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Abstract In the energy regime between the plasmasphere (a few eV) and the ring current (greater than
1 keV), there exists another magnetospheric particle population with energies from a few eV to a few keV,
the origins of which are debated. Studies explore generation mechanisms for warm plasma energies in
the inner magnetosphere through two observed phenomena: the warm plasma cloak and the oxygen torus.
The relations between these two populations are unclear. Recent data reveal local heating of cold H+ and
He+ ions to warm plasma energies by magnetosonic waves. In this study, we report first observations of
thermal O+ heating by magnetosonic waves and link the heating to a possible formation mechanism for the
warm plasma cloak. The O+ heating is observed by different plasmaspheric density profiles, including
density channels. We observe that O+ heating always occurs with thermal H+ and He+ heating. We
investigate the harmonic structure of the observed magnetosonic waves and find intense O+ heating is
accompanied by discrete heavy ion gyroharmonics. We suggest that locally heated thermal ions to 100s eV by
magnetosonic waves along the plasmapause could provide a possible mechanism for warm plasma cloak
generation.

1. Introduction

Surveys completed by various spacecraft including ATS‐5 and ATS‐6 (DeForest & McIlwain, 1971), ISEE‐1
(Shelley et al., 1978), SCATHA (Stevens & Vampola, 1978), Dynamics Explorer 1 (Roberts et al., 1987), and
Polar satellites (Moore et al., 1995; Shelley et al., 1995) reveal a warm particle population (tens of eV to a
fewkeV) that is distinct from the plasmasphere and ring current in energy and location (Chappell et al., 2008).
Recent studies seek to explain the origins of the warm plasma population in the innermagnetosphere via two
observed phenomena: the warm plasma cloak and the oxygen torus (e.g., Chappell, 1982, 2015; Chappell
et al., 2008; Fraser et al., 2005; Horwitz et al., 1986, 1984; Nosé et al., 2015; Roberts et al., 1987). The reported
energy range and spatial distribution for the oxygen ion population in the warm plasma cloak and the
oxygen torus are nearly identical. Chappell et al. (2008) identify the energy of the O+ ions in the warm
plasma cloak to be a few eV to 3 keV, and Nosé et al. (2015) find that O+ ions in the oxygen torus have
thermal (1 to ~100 eV) and suprathermal (~100 eV to 10 keV) components. The warm plasma cloak forms
a drape across the outside of the plasmasphere at MLT sectors spanning 0 MLT to 18 MLT (fig. 15 in
Chappell, 2015). Chappell et al. (2008) suggest that the warm plasma cloak is populated by a stepwise
acceleration mechanism for ionospheric ions of polar wind at high geomagnetic latitudes that circulates
the ions across the polar cap, out toward the magnetotail, and back into the middle magnetosphere where
the ions are spatially limited to outside of the plasmasphere. The oxygen torus is confined to the deep inner
magnetosphere at all local times (Roberts et al., 1987) and exists in both the plasmasphere and plasma
trough regions (Nosé et al., 2015).

The warm ions of the warm plasma cloak and the oxygen torus can act as a seed population for the ring cur-
rent (Chappell, 2015; Chappell et al., 2008; Nosé et al., 2011) and influence the growth and behavior of waves
(Fraser et al., 2005; Lee & Angelopoulos, 2014). The oxygen torus has been connected to an oxygen rich ring
current and the global circulation of oxygen in the magnetosphere (Nosé et al., 2011). Increased oxygen con-
tent in the ambient plasma affects the wave dispersion in the background plasma (e.g., Summers et al., 2007)
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and electromagnetic ion cyclotron (EMIC) wave minimum resonant energy (Kronberg et al., 2014). Yu
et al. (2015) show that increased oxygen plasma content increased O+ EMIC wave growth in particular.
The effect of the warm plasma cloak on dayside (Borovsky et al., 2013) and duskside (Fuselier et al., 2016)
reconnection rate has also been studied. Thus, the warm plasma cloak and oxygen torus are important
mechanisms that affect the global circulation of plasma in the entire magnetosphere. Nevertheless, plasma
with these intermediate energies has been understudied in comparison to other populations of the inner
magnetosphere, for example, plasmasphere, ring current, and radiation belts. The current suggested genera-
tion mechanisms for the warm plasma cloak and oxygen torus involve large‐scale distribution of extracted
ionospheric ions, or in other words, ionospheric outflow of O+ (e.g., Chappell et al., 2008; Horwitz
et al., 1986; Nosé et al., 2015; Roberts et al., 1987). However, recent studies reveal the local heating of cold
H+ and He+ ions to warm plasma energies by magnetosonic waves (Min et al., 2018; Yuan et al., 2018).
In the present study, we present the first observations of local heating of cold O+ ions to warm plasma ener-
gies by magnetosonic waves, thus opening discussion for a modified warm plasma generation mechanism
via magnetosonic waves.

Magnetosonic waves, also called equatorial noise, are nearly linearly polarized emissions with frequencies
mostly between the proton gyrofrequency and the lower hybrid resonance frequency, with wave vectors
nearly perpendicular to the background magnetic field (e.g., Boardsen et al., 2016; Russell et al., 1970).
Observations (e.g., Boardsen et al., 1992; Chen et al., 2011; Meredith et al., 2008; Perraut et al., 1982)
and theoretical studies (e.g., Gary et al., 2010; Horne et al., 2000; Liu et al., 2011; Zhou et al., 2014) suggest
that energetic protons (~10s keV) with ring‐like velocity distributions provide free energy to excite mag-
netosonic waves nearly perpendicular to the ambient magnetic field. Observations show magnetosonic
waves are mostly confined to the geomagnetic equator (e.g., Gurnett, 1976; Santolík et al., 2002) and
are found inside and outside the plasmapause (e.g., Ma et al., 2013; Perraut et al., 1982). While extensive
studies have been performed to understand the effects of magnetosonic waves on relativistic electrons
(Bortnik & Thorne, 2010; Horne et al., 2007; Li et al., 2014) and energetic protons (Xiao et al., 2014),
the effects of magnetosonic waves on the cold ion plasma population are not well understood.
Magnetosonic waves are an important mechanism for energy transfer throughout the magnetosphere;
thus, it is important to analyze the conditions under which magnetosonic waves will heat thermal popu-
lations to higher energies.

Magnetosonic waves have long been theorized to transfer energy to cold ion populations through resonant
interactions. Olsen (1981) correlated the transverse heating of a cold ion population to energies up to hun-
dreds of eV with equatorial noise. Horne et al. (2000) use the HORTRAY code to suggest that magnetosonic
waves could transversely heat low energy protons through cyclotron resonant absorption. Sun et al. (2017)
show through 1‐D particle in cell simulations that magnetosonic waves can heat cold protons in the perpen-
dicular direction due to higher order resonances. Recently, observations from the Van Allen Probes show
magnetosonic wave heating of low energy H+ and He+ populations. Min et al. (2018) present observations
of thermal H+ heating in the plasmaspheric trough region that corresponds with magnetosonic wave activ-
ity. Yuan et al. (2018) show observations of cold H+ and He+ transversely heated to 100s of eV by magne-
tosonic waves in a plasmaspheric density cavity. Ma et al. (2019) calculate the proton bounce‐averaged
diffusion coefficients for magnetosonic waves during an observed thermal proton heating event and suggest
that the magnetosonic wave frequency spectrum and total electron density could affect the diffusion coeffi-
cients. The effect of magnetosonic waves on the thermal oxygen population is understudied. To the best
knowledge of the authors, thermal O+ ion heating corresponding with magnetosonic waves has yet to be
directly observed until now.

To better understand the effect wave heating has on the origins of the warm plasma cloak and oxygen torus
population, this study analyzes observations of thermal ion heating of H+, He+, and O+ by magnetosonic
waves in low‐density structures of the plasmasphere. The plasmaspheric boundary known as the plasma-
pause experiences various density profiles under different geomagnetic conditions and can develop troughs,
plateaus, or other combinations of plasma enhancements and depressions (Horwitz et al., 1990; Sandel
et al., 2001). The plasmapause is thought to be a preferable place for wave‐particle interactions because of
strong density gradients, plume formation, and the coexistence of plasmas with different characteristics,
for example, cold plasma of ionospheric origin, the ring current plasma, and also energetic radiation belts
(e.g., Chen et al., 2009; Foster et al., 1976; Nambu, 1974; Sakaguchi et al., 2012). The various density
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profiles of the plasmapause offer a way to study the suggested effect (Ma et al., 2019) of total electron number
density on the ability for magnetosonic waves to energize thermal ion populations.

We present the Van Allen Probes observations for events with large heating features of thermal H+, He+,
and O+ that correspond with magnetosonic wave activity inside different plasmaspheric density structures.
We analyze two events with the first reported observations of cold O+ ion heating in the presence of mag-
netosonic waves. We show that for one event, the O+ heating corresponds with high oxygen harmonics
observed within the magnetosonic wave frequency spectrum and discuss different scenarios that could lead
to such harmonic structure. In this study, we demonstrate that heavy ion components of the warm plasma
cloak could be formed via magnetosonic waves inside density structures near the plasmapause, thus distin-
guishing the oxygen torus and warm plasma cloak populations and explaining why the warm plasma cloak
naturally drapes around the plasmasphere.

2. Instrumentation

The Van Allen Probes consists of a pair of identical spacecraft, Probe A and Probe B, each spinning with an
approximately 11‐s period and moving through a geostationary transfer orbit (inclination ~10°, apogee
~5.8 Re, perigee ~700 km, and period ~9 hr) encompassing the inner magnetosphere, the ring current,
and the radiation belts (Mauk et al., 2013). The Van Allen Probes' orbits present a unique opportunity to
observe simultaneous wave and particle activity in the inner magnetosphere. L4 Electric and Magnetic
Field Instrument Suite and Integrated Science (EMFISIS) 64 samples/s magnetic field measurements and
the L2 EMFISIS waveforms (Kletzing et al., 2013) along with the L2 Electric Field and Waves (EFW)
Instruments 32 samples/s electric field measurements were used to locate structures in the plasmaspheric
density profile and analyze the electromagnetic wave activity inside them (Wygant et al., 2013). L3
spin‐angle resolved and pitch‐angle resolved data from the Helium, Oxygen, Proton, and Electron (HOPE)
mass spectrometer (Funsten et al., 2013), which covers the particle energy range from ~1 eV to ~50 keV, were
also used to analyze the behavior of the ion fluxes inside each density structure.

3. Observations of Magnetosonic Waves and O+ Heating Events
3.1. 24 June 2013 05:30–06:30 UT Event

During 24 June 2013, Probe A observed magnetosonic wave activity and corresponding ion heating within
plasmaspheric density structures in the inner magnetosphere between 05:30 and 06:30 UT. Figure 1 shows
the global geomagnetic indices observed between 22 UT of 23 June and 10 UT of 24 June. The days of 23 and
24 June are characterized by moderately enhanced geomagnetic activity, with Kp index varying from 2 to 4,
and complex auroral activity. Van Allen Probe A observations of ion heating occur after the substorm activ-
ity between 03 UT and 06 UT, as indicated by the blue rectangle. The SYM‐H index reaches a minimum of
approximately−40 nT at the start of the event, just before 06:00 UT. The minimum in the SYM‐H index sug-
gests a link between substorm activity and the ring current injection, which may have caused a relative
decrease in SYM‐H up to ~20 nT, −20 nT at 02 UT to −40 nT at 06 UT. Between 5:30 UT and 6:30 UT,
Probe A observed two magnetosonic wave events between 17 and 19 MLT, between L‐shell of 3 and 4,
between the magnetic latitudes of 3° and 6°.

Figure 2 shows the various wave characteristics observed by EMFISIS onboard Probe A between 5:30 UT and
6:30 UT on 24 June. Figures 2a and 2b show the electric field spectral intensity and the magnetic field spec-
tral intensity, respectively. Figure 2c shows the wave normal angle (WNA) of the observed emissions, and
Figure 2d shows the wave ellipticity (ε). The ellipticity and WNA measurements were computed using the
singular value decomposition method from Santolík et al. (2003). The white sloping lines on each panel
represent (from top to bottom) the lower hybrid resonance frequency and the local gyrofrequency for hydro-
gen. The local gyrofrequency decreases over time due to the weakening external magnetic field observed by
Probe A as the spacecraft travels from L‐shell 3 to L‐shell 4. Between 5:38 UT and 5:52 UT and between 6:06
UT and 6:14 UT, we observe linearly polarized (ε ~ 0, seen in Figure 2d in green) emissions between the
lower hybrid resonance frequency and the H+ local gyrofrequency that propagate nearly perpendicular to
the ambient magnetic field (WNA ~90°, seen in Figure 2c in red). As such, we identify the emissions as mag-
netosonic waves. The first observed wave has a higher and narrower frequency range than the second
observed wave. The WNA and ellipticity of the first wave (shown in Figures 2c and 2d) show a small gap
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in wave emission around 5:46 UT. We also note that the magnetosonic waves do not decrease with the
decreasing local gyrofrequencies and the decreasing lower hybrid resonance frequency. Instead, the
magnetosonic wave frequencies stay constant, indicating that neither magnetosonic waves were observed
in their source regions (Walker et al., 2015).

Figure 3 shows the wave‐particle characteristics observed by Probe A between 5:30 UT and 6:30 UT, which is
during the same time interval of the two observed magnetosonic wave events shown in Figure 2. The vertical
white bars seen in Figures 3b–3h are the result of data gaps when plotting with Autoplot software. Figure 3a
shows the EMFISIS electron density, determined by tracking the upper hybrid resonance frequency (Kurth
et al., 2015). We use the electron density as a proxy for plasmaspheric density and determine plasmasphere
boundaries and trough regions by noting sharp changes in the electron density profile (He et al., 2016).
Between 5:30 UT and 6:30 UT, Probe A observed two density channels in the plasmaspheric density profile
between 17 and 19MLT, L‐shells from 3 to 4, and near the geomagnetic equator, withmagnetic latitudes ran-
ging from 3° to 6°. We identify the first density channel by the sharp change in electron density at 5:38 UT
from ~500 to ~250 cm−3 and at 5:52 UT from ~150 to ~500 cm−3. The second density channel is located
between 6:05 UT and 6:14 UT as indicated by the sharp change in density from ~300 to ~50 cm−3 at 6:05
UT and the sharp change in density from ~50 to ~250 cm−3 at 6:14 UT. It is not unusual to see such density
channels in the plasmasphere bulge region. IMAGE data show evidence for complicated density channel
configurations in the plasmasphere (Sandel et al., 2003). These plasmasphere inner troughs or low‐density
channels are known to occur at all MLT, thoughmost commonly between 18 and 24MLT, and are identified
by a sharp density decrease over 0.5 L‐shell by a factor between ~2 and ~10 when compared to the density of
nearby plasmasphere regions (Carpenter et al., 2000). Inside the first channel, around 5:46 UT, there is a
decrease in density from ~250 to ~150 cm−3, which corresponds well with the gap in WNA and ellipticity
observations shown in Figure 2 at that time. This suggests that the plasmaspheric density has an effect on
the magnetosonic wave properties, consistent with previous work (e.g., Ma, Li, Chen, Thorne, Kletzing,
et al., 2014; Yuan et al., 2017). The electric field spectral intensity is shown in Figure 3b, with the top black
line indicating the lower hybrid resonance frequency and the lower black line indicating the local H+ gyro-
frequency. The magnetosonic wave frequencies previously identified in Figure 2 are seen in Figure 3b and
correspond exactly with the density channel boundaries. The magnetosonic wave amplitude peaks inside

Figure 1. Geomagnetic activity for 23 and 24 June 2013 (WDC, Kyoto). From top to bottom: Kp index (shown along top
axis), AU and AL indices, ASY‐D and ASY‐H indices, and SYM‐H index. Van Allen Probe A observes magnetosonic
waves and ion heating between 05:30 and 06:30 UT on 24 June. The rectangular shape marks the heating interval.
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both plasmaspheric density channels, which is consistent with recent work showing that low‐density regions
in general are favorable in magnetosonic wave excitation (Yuan et al., 2017; Yuan et al., 2018). Figures 3c, 3e,
and 3g show the energy‐time spectrograms for omnidirectional particles as observed by HOPE for H+, He+,
andO+, respectively. Inside each of the plasmaspheric density channels, we observe enhancedH+,He+, and
O+ at energies <500 eV, indicating thermal ion heating corresponding with the magnetosonic wave activity.
In the first density channel, enhanced H+ and O+ fluxes are also observed at higher energies (~10 keV and
greater) after 5:45 UT. Throughout the second density channel, H+ and O+ fluxes are observed at energies
between 7 and 9 keV and ~30 keV. These distributions are similar to the already reported “ring distributions”
(e.g., Chen et al., 2011; Meredith et al., 2008) of particles injected into the inner magnetosphere, most likely
during recent substorm activity. The white line in Figure 3c represents the Alfvenic energy EA, which is
defined as B2(2μ0 ne)

−1 where B is the magnetic field magnitude and ne is the electron number density.
The dotted black line in Figure 3c represents the proton ring energy, ER, defined by the energy of the peak
in the phase space density (Chen et al., 2010, 2011; Horne et al., 2000). Magnetosonic wave growth
instabilities are most favorable when EA is comparable to ER. EA is most comparable to ER inside the
second channel, thus indicating that the density channel could host locally generated waves as well.

Figures 3d, 3f, and 3h show the pitch angle distribution for the ions within the energy bin 21–215 eV for H+
andHe+ and 16–193 eV for O+. The enhanced ion flux observed in each density channel corresponds to per-
pendicular pitch angle distributions for all three ions. The transverse heating for all ion species begins and
ends at the boundaries of the density channels and magnetosonic wave activity. The transversely heated ion
flux for each species reaches up to a few 100 eV. Ion fluxes are less intense in the second density channel,
which corresponds with the differences in the spectral properties of the waves inside each channel.

Figure 2. Van Allen Probe A observations on 24 June 2013 between 3:00 UT and 9:00 UT. (a and b) The electric and magnetic field spectral intensities observed by
Electric and Magnetic Field Instrument Suite and Integrated Science Instrument. (c) The wave normal angle (WNA), the angle between the wave vectorbk and the
ambient magnetic field. (d) The wave ellipticity, the degree of elliptical polarization. The white lines on each panel denote the lower hybrid resonance
frequency and the local gyrofrequency for hydrogen. Two magnetosonic waves are identified during the time intervals between 5:38 UT and 5:52 UT and between
6:06 UT and 6:14 UT.
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Figure 4 shows the relative and absolute ion partial number densities observed by HOPE between 5:30 and
6:30 UT. Since the HOPE instrument cannot measure the core population of plasmasphere, the partial
densities in this study correspond only to the warm plasma population with energies above 30 eV.
Figure 4a shows the ratio of warm H+/total ion density n(H+)/n (black curve), warm He+/total ion density
n(He+)/n (green), andwarmO+/total ion density n(O+)/n (red). Figure 4b shows the partial number density
for warm H+ (black), warm He+ (green), and warm O+ (red). The two blue rectangles show the intervals of
the enhanced ion flux in the plasmaspheric density channels. In Figure 4a, we observe that the ratio of warm
n(H+)/n (tot) increases inside each density channel, approaching 0.8 for the first channel and 0.7 for the sec-
ond channel. In Figure 3, the HOPE energy‐time spectrograms show more intense ion heating in the first
channel than in the second channel. Comparison of partial density signals between the first and second chan-
nels in Figure 4b shows that the more intense the heating, the higher the warm n(H+) and subsequently the

Figure 3. Van Allen Probe A observations on 24 June 2013 between 5:30 UT and 6:30 UT. (a) The electron density determined by EMFISIS through tracking the
upper hybrid resonance frequency. (b) The electric field spectral intensity observed by EMFISIS. The top black line represents the lower hybrid resonance
frequency and the bottom black line represents the local H+ gyrofrequency. (c, e, and g) HOPE mass spectrometer omnidirectional fluxes for H+, He+, and O+,
respectively. The black dashed line in (c) represents the proton ring energy, ER. The white line in (c) represents the Alfvenic energy, EA. (d and f) HOPE pitch
angle distributions for H+ and He+ ions binned at energies from 21 to 215 eV. (h) HOPE pitch angle distributions for O+ ions binned at energies from 16
to 173 eV.
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higher the percentage of warm n(H+)/n. ThewarmHe+density signal (green) is alsomore clearly seen in the
first channel than in the second, but it is not as strong as the warm H+ signal. The strength of the warm H+
signal indicates that the heating process is more effective for H+ ions, which is consistent with the theory of
heating by magnetosonic waves (e.g., Horne et al., 2000; Sun et al., 2017). Thus, we suggest that the intense
heating process acts on H+ predominantly but also affects He+ and O+ ions.

It is important to note that the heating signal in warmO+ is not so evident in Figure 4, yet the perpendicular
heating is very evident from the HOPE energy‐time spectrograms in Figure 3. In response, we suggest that
the strength of the effect is lower for the O+, possibly because it is heavier, potentially less abundant, and
not always in resonance with the magnetosonic wave. It is also important that the partial number density
for warm O+ (Figure 4b) stays nearly constant, but the partial density ratio n(O+)/n (Figure 4a) varies sig-
nificantly inside and outside the density channels. O+ is the predominant component (between 40% and
80%) of the warm plasma (energetic tail) of the plasmasphere between 5:30 and 5:38 UT and of the warm
plasma plume (~50%) between 5:52 and 6:06 UT (as measured by HOPE instrument).

The EMFISIS instrument samples the electric and magnetic fields at a rate of 35,000 samples/s. In waveform
burst mode and waveform continuous burst mode, EMFISIS captures 0.486‐ and 5.968‐s waveforms, respec-
tively, that can be used for frequency analysis (Kletzing et al., 2013). The frequency resolution of burst mode,
Δf = 1/0.5 = 2 Hz, is small enough to resolve the proton harmonic structures and spectral substructures of
the magnetosonic wave. The frequency resolution of continuous burst mode, Δf = 1/5.968 = 0.168 Hz, is
small enough to resolve the helium and oxygen harmonic structures in addition to the proton harmonic
structures.

During the 24 June event, EMFISIS captured one 0.468‐s waveform at 5:49 UT inside the first density chan-
nel. Figure 5 shows magnetic field power spectral density at 5:49 UT, when we observe O+ heating in the
first density channel. During the waveform capture, the local proton gyrofrequency was 11.2 Hz.
Figure 5a shows the power spectral density on a log scale between 0 and 450 Hz with the local proton

Figure 4. Van Allen Probe A HOPE observations on 24 June 2013 between 5:30 and 6:30 UT of relative and absolute partial ion number densities for energies 30
eV and up. (a) The ratio of warm n(H+)/n (black), warm n(He+)/n (green), and warm n(O+)/n (red). (b) Warm H+ partial number density n(H+) (black),
warm He+ partial number density n(He+) (green), warm O+ partial number density n(O+) (red). Probe A observes a density channel during the interval 5:38 UT
to 5:52 UT and during the interval 6:05 UT to 6:15 UT. Rectangular areas mark O+ heating intervals.
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gyroharmonics shown with vertical gray lines. The frequency range of the observed magnetosonic wave is
indicated with two yellow vertical bars. Figure 5b shows a linear scale of the magnetic field power
spectral density of the magnetosonic wave emission between the 18th and 33rd proton gyroharmonics
(shown by vertical gray lines). The spectral peaks in the power spectral density do not correspond with
the local proton gyroharmonics, which further indicates that this wave was generated nonlocally (Walker
et al., 2015). It is possible that these magnetosonic waves were generated elsewhere and propagated
toward the plasmasphere where they became trapped inside the density channels (Chen & Thorne, 2012),
which is consistent with wave observations in Figures 2 and 3b, which suggest that the magnetosonic
waves are not in their source regions. Magnetosonic waves can retain their harmonic structure as
determined by their source region conditions when they propagate away from the source and to the
observation point (Perraut et al., 1982). Therefore, the observed harmonic structure reveals information
about the magnetosonic wave source location. The frequency spacing between each spectral peak between
the 18th and 26th proton gyroharmonics is smaller than the local proton gyrofrequency, and the
frequency spacing between each spectral peak between the 27th and 33rd proton gyroharmonics is larger
than the local proton gyrofrequency. The smaller (larger) frequency spacing suggests that these
magnetosonic wave emissions were generated in a region of lower (higher) magnetic field strength and
subsequently propagated to their observation point (Walker et al., 2015). The peak power spectral density
between the 18th and 22nd proton gyroharmonics (between 5e–6 nT2 Hz−1 and 7e–6 nT2 Hz−1) is greater
than the peak between 27th and 33rd proton gyroharmonics (less than 5e–6 nT2 Hz−1). It is possible that
the difference in frequency spacing and power spectral density between the 18th and 22nd proton

Figure 5. Fast Fourier transformed (FFT'd) EMFISIS magnetic field waveforms captured for 0.5 s with a sampling rate of 35,000 samples/s on 24 June 2013 at 5:49
UT, during the intense O+ heating interval in the first density channel. The local proton gyrofrequency is calculated by magnetometer data and is 11.2 Hz at
this time. (a) The total magnetic field wave power as a function of frequency is plotted on a log scale between 0 and 450 Hz with local proton gyroharmonics
shown by vertical gray lines. The frequency range of the magnetosonic wave emission (between ~200 and ~380 Hz) is shown with two yellow vertical lines. (b) The
total magnetic field wave power of the magnetosonic wave emission as a function of frequency is plotted on a linear scale between 180 and 380 Hz. The local
proton gyroharmonics are plotted with gray lines and the local helium gyroharmonics (one fourth of the local proton gyroharmonics) are shown with green
dashed lines.
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gyroharmonics and between the 27th and 33rd proton gyroharmonics indicates a more complicated
frequency spectrum due to a mixture of multiple magnetosonic waves (Perraut et al., 1982; Santolík
et al., 2016). The local helium gyroharmonics are also resolved (11.2 Hz/4 = 2.8 Hz) and shown in
Figure 5b with green dashed lines. The spectral peak between the 18th and 19th and the 29th and 30th
proton gyroharmonics matches well with the He+ local gyroharmonics, suggesting resonance activity
between the magnetosonic wave and He+. We also note the spectral peaks between the 19th and 20th,
21st and 22nd, 25th and 26th, and 27th and 28th local proton gyroharmonics are also between the He+
local gyroharmonics, which could indicate wave‐particle resonance with heavier ions, that is, oxygen.

When inside the second density channel on 24 June, EMFISIS was in waveform burst mode and captured 16
sets of 0.486‐s waveforms from 6:06 UT to 6:14 UT. Figure 6 shows the time‐averaged magnetic field fre-
quency power spectra of eight 16,384‐point fast Fourier transforms centered at 6:08 UT (Figures 6a and
6b) and 6:12 UT (Figures 6c and 6d). The average local proton gyrofrequency was 7.4 Hz between 6:06
and 6:10 UT (first time interval) and 6.85 Hz between 6:10 and 6:14 UT (second time interval). The time
duration of each waveform sample (1/0.5 s = 2 Hz) restricts the resolution of helium and oxygen gyroharmo-
nics, but proton harmonic structure is resolved. The dashed black lines represent the local proton

Figure 6. Fast Fourier transformed (FFT'd) Van Allen Probe A EMFISIS waveforms captured for 0.5 s with a sampling rate of 35,000 samples/s on 24 June 2013
for the case of the second density channel. The magnetic field power spectral densities are averaged over time and plotted as a function of frequency. The local
proton gyroharmonics are shown by solid gray lines. The frequency range for the magnetosonic wave emission is marked by two yellow lines. (a) Eight
waveforms FFT'd and averaged over 6:06 UT and 6:10 UT, plotted on a log scale between 50 and 300 Hz. The local proton gyrofrequency is 7.4 Hz. (b) Same as
(a) except plotted on a linear scale between 150 and 300 Hz. (c) Eight waveforms FFT'd and averaged over 6:10 UT and 6:14 UT, plotted on a log scale between 50
and 300 Hz. The local proton gyrofrequency is 6.85 Hz. (d) Same as (c) except plotted on a linear scale between 150 and 300 Hz.
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gyroharmonics for each time interval. Figures 6a and 6c show the power spectral density on a log scale
between 0 and 350 Hz, centered around the time intervals 6:08 UT and 6:12 UT, respectively. We observe
the magnetosonic wave emission in the frequency interval marked by two yellow bars (150–300 Hz) for each
time. Figures 6b and 6d show the magnetosonic wave power spectral density on a linear scale for the 6:08 UT
and 6:12 UT time intervals, respectively. The broadband spectrum in power spectral density over a contin-
uous frequency range between ~150 and ~300 Hz during the first interval (Figure 6a) and between ~150
and ~275 Hz during the second interval (Figure 6c) indicates that the observed magnetosonic wave in the
second density channel is a nonharmonic continuous emission (Chen et al., 2016; Tsurutani et al., 2014).
However, for both 4‐min time intervals, the frequency power spectra in Figures 6b and 6d show discrete har-
monic structures that do not correspond with the local proton gyroharmonics. This is again consistent with a
nonlocal generation of the magnetosonic wave. We suggest that Figure 6 shows wave‐wave mixing of con-
tinuous and discrete harmonic waves. We note that the spectral peaks shown in Figures 6b and 6d are
between the local proton gyroharmonics, which could again indicate resonance with heavier ions. We also
note that the power spectral density centered around 6:08 UT (Figure 6a) is between 8e–5 nT2 Hz−1 and
6e–5 nT2 Hz−1, which is nearly double that of the power spectral density centered around 6:10 UT
(Figure 6b). The decrease in power spectral density over time could suggest that the wave is transferring
energy over time to the heated thermal ion population in the second density channel, further supporting
resonant wave heating.

3.2. 14 August 2013 11:30–12:30 UT Event

The second magnetosonic wave event we study is between 11:30 UT and 12:30 UT on 14 August 2013. This is
a quieter time period than the previous event, and the plasmaspheric density profile has different density
characteristics. During this time interval, the Van Allen Probe A observations of magnetosonic waves and
ion heating are in a different spatial location than the first event, between 15 and 16 MLT. EMFISIS was
in waveform continuous burst mode when HOPE observed the heavy ion heating during the second event,
which presents an opportunity for a high‐frequency resolution analysis of the present magnetosonic waves.

Figure 7 shows the global activity characteristics observed on 13 and 14 August 2013. Near 03 UT 14 August,
SYM‐H reaches a minimum at around−35 nT. Substorm activity persists during ~20 hr of the day before the
observations, reaching the highest AE index values of 600–700 nT and indicating multiple substorm occur-
rences. However, in the period of interest during which we observe wave‐particle activity, the magneto-
sphere is relatively undisturbed and experiences minimal substorm activity up to 3 hr before the wave
event. These conditions contrast the more disturbed environment of 24 June event, when the heating occurs
at the tail end of the substorm disturbance. Different geomagnetic conditions affect global pattern of electric
field in the inner magnetosphere and hence affect the plasmasphere dynamics.

Figure 8 is in the same format as Figure 2 for the various wave characteristics observed by EMFISIS onboard
Probe A between 11:30 UT and 12:30 UT.We identify the magnetosonic wave by the linearly polarized (ε ~ 0)
emissions (Figure 8d, green) and the large WNA (Figure 8c, red). Between 11:30 UT and 11:53 UT, the wave
frequency is between 30 and 100 Hz. After 11:53 UT, the wave frequency range broadens to 30–500 Hz until
about 12:02 UT when it begins to narrow to a frequency range of ~200–500 Hz by 12:20 UT. The white lines
shown on each panel in Figure 8 represent the lower hybrid resonance frequency and the local gyrofre-
quency for hydrogen. Interestingly, while the frequency range of the magnetosonic wave changes over the
time interval, it does not decrease with the local gyroharmonics. Thus, Figure 8 provides suggestive evidence
that the magnetosonic wave in question was again nonlocally generated. It is important to note that magne-
tosonic wave activity during the relatively quiet conditions could suggest that the magnetosonic wave was
generated during the substorm activity 3 hr prior to observations (Meredith et al., 2008) or that the magne-
tosonic wave was generated elsewhere and propagated over radial distance and magnetic local time (Ma, Li,
Chen, Thorne, & Angelopoulos, 2014).

Figure 9 has the same format as Figure 3 to show the ion behavior between 11:30 UT and 12:30 UT. As
shown in Figure 9a, Probe A observed a fluctuating plasmaspheric density profile after leaving the plasma-
sphere around 16 MLT, at L‐shell 3 and between 2° and 2.5° from the magnetic equator. Figure 9a shows a
sharp decrease in density from >500 to ~200 cm−3 at 11:53 UT, which indicates the spacecraft crossing the
plasmapause and leaving the plasmasphere (He et al., 2016). Between 11:57 UT and 12:00 UT, we see an
increase in the density to ~350 cm−3.
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Figure 8. Van Allen Probe A observations on 14 August 2013 between 11:30 UT and 12:30 UT. (a and b) The magnetic and electric field spectral intensities
observed by Electric and Magnetic Field Instrument Suite and Integrated Science Instrument. (c) The wave normal angle (WNA), the angle between the wave
vector bk and the ambient magnetic field. (d) The wave ellipticity, the degree of elliptical polarization. The white lines on each panel denote the lower hybrid
resonance frequency and the local gyrofrequency for hydrogen.

Figure 7. Geomagnetic activity for 13 and 14 August 2013 (WDC, Kyoto). From top to bottom: Kp index (shown across the top axis, AU and AL indices, ASY‐D
and ASY‐H indices, and SYM‐H index. Van Allen Probe A observes magnetosonic waves and heavy ion heating between 11:50 and 12:30 UT on 14 August. The
rectangle area marks the heating interval.
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The increase in density between 11:57 and 12:01 UT is short in time duration (~4 min) and L‐shell duration
(<0.5 L‐shell), and the electron number density is smaller compared to the main plasmasphere. We suggest
that the density profile between 11:57 and 12:01 UT represents a thin and wispy erosion plume wrapped
around the plasmasphere, with a region of low density between the plume and the main body of the plasma-
sphere. We consider the interval of low density between 11:53 UT and 11:57 UT to be a plasmaspheric den-
sity channel. The thin wrapped plume and density channel are observed by IMAGE and commonly
developed under recovery conditions (Sandel et al., 2003). After 12:01 UT, the density decreases from 200
to 100 cm−3 over 16 min which is consistent with observations showing weakly enhanced density outside
of the plume, despite its far distance from the plasmasphere main body (Sandel et al., 2003).

In Figure 9b, the electric field spectral density shows the identified magnetosonic wave from Figure 8.
Unlike the previous case on 24 June, the density gradients on both sides of the density channel between

Figure 9. Van Allen Probe A observations on 14 August 2013 between 11:30 UT and 12:30 UT. (a) The electron density determined by EMFISIS through tracking
the upper hybrid resonance frequency. (b) The electric field spectral intensity observed by EMFISIS. The top white line represents the lower hybrid
resonance frequency, and the bottom white line represents the proton local gyrofrequency. (c, e, and g) HOPE mass spectrometer omnidirectional fluxes for H+,
He+, and O+, respectively. The white line in (c) represents the Alfvenic energy, EA. The dashed black line in (c) represents the proton ring energy, ER. (d, f, and h)
HOPE mass spectrometer pitch angle distributions for H+, He+, and O+ sampled at energies from 13 to 156 eV.
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11:53 UT and 11:57 UT do not effectively trap the magnetosonic wave in the channel. Magnetosonic waves
can propagate radially and azimuthally but preferentially travel in the azimuthal direction (Boardsen
et al., 2015) following the plasmapause density gradient which acts as a wave guide (Chen &
Thorne, 2012). However, the wave guide does not have to stop the magnetosonic wave from penetrating
the plasmapause (Boardsen et al., 2014). Magnetosonic waves propagate radially when scattered off inhomo-
geneities in the plasmasphere (Ma, Li, Chen, Thorne, Kletzing, et al., 2014). Though ray tracing analysis is
beyond the scope of the present study, we can still use observations to make inferences about wave behavior.
The wave characteristics shown in Figure 8 imply nonlocal generation and subsequent inward propagation.
Figure 9c shows the Alfven energy, ER (white line), and the proton ring energy, ER (black dashed line).
Outside of the plasmasphere, between 11:53 UT and 12:16 UT, ER > EA, yet ER and EA are still comparable,
which indicates conditions for broader frequency bandwidth wave growth (Ma, Li, Chen, Thorne, &
Angelopoulos, 2014). As the wave propagates inwards, Figure 9b shows the magnetosonic wave amplitude
reaches a maximum between 11:54 UT and 12:16 UT, while also broadening in frequency range. We suggest
that the variations in the plasmaspheric density excite the magnetosonic wave and increase the radial direc-
tion of the wave vector, which allows the wave to penetrate the plume between 11:57 UT and 12:01 UT and
continue to propagate in the density channel between 11:53 UT and 11:57 UT before penetrating the plasma-
pause (Boardsen et al., 2014). Between 11:30 UT and 11:53 UT, ER is much greater than EA inside the plasma-
sphere, indicating unfavorable conditions for wave growth (Ma, Li, Chen, Thorne, & Angelopoulos, 2014).
We suggest that the wave propagated inwards and was excited by density variations of the plume and density
channel near the plasmapause until entering the plasmasphere where the wave growth decreased. Thus, the
wave amplitude and frequency range are influenced by the plasmaspheric density structures, which is con-
sistent with previous studies (e.g., Ma, Li, Chen, Thorne, Kletzing, et al., 2014; Yuan et al., 2018).

We also observe enhanced H+, He+, and O+ fluxes (Figures 9c, 9e, and 9g) for energies <500 eV that corre-
spondwith the left‐side boundary of the density channel (the plasmapause) at 11:53 UT as well as the interval
of the magnetosonic wave frequency range broadening between 11:53 UT and 12:01 UT. Figures 9d, 9f, and
9h show the pitch angle distribution for H+, He+, and O+, respectively, sampled at energies 13–156 eV. We
observe peak intensities of perpendicular pitch angle distributions for all three ions between 11:57 UT and
12:01 UT. Each ion experiences transverse heating to a few 100 eV during the interval of the magnetosonic
wave frequency range broadening. Starting at 12:01 UT, the energy‐time spectrogram for He+ (Figure 9e)
shows a decrease in fluxes for the low energy band 1–50 eV, and starting at 12:05 UT, O+ fluxes at that energy
range (Figure 9g) are almost absent, or very low (below 103 s−1 cm−2 ster−1 keV−1). We interpret the reduc-
tion of He+ heating and absence of O+ low energyfluxes as the result of the spacecraftmoving away from the
intense heating source. We note that, in similarity with the 24 June event, the location of the intense heating
source for O+ is collocated with the low‐density region in the plasmaspheric density profile.

Figure 10 has the same format as Figure 4. It shows the relative and absolute ion partial number densities
observed by HOPE between 11:30 and 12:30 UT for energies 30 eV and above. Figure 10a shows the ratio
of warm H+/total warm ion density n(H+)/n (black curve), warm He+/total warm ion density n(He+)/n
(green), and warm O+/total warm ion density n(O+)/n (red). Figure 10b shows the partial number density
for warmH+ (black), warmHe+ (green), and warmO+ (red). In Figure 10a, we again observe the transition
from the warm O+ rich plasmasphere between 11:30 UT and 11:53 UT to a warm H+ dominated environ-
ment at 11:53 UT. The species dependent heating is seen between 11:53 and 12:01 UT, which encompasses
the density channel between 11:53 UT and 11:57 UT and the thin plume between 11:57 UT and 12:01 UT.
After 12:01 UT, there is a warm H+ dominated region, with low content of warm O+ and warm He+.
Interestingly, in both the 24 June interval and the 14 August interval, the O+ heating instances coincide with
elevated partial density for warm He+, as shown in Figure 10b. This is consistent with our hypothesis that
the heating mechanism is species dependent and affects H+ ions first, with O+ heating only observed with
both He+ and H+ heating.

During the 14 August event, EMFISIS was in waveform continuous burst mode when inside the density
channel and plume and subsequently captured nine sets of 5.968‐s waveforms from 11:57 UT through
11:59 UT, where we observe enhanced O+ fluxes at energies <500 eV. The magnetosonic wave emission is
observed between ~30 and ~300 Hz (Figure 8). During this time, the average local proton gyrofrequency
was 9.72 Hz. Figure 11a shows the time‐averaged magnetic field frequency power spectra of nine fast
Fourier transformed total magnetic field waveforms centered around 11:58 UT between 0 and 300 Hz. The
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Figure 10. Van Allen Probe A observations on 14 August 2013 between 11:30 and 12:30 UT of relative and absolute partial ion number densities for warm plasma
(energies 30 eV and up). (a) The ratio of warm n(H+)/n (black), warm n(He+)/n (green), and warm n(O+)/n (red). (b) Warm H+ partial number density
(black), warm He+ partial number density (green), and warm O+ partial number density (red). Probe A observes a density channel and oxygen ion heating
primarily during the interval 11:54 UT to 12:01 UT. The rectangular area marks O+ heating interval.

Figure 11. Van Allen Probe A EMFISIS waveforms captured for 5.968 s with a sampling rate of 35,000 samples/s on 14 August 2013 over the time interval
11:57 UT to 11:59 UT, within the O+ heating event. The average local proton gyrofrequency is 9.72 Hz. The local proton gyroharmonics are shown with gray lines.
The local helium gyroharmonics are shown with green dashed lines, and the local oxygen gyroharmonics are shown with red dashed lines. (a) Nine total magnetic
field waveforms are fast Fourier transformed and time averaged to show the magnetic field power spectrum centered at 11:58 UT as a function of frequency
between 0 and 300 Hz. (b) Same as (a) except between 70 and 100 Hz. (c) Same as (a) except between 120 and 150 Hz.
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local proton gyroharmonics are shown in solid gray lines. Figure 11b shows the same as Figure 11a, except the
power spectral density is plotted on a linear scale over the frequency range 50–100Hz.We observe the highest
power spectral density andmost distinct harmonic structure for themagnetosonic emission in the 70–100‐Hz
frequency range. The resolution of the waveform continuous burst mode is 0.168 Hz, which is small enough
to resolve the local gyroharmonics for H+, He+, and O+. The local proton gyroharmonics are shown in solid
gray lines, and the local helium gyroharmonics and the local oxygen gyroharmonics are shown in green and
red dashed lines, respectively. The spectral peaks reach a maximum power spectral density of ~1.5e–
3 nT2Hz−1, which is 3 orders ofmagnitude larger than seen in both density channels on 24 June. The spectral
peaks also have distinct discrete harmonic structure in a much lower frequency range than the previous
event. The larger spectral peaks (>2.5e–4 nT2 Hz−1) do not correspond with local proton gyrofrequency,
which indicates a nonlocal generation consistent with observations shown in Figures 8 and 9. The frequency
spacing between the larger spectral peaks is smaller than the frequency spacing between the local proton
gyroharmonics, which suggests that the emissions were generated in a region of a weaker external magnetic
field. The power frequency spectrum is consistent with assumption that the magnetosonic wave was gener-
ated at a larger L‐shell and propagated inward toward the plasmasphere. However, the nearly even frequency
spacing between the smaller spectral peaks (<2.5e–4 nT2 Hz−1) is different from the spacing between the lar-
ger peaks, which suggests that Figure 11 shows the power spectral density for a complexmixture of frequency
spectra of various emissions. It is also notable that in Figure 11b, the largest spectral peaks overlap or nearly
overlapwith the gyroharmonics for helium and oxygen andwe observe transverse heating of helium and oxy-
gen during the same time interval. Figure 11c is the same format as Figure 11b, except over the frequency
range 120–170 Hz. The power spectral density is much lower for the frequency range in Figure 11c than
Figure 11b. The difference between the power spectral density values for each of the spectral peaks shown
in Figure 11c is also much lower than in Figure 11b. Observations in Figure 9 show the magnetosonic wave
broadening in its frequency range during this time. Unfavorable conditions for high frequency wave instabil-
ities (EA < ER during this time) indicate that the higher frequency component (between 100 and 300 Hz) is
either another magnetosonic wave guided into the region by the plasmaspheric density or that the existing
magnetosonic wave is modulated by the local conditions and is transforming from a discrete harmonic struc-
ture to a more broadband continuous structure at higher proton gyrofrequencies. We also note that many
spectral peaks in Figure 11c also overlap with helium and oxygen gyroharmonics.

4. Discussion

In the previous section, we present two events with three separate instances of magnetosonic wave activity
corresponding with transverse heating of thermal proton, helium, and oxygen ions. We performed harmonic
analysis on EMFISIS waveform burst and waveform continuous burst mode data to resolve the ion harmonic
structures in the power spectral density. We found that during instances of heavy ion heating, the fine fre-
quency structures of the power spectral density aligned well with heavy ion harmonics. In this section, we
discuss thermal heating of oxygen ions by resonant interactions with magnetosonic waves, the role of the
electric field pattern in the heating process, the role of other waves for thermal ion heating, and the implica-
tions of magnetosonic wave heavy ion resonant heating in the inner magnetosphere for the generation of the
warm plasma cloak and the oxygen torus.

4.1. Thermal Heating of O+ Through Resonant Interactions With Magnetosonic Waves

Sun et al. (2017) show through 1‐D particle‐in‐cell (PIC) simulations that magnetosonic waves can perpen-
dicularly energize cold protons through higher order resonances when themagnetosonic wave has a finite k||
component. In this case, the following condition for higher order resonant interactions satisfies

vjjn; res ¼ ω − nΩið Þ
kjj

; (1)

where ω is the frequency of the magnetosonic waves, k|| is the parallel wave number, n is the orders of
harmonic resonances, Ωi is the ion gyrofrequency, and v||n, res is the required resonant velocity. For a
small, finite k||, and for frequencies of magnetosonic waves that are close to the harmonics of the ion gyro-
frequency, the resonant velocity is reduced to a sufficiently small value, which allows for resonant inter-
actions between magnetosonic waves and thermal ions (Horne et al., 2000; Sun et al., 2017; Yuan
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et al., 2018). Thus, harmonic emissions of magnetosonic waves that are close to the gyroharmonics of var-
ious ion species such as protons, helium, and oxygen should theoretically be able to transversely heat such
ions at thermal energies.

Though magnetosonic waves are generated with instabilities at the local proton gyroharmonics (Balikhin
et al., 2015), previous observations have shown magnetosonic waves with different types of harmonic emis-
sions in power spectral density profiles. Through electric field observations of equatorial noise (magnetoso-
nic waves) from IMP 6 and Hawkeye 1 satellites, Gurnett (1976) reported emissions of dominant spectral
peaks at various proton gyrofrequency harmonics with minor peaks at one fourth and one eighth the proton
gyrofrequency harmonics, that is, heavier ion harmonics. Parrot et al. (2016) reported observations of equa-
torial noise emissions in the ionosphere with O+ harmonics. Recent observations of magnetosonic waves
with CLUSTER (Walker et al., 2016), DEMETER (Santolík et al., 2016) and the Van Allen Probes (Min
et al., 2018) reveal multiple spectral peaks in between the proton gyrofrequency harmonics, which could
indicate resonance with heavier ions.

The power spectral density for each magnetosonic wave analyzed in the present study shows a complex fre-
quency spectrum indicative ofmultiple wave emissions. Perraut et al. (1982) provide a study ofmagnetosonic
waves with complicated harmonic structures differing from local proton gyroharmonics, one reason for
which they suggest is wave‐wave coupling between multiple magnetosonic wave emissions. The wave guide
provided by the density channel can direct multiple emissions to the same region. We suggest that both den-
sity channels in the first event behave as wave guides and trap nonlocally generated magnetosonic waves.
The waves were generated in a region with a differentmagnetic field and propagated inwards while retaining
their harmonic structure. Thus, the nonlocal proton gyroharmonics of the magnetosonic wave are at frac-
tions of the local proton gyroharmonics within the density channel. In the first density channel, the fre-
quency power spectrum obtained at 5:49 UT in Figure 5 shows spectral peaks close to or overlapping with
He+ and possible O+ local gyroharmonics, satisfying Equation 1 for a particular resonant thermal velocity.
The harmonic spectral structures suggest that resonant interactions between themagnetosonic wave and the
thermal ions in the first density channel are a reason for the observed transverse heating of thermal He+ and
O+ observed in Figure 3. We suggest that the frequency power spectrum captured in the second density
channel (Figure 6) shows both a discrete harmonic structure as well as a continuous structure for the mag-
netosonic wave. Gurnett (1976) shows a mixture of discrete and nondiscrete spectra for the electric field
observations of magnetosonic wave. Due to magnetosonic wave ability to propagate in radial and azimuthal
directions, broader frequency spectrums such as those shown in Figures 6 and 8 can result from wave power
mixing from a nearby broad source region (Chen et al., 2011). We observe discrete harmonic peaks in
between the local proton gyroharmonics. Thus, we suggest that the mixture of discrete and nondiscrete spec-
tra arises from a mixture of wave frequencies from multiple nonlocal magnetosonic waves that were guided
by the plasmaspheric density channel. However, Figure 3c shows that EA is most comparable to ER inside the
second density channel, which indicates a potential region for locally generated magnetosonic waves (Chen
et al., 2011). Thus, we also suggest that the nonlocally sourced wave could be mixing with a locally generated
emission in the second density channel. The more intense oxygen heating in the first density channel could
be explained by the discrete harmonic magnetosonic wave emissions at fractions of the proton gyroharmo-
nics. In comparison, the less intense heating in the second channel could be explained by the discrete and
nondiscrete magnetosonic wave spectrum that may not be as efficient in wave‐particle resonant heating.

PIC simulations and linear theory have also been used to show magnetosonic wave instabilities can form in
between discrete proton harmonics (Chen et al., 2016; Min et al., 2018). Chen et al. (2016) recently showed
through a study of frequency spectra of magnetosonic waves that continuous magnetosonic wave emissions
result from the formation of numerous neighboring discrete peaks at fractions of the proton gyrofrequency
harmonics.When themagnetosonic wave propagates with a finite k|| component, more instabilities will form
in between the proton gyroharmonics (Chen et al., 2016). The neighboring harmonics will form at fractions of
the proton gyroharmonics until the frequency spectrum is continuous. The fractional proton gyroharmonics
could give rise to wave‐particle resonant interactions between magnetosonic waves and heavier ions.

For the case on 14 August 2013, the frequency power spectrum shows significant difference in power spectral
density across frequency range, which suggests, like the first event, the mixture of multiple magnetosonic
waves. The frequency power spectrum shows discrete peaks between 6 and 10 Ωp (Figure 11b) that
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correspond with heavy ion gyroharmonics. The discrete peaks are the result of a nonlocally generated
magnetosonic wave propagating to a region with a larger magnetic field. Between 11 and 29 Ωp

(Figure 11a), the power spectrum shows broad spectrum harmonic structure with many fine spectral
peaks between the proton gyroharmonics that line up with heavy ion gyroharmonics (Figure 11c). We
suggest that the frequency range between 11 and 29 Ωp is a good example of magnetosonic wave emissions
that are not yet continuous but forming neighboring peaks in between the proton gyroharmonics. In
Figures 11b and 11c, many spectral peaks overlap with the helium and oxygen gyroharmonics and are very
close to the proton gyroharmonics, satisfying Equation 1 for a particular resonant velocity. Thus, we
expect resonant wave‐particle interactions with transverse heating of H+, He+, and O+. The expected
heating is consistent with observations of ion behavior in Figure 7.

For magnetosonic waves to heat ions through resonant interactions, the wave harmonics must be close to
the ion gyroharmonics. We suggest three ways that magnetosonic wave harmonics could become close to
the gyroharmonics of oxygen:

1. The magnetosonic wave propagates from region of low magnetic field to high magnetic field, while
retaining harmonic structure of source conditions. In regions with a high enough magnetic field, the
source proton gyroharmonics become comparable to the local oxygen gyroharmonics, which allows for
resonant interactions.

2. As the magnetosonic wave propagates, harmonic instabilities form in between proton gyroharmonics as
the wave harmonic structure transforms from a discrete to continuous spectrum.

3. Amixture of multiple magnetosonic waves creates a complicated frequency spectrum that includes peaks
in the power spectral density at the local oxygen gyroharmonics.

Table 1 shows the combination of the above processes for the three instances of oxygen heating presented in
this study.

4.2. Role of Electric Field Pattern in Heating Process

Another important aspect for the heating of thermal ions by magnetoso-
nic waves is the shape of the plasmasphere. Variations in global electric
field pattern will modulate the plasmaspheric density, thus creating var-
ious structures, such as density channels. The substorm activity plays a
dual role in the ion heating process. First, substorms serve as a source of
free energy for wave instabilities by supplying freshly injected plasma into
the inner magnetosphere and forming unstable ring distributions. Second,
substorms induce perturbations in the global convection field, which can
create multiple plumes and density channels that serve as waveguides.

In the present study, we observe the ion heating at different MLT values;
thus, naturally, the density structures will be different because of the pre-
history of the electric field, plasmapause position, and the shape of the
plume. Figure 12 shows our interpretation of the plasmasphere dynamics
during the first and second events. The shapes of the plasmasphere are
recreated from Sandel et al. (2003) and rotated 90° with the shape of the
density channel modified to better match observations for each event.
The spacecraft trajectory over 5:30 UT to 6:30 UT (Figure 12a) and over

Table 1
Different Ways the Magnetosonic Wave Could Have Developed Oxygen Gyroharmonics for Each Oxygen Heating Event

Event Type of MS wave process for oxygen gyroharmonics

24 June 2013 – First Density Channel ‐Wave propagates from region of low Bf to region of high Bf, while retaining harmonic structure of source conditions
‐Mixture of multiple waves

24 June 2013 – Second Density Channel ‐Wave propagates from region of low Bf to region of high Bf, while retaining harmonic structure of source conditions
‐Mixture of multiple waves

14 August 2013 – Third Density Channel ‐Wave propagates from region of low Bf to region of high Bf, while retaining harmonic structure of source conditions
‐Mixture of multiple waves
‐Wave structure transforms from discrete to continuous

Figure 12. (a) Drawing of the plasmasphere conditions during 24 June
2013 between 5:30 UT and 6:30 UT. The Van Allen Probe A spacecraft
trajectory between 17 and 19 MLT is plotted with a red arrow. The
spacecraft trajectory crosses two density channels over the time interval.
(b) Drawing of the plasmasphere conditions during 14 August 2013
between 11:30 UT and 12:30 UT. The spacecraft trajectory between 15 and
17 MLT is plotted with a red arrow. Probe A crosses a density channel and
thin plume. The drawing is modified from fig. 6 in Sandel et al. (2003).
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11:30 UT to 12:30 UT (Figure 12b) is plotted in red. Figure 12a shows Probe A leaving the main body of the
plasmasphere, crossing over the first density channel to the plume region, entering the second density chan-
nel and crossing into a second plume region. Figure 12b shows Probe A leaving the main body of the plasma-
sphere and entering a density channel, then encountering a thinly wrapped plume feature characteristic of
recovery times. Figure 12 shows the density channel formation near the stagnation region, which coincides
with our observations of ion heating. The detailed studies of the complex interplay between the stagnation
region, substorm injections, and heating by magnetosonic waves will remain the subject for future work.

4.3. Role of Other Waves for the Observed Thermal Heating

Besides magnetosonic waves, EMIC waves are able to heat ambient cold plasma through resonant interac-
tions (e.g., Anderson & Fuselier, 1994; Horne & Thorne, 1997; Thorne & Horne, 1993). EMIC waves occur
in three distinct wave frequency bands: the H+ band located between the local hydrogen gyrofrequency
and the local helium gyrofrequency, the He+ band located between the local helium gyrofrequency and
the local oxygen gyrofrequency, and the O+ band located below the local oxygen gyrofrequency.
Although it is thought that EMIC waves will preferentially grow in the high‐density regions and not inside
low‐density channels (Horne & Thorne, 1997; de Soria‐Santacruz et al., 2013), we analyze both events in this
study for low‐frequency magnetic field fluctuations to exclude EMIC wave effects.

We implement an 8,192‐point fast Fourier transform on the Bymagnetic field component in geocentric solar
magnetospheric (GSM) coordinates of the EMFISIS high resolution magnetometer data recorded at 64
samples/s. We use a Hanning window with 7/8 overlap. Figure 13 shows the results of the Fourier transform
over three intervals. The two sloping white lines in each panel represent to the local helium (top) and oxygen
(bottom) gyrofrequencies during each interval. The first two intervals (Figures 13a and 13b) correspond to
the two considered cases of O+ heating shown in the present study. The O+ heating time intervals are
marked by rectangular shapes. The third interval is taken from Yu et al. (2015), which reports EMIC wave
activity in the He+ and O+ bands between 17:30 UT and 17:50 UT and thus serves as a baseline for
EMIC wave identification. The noise level over the 0.001–10‐Hz band observed by EMFISIS does not exceed
0.01 nT2 Hz−1 (Kletzing et al., 2013). For the two considered intervals of O+ heating (Figures 13a and 13b),
low‐frequency fluctuations are weak and of the order of noise all the time. Thus, the signals can be consid-
ered artifacts of the instrumentation, not EMIC waves.

However, it is interesting to note the slight increase in magnetic field wave power (~1e–2 nT2 Hz−1) adjacent
to the heating intervals in Figure 13b. The low intensity low‐frequency fluctuations are distinctly different in
characteristic than EMIC waves observed in the literature. The wave power for EMIC waves typically peaks
1 to 3 orders of magnitude higher than the low intensity low‐frequency fluctuations observed in Figure 13b
(e.g., Blum et al., 2017; Cho et al., 2016; Remya et al., 2020; Wang et al., 2015), as shown in Figure 13c. This is
important because recent work calculates the diffusion coefficients for low energy oxygen ions due to heat-
ing by EMIC waves by using greater wave amplitudes than what we observe in Figure 13b (Ma et al., 2019).
The signals in Figure 13b are below the local oxygen gyrofrequency, which would make the emission an O+
band EMIC wave. However, O+ EMIC waves, like all EMIC waves, occur in discrete bands of emission like
shown in Figure 13c, rather than randomly clustered emissions like shown in Figures 13a and 13b (Usanova
et al., 2016; Yu et al., 2015). The low wave power and lack of discrete emission bands lead us to conclude that
the low frequency fluctuations in Figure 13b are not EMIC waves and most likely instrumentation artifacts.

4.4. Implications of Thermal O+ Transverse Heating for the Formation of the Warm Plasma
Cloak and Oxygen Torus

It has been previously shown that magnetosonic waves can transversely heat H+ and in some cases, He+, to
warm cloak energies (Min et al., 2018; Yuan et al., 2018). Our study presents the first observations of mag-
netosonic wave resonant heating with O+. We have shown that magnetosonic waves can locally interact
with thermal O+ and heat these ions to warm plasma cloak energies. Recent statistical work on the location
of warm plasma in the inner magnetosphere finds that warm oxygen dominates in the vicinity of the plas-
mapause, which is the location where we observe both magnetosonic wave oxygen heating events (Jahn
et al., 2017). Previous work suggests the similarity of energy range and location for both the warm plasma
cloak and the oxygen torus, with the major difference that the warm plasma cloak drapes around the outside
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of the plasmapause and the oxygen torus is found both inside and outside of the plasmapause (Chappell
et al., 2008; Nosé et al., 2015). Our findings allow us to explore relations between these two populations.

In one potential scenario for oxygen torus formation, O+ ions are extracted from the ionosphere in the cusp
region and moved to the nightside under the convection field. Lighter ions are transported further down to
the tail, while oxygen ions accumulate in the inner magnetosphere. Within a few hours after the start of a
storm, there is an area with enhanced O+ density outside the plasmasphere (Roberts et al., 1987).
However, recent work observes thermal oxygen mass loading into the plasmasphere before the recovery
phase and suggests that the oxygen torus is formed during the initial and main phases of the geomagnetic
storm, and thus, when the plasmasphere expands during the storm recovery phase, the oxygen torus is found
inside and draped outside the plasmapause (Nosé et al., 2015).

Figure 13. 8,192‐point Fourier transform of the Van Allen Probe A EMFISIS high resolution magnetometer data
captured at 64 samples/s of the By magnetic field component in GSM coordinates. (a) 5:30–6:30 UT 24 June 2013—the
time interval corresponding to the first O+ heating event in this study. Each density channel with O+ heating is
marked by a yellow rectangle. (b) 11:30–12:30 UT 14 August 2013—the time interval corresponding to the second O+
heating event in this study. The O+ heating event is marked by a yellow rectangle. (c) 17:00–18:00 UT 8 October
2012—the time interval for the EMIC wave event presented in Yu et al. (2015). The white lines in all three panels
represent the local helium gyrofrequency (top) and the local oxygen gyrofrequency (bottom).
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It is important to note that HOPE instrument has lower limit of energy of a few eV and HOPE standard pro-
ducts from CDAWeb calculate ion partial densities and composition starting from ~30 eV. Therefore, all our
plots of the partial plasma density and composition are missing the core of the plasmaspheric population.
This is clearly seen by comparison of EMFISIS density with HOPE partial density. We observe that during
each event presented in this study, the HOPE partial density data for ions >30 eV show that warm oxygen
ions prevail inside the plasmasphere when compared to warm H+ and He+ and that the ion heating events
inside the plasmaspheric low‐density regions mark the transition between the warm oxygen‐dominated
energetic tail of plasmasphere (starting from 30 eV) to the warm proton‐dominated regime. The observations
in Figure 4 of the warmO+ density in the plasmasphere and plume are consistent with those in the literature
describing the oxygen torus (Nosé et al., 2011; Nosé et al., 2015). We also note that calculation of average
mass density in the inner magnetosphere involves a sophisticated method called “magnetoseismology”
and is not a focus of this paper. It is tempting, however, to connect the increased partial density of O+ inside
the plasmasphere with mass loading by cold O+ and therefore with the oxygen torus, and this could be a
subject for future work. We also observe a different warm plasma O+ population that is locally generated
by resonant interactions with magnetosonic waves in density channel structures along the plasmapause.
In this regime there is still H+ dominance, that is, magnetosonic waves preferably heat lighter ions.
Therefore, we observe two different patterns for oxygen ions, colder and denser population inside the plas-
masphere and lower density but heated population in the channels, and suggest that the sources for the
warm plasma cloak and the warm ions of the oxygen torus are likely different for the considered events.

The relative significance of the contribution of the locally heated ions in the inner magnetosphere (including
H+ and heavy ions He+ and O+) in comparison to the contribution of the ionospheric source to the warm
plasma cloak remain the subject for future work. We note that the original studies of the warm plasma cloak
(e.g., Chappell et al., 2008) suggest a particular formation mechanism, for example, an ionospheric source
with the subsequent transport from the tail and mostly field‐aligned distributions, and thus, the connection
between the transversely heated ions and the field‐aligned ionospheric outflow is not immediately apparent.
Recentobservational, theoretical, andcomputational studies showthat there is aperpendicularheatingof par-
ticles to the energies of the warm cloak by magnetosonic waves in the preequatorial inner magnetosphere;
however, the link between the heating process and the formation of the warm plasma cloak has not been
explored. Our study demonstrates for the first time the heating of thermal oxygen by magnetosonic waves. It
is very important to understand the role of the locally heated perpendicular population to the field‐aligned
plasma cloak and to explore local heating by waves as a possible process for warm plasma cloak formation.

The robustness of the magnetosonic wave heating mechanism to create warm oxygen plasma must be con-
sidered when comparing relative contributions of the locally heated oxygen and the ionospheric outflow to
the warm plasma cloak. Calculation of wave diffusion coefficients for magnetosonic waves and thermal ions,
including oxygen, is necessary to understand the effects of the magnetosonic wave heating mechanism on
the warm plasma cloak and thus subject for future study. Nosé et al. (2015) simulate the convective drift
of transverse thermal oxygen ions and find that the ions are able to drift to the midnight‐dawn sector, which
suggests that the oxygen ions in the present study that are transversely heated via magnetosonic waves can
be observed in the same locations as the field‐aligned warm plasma cloak. We present two cases of O+, He+,
and H+ heating of magnetosonic waves to warm plasma cloak energies. More case studies and statistical
analysis are needed to understand how a warm plasma population transversely heated via magnetosonic
waves contributes to the warm plasma cloak and the magnetosphere.

5. Conclusions

In summary, we use the Van Allen Probes to study the resonant interactions between magnetosonic waves
and thermal ions including oxygen in the vicinity of various plasmaspheric density structures. We propose
the following conclusions:

1. Magnetosonic waves are able to transversely heat thermal oxygen populations to hundreds eV through

resonant interactions by satisfying the resonant condition vjjn; res ¼ ω − nΩið Þ
kjj

for magnetosonic wave

oxygen harmonics, as shown through our frequency spectra analysis and simultaneous HOPE particle
fluxes.
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2. Magnetosonic wave heavy ion harmonics form under certain conditions. Heavy ion harmonics can result
when a magnetosonic wave generates under small proton gyrofrequency local conditions and then pro-
pagates to a trapping region in a high magnetic field environment. The nonlocally generated harmonic
structure can thenmatch the local heavy gyroharmonics in the trapped region. Wave‐wave coupling dur-
ing wave mixing can also produce complicated frequency spectra that include oxygen harmonics. Heavy
ion harmonics can also be generated during wave propagation as the wave structure transforms from har-
monic to continuous.

3. Magnetosonic wave heating is most likely species dependent, affecting first H+, then He+, and then
finally O+.

4. Locally heated thermal ions to hundreds eV by magnetosonic waves along the plasmapause provide a
possible generation mechanism for the warm plasma cloak population.
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