), and we assumed an ion density ratio of n,:n, = 0.9:0.1 (Kronberg et al., 2014;
Maggiolo & Kistler, 2014). A proton ring distribution (a positive slope PSD) is seen at an energy comparable to
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Figure 2. Burst-mode Electric Fields and Waves measurements and the corresponding ion phase space densities (PSD) from 11:47 UT to 12:13 UT on 26 January 2019.
(a) Magnetic field power spectrogram, with the black solid lines indicating integer harmonics of the proton gyrofrequency (f;,) ranging from 13 f;, to 19 f;,,. (b) Wave
normal angle. (c) Wave ellipticity. (d) Perpendicular proton PSD, with the red solid line indicating the Alfven energy. (¢) Perpendicular O* PSD measured by the Helium
Oxygen Proton Electron and (f) that measured by the Radiation Belt Storm Probes Ion Composition Experiment instrument.
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the E,, consistent with our understanding of the source for generating magnetosonic waves (Chen et al., 2010).
Figures 2e and 2f show the perpendicular PSD of O* ions measured by the RBSPICE and the HOPE instruments,
respectively. We do not observe a ring distribution in the O + PSD.

4. Explanation of the Mini-Harmonic Structure

To deal with the data gaps in Figure 2f which indicate no counts of O* ions, we average the proton and O™ flux
measurements from 11:50 UT to 12:10 UT to obtain the PSD distributions as shown in Figure 3a. The perpen-
dicular and parallel PSDs are represented by the PSDs at 90° and 18° pitch angles, respectively. The proton PSD is
based on the HOPE measurements, while O* PSD is obtained from a combination of the HOPE data (<52 keV),
the RBSPICE-TOFxPHOHELT data product (52-139 keV, multiplied by a factor of 2 to make the PSD smooth at
the overlapping energy) and the RBSPICE-TOFXEO data (142-870 keV, multiplied by a factor of 0.8).

Figure 3a clearly shows positive slopes in the proton PSDs both in the parallel and the perpendicular directions at
velocities close to the Alfven velocity (~1.1 Mm/s), suggesting that the ring current protons can excite mag-
netosonic waves. The O* PSD is monotonically decreasing, indicating that they are unable to provide free energy
to excite the waves. This is different from the scenario for OCH waves, where the ring distribution of hot O% is
proposed to be the primary source (Liu et al., 2022) of free energy, and the ion Bernstein instability drives the
generation of the harmonics (Liu et al., 2022; Min et al., 2017). We propose a generation mechanism for the mini
harmonics that are spaced around f,, that is, the protons with the ring distribution excite these waves, while the
O ions with a normal distribution suppress the waves from being generated at multiples of f.q...

We use the resonant diffusion curve (Lyons & Williams, 1984; Summers et al., 1998) to schematically illustrate
the proposed mechanism. The proton ring distribution, shown in Figure 3c, tends to relax the free energy and
diffuse protons toward low energies following the red arrows. To ensure efficient diffusion, the radius of the
diffusion curve circle, w/ k”, should be sufficiently large, and k” should be sufficiently small. As a result, there is
very efficient energy exchange and the ring distribution generates waves with wave normal angles very close to
90°. The oxygen ions with a normal distribution, shown in Figure 3d, absorb energy from the waves and diffuse
toward higher energies where the PSD is lower, as illustrated by the red arrows. Therefore, the O ions damp
magnetosonic waves or suppress the waves from being generated at certain frequencies.

We utilize the linear theory of wave growth/damping to gain a basic understanding on how the O™ ions distri-
bution leads to the mini harmonics spaced at ., . The averaged plasma density from 11:50 UT to 12:10 UT is
14 cm™. We assume that number density abundance of O™ is 10% and the rest are protons. Suppose the warm
component of OV is has a density of n, = 0.2 cm™>, and follows the kappa distribution

12% 1k — 1/2)2(x) voooy? !
f== > I+ —+—5 ,

b3 \/—IEF(ZK) VLV KVi  Kvpy
Here (v, v)) are particles' perpendicular and parallel velocities, and (vy.,vy)) the perpendicular and parallel
thermal velocities. I'(«) is the Gamma function. We adopted k = 2, vy, = 80 km/s, and vy = 60 km/s to fit the
observed O™ ion PSD.

The linear growth rate is calculated as

D;
oD, /0w

Y=

The term D; and D, represent the imaginary and the real parts of the dispersion relation, respectively. For
simplicity, the dD,/ 0 w is approximated at the cold plasma limit, which is a commonly used approach in
evaluating wave growth (e.g., Balikhin et al., 2015; Chen et al., 2010; Ma et al., 2014). Figure 3b presents the
linear wave damping rates (Kennel, 1966) caused by O™ ions as a function of frequency at wave normal angles
ranging from 89.6° to 89.9°. The wave damping rates peak at nf,o, while reaching their mimum at (n + %) oo+
especially at normal angles of 89.9°. This can be understood simply from the resonance condition equation,
® — kv = nw.o4 (Nunn, 1971): for magnetosonic waves with a normal angle of 89.9°, the k;, is small and the
term kv, make little contribution, hence, the O ions can only suppress magnetosonic waves at frequencies close

WANG ET AL.

5of 10

a ‘11 °ST0T “LO0SYT61

:sdny woiy papeoy

sdiy) SUONIPUOD) pue SUdL, Yy 39 “[SZOT/11/£1] U0 A1eaqry uIuUQ A1AN “SI[BUY SO “BILION[ED JO ANSIAIUL £Q 806+ 11TDSTOT/6TOT01/10p/WO K1 A

101/W05 K[ 1A

25UPOIT SUOIO)) 2ATwa1) 2[qardde o) Aq PAUINAGS AT SAPTIE YO 1SN JO Sa[nT 10] ATRIqIT AUITUQ AATLAY U0 (



I .¥Yedl )
N\\I Geophysical Research Letters 10.1029/2025GL114908

ADVANCING EARTH
AND SPACE SCIENCES
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Figure 3. Illustrations and simulations of interactions between magnetosonic waves and protons and O ions. (a) 20-min averaged proton and O™ distribution measured
by the Helium Oxygen Proton Electron and the Radiation Belt Storm Probes Ion Composition Experiment instruments. (b) The calculated wave damping rates caused by
O* ions as a function of wave frequency for selected wave normal angles. (c) Schematic illustration of the excitation of magnetosonic waves due to the proton ring
distribution. (d) Schematic illustration of the scenario that O* ions with a normal PSD distribution suppress the generation of magnetosonic waves.
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Figure 4. Dispersion relation D(w, k) of purely perpendicular magnetosonic waves. (a) Ions are all assumed to be protons; (b) ions with an O* abundance of 10%. The
black line represents the cold plasma dispersion relation and the white lines represent the ion Bernstein mode dispersion relation.

to 1,0 With a smaller wave normal angle, say, 89.6°, the kv term makes a more significant contribution, and
O™ ions can effectively resonate with waves even at frequencies of (n + %) feo+- Such a mechanism can well
explain the mini-harmonic structure for waves with a very large normal angle (~89.9°), but cannot effectively
explain mini-harmonics present in waves with smaller wave normal angles. To fully explain the mini-harmonic
structure, we possibly need to employ the ion Bernstein mode dispersion relation to calculate D, and 0D,/ 0 .

5. Discussion

The Bernstein mode dispersion relation for protons yields branches at multiples of f.,. With the inclusion of O+
ion species, we infer that the Bernstein mode may also produce secondary branches at multiples of f,, . Figure 4a
illustrates the purely perpendicularly propagating ion Bernstein mode dispersion waves D(w, k) without O* and
Figure 4b shows this dispersion relation with O*. In the proton-only case, we assume the protons consist of a cold
population and a warm population. The red areas in the figure indicate positive values of D and the blue negative
values. The waves can only exist at D(w,k) = 0, indicated by the white lines in Figure 4a. The harmonics in the
solution may play a critical role in forming the harmonic structure at multiples of f.,. The black dashed line
represents the cold plasma dispersion relation, which agrees with the Bernstein mode well at low frequencies, but
differs significantly at high frequencies.

In the two ion species scenario, we assume an O™ number density abundance of 10%, and the O+ ions consist of a
cold component (20%) and a warm component (80%). The calculated Bernstein mode solution, shown in
Figure 4b, exhibits ordinary harmonics at multiples of f,, and within each ordinary harmonic, we see gaps at
multiples of f.5,. We note that Figure 4b shows the dispersion relation for purely perpendicular propagating
waves (k; = 0) which are relatively easy to calculate, and the gaps at multiples of f.o , are very small. A
comprehensive calculation at other wave normal angles is needed to fully understand the Bernstein mode waves
and the generation of mini-harmonics, and it will be left for future work due to its complexity. But a purely
perpendicular solution serves as a good approximation of magnetosonic waves which tend to cluster around very
oblique (~90°) wave normal angles.
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6. Conclusions

This study presents newly discovered mini-harmonic structures embedded within magnetosonic waves found in
Earth's magnetosphere, by investigating the EFW burst-mode waveform measured by Van Allen Probes. We
show that mini-harmonics are observed within elementary rising-tone emissions in each harmonic of a magne-
tosonic wave. We summarize our findings and the simulation results as follows:

1. Each harmonic of a magnetosonic wave consists of many mini-harmonics spaced around the O" gyrofre-
quency. Such a mini-harmonic structure is observed in magnetosonic waves both with and without elementary
rising-tone emissions.

2. The observed proton and O* phase space densities in association with mini-harmonics suggest that protons
with a ring distribution provide the free energy to excite magnetosonic waves, while O ions with a normal
distribution suppress the waves from being amplified at multiples of the O™ gyrofrequency, thereby creating
the mini-harmonic structure.

3. We suggest that the ion Bernstein mode instability needs to be considered to understand the generation of the
mini-harmonic structure.

The discovery of the fine structure of magnetosonic waves provides new insights into the energy transfer between
different ion species, and potentially introduces a new acceleration mechanism of O ions in the inner magne-
tosphere. While the contribution of heavy ions has usually been neglected in modeling magnetosonic waves, this
study shows the direct signature of their existence, and highlights the importance of including O ions in the
model. Our preliminary survey indicates that mini-harmonics are commonly observed in the magnetosonic waves
(not shown in this paper), possibly because O* ions are significantly enhanced and become the dominant heavy
ion species during storm times. Due to the prevalence of the mini-harmonic structure, a comprehensive statistical
analysis with all available data is suggested, which will undoubtedly lead to a far deeper understanding of
magnetosonic waves and O* ion dynamics.

Data Availability Statement

The EFW waveform (https://rbsp.space.umn.edu/rbsp_efw/) and EMFISIS wave data (Kletzing, 2022) are
publicly available. The proton and oxygen ion distributions measured by the HOPE instrument are publicly
available from Funsten (2022). The geomagnetic indices are available through the OMNI database (https://spdf.
gsfc.nasa.gov/pub/data/omni/high_res_omni/).
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