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Abstract15

We report plasma wave observations of equatorial magnetosonic waves at integer har-16

monics of the local gyrofrequency of doubly-ionized helium (He++). The waves were ob-17

served by Van Allen Probe A on 08 Feb 2014 when the spacecraft was in the afternoon18

magnetic local time sector near L ≈ 4 inside of the plasmasphere. Analysis of the com-19

plementary in-situ energetic ion measurements (1-300 keV) reveals the presence of a he-20

lium ion ring distribution centered near 30 keV. Theoretical linear growth rate calcula-21

tions suggest that the local plasma and field conditions can support the excitation of the22

magnetosonic waves from the unstable ring distribution. This represents the first report23

of the generation of magnetosonic equatorial noise via a ring distribution in energetic24

He++ ions in the near-Earth space plasma environment.25

Plain Language Summary26

In nature, an object displaced from its stable equilibrium typically responds by os-27

cillating at its natural frequency (e.g., a plucked guitar string). The ionized gas (plasma)28

in outer space where Earth-orbiting satellites fly is no different. In music, we have oc-29

taves or the overtone series of pure tones, where each frequency is an integer multiple30

of a fundamental. In this study, we report on such “musical notes” in space, but instead31

of sound waves propagating through air (music), these musical notes are propagating in32

the plasma in space. And while music is heard because of the sound waves compressing33

air, these space plasma waves are the result of subatomic particles oscillating about (and34

cannot be heard). The oscillating particles are helium atoms that have two of their elec-35

trons stripped away by the violent processes that occur near the Sun’s surface. These36

particles have made their way through interplanetary space all the way to Earth where37

they are detected by sophisticated sensors on NASA’s Van Allen Probe satellites.38

1 Introduction39

Magnetosonic (MS) waves, also known as equatorial noise (Russell et al., 1969, 1970),40

are electromagnetic emissions observed in the Earth’s inner magnetosphere. The waves41

are found both inside and outside of the plasmasphere and are typically confined within42

a few degrees of the magnetic equator (e.g., Gurnett, 1976; Olsen et al., 1987; Santoĺık43

et al., 2004; Němec et al., 2005; Hrbáčková et al., 2015; Yuan et al., 2018). The waves44

occur above the proton gyrofrequency and below the lower hybrid resonance frequency,45

which in the inner magnetosphere corresponds to emissions in the ∼1-100 Hz range. The46

wave magnetic field is nearly linearly polarized (along the background magnetic field,47

B0) and the wave electric field is nearly perpendicular to B0. We note that these MS waves48

are not to be confused with the “magnetosonic” mode in magnetohydrodynamic theory49

that propagates well below the ion cyclotron frequency (Santoĺık et al., 2016). It has been50

noted by Gary et al. (2010) that MS waves are perhaps more properly referred to as ion51

Bernstein waves, but here we will simply follow the nomenclature common in the liter-52

ature.53

In early observational work, it was established that MS waves propagate nearly per-54

pendicular to the background magnetic field and consist of many discrete spectral lines55

with nearly equal spacing. Several of these studies (e.g., Perraut et al., 1982; Gurnett,56

1976) demonstrated that MS waves occur as a series of narrow tones, spaced at multi-57

ples of the proton gyrofrequency, all the way up to the lower hybrid resonance frequency.58

The waves can be observed as unstructured hiss-like emissions (Němec et al., 2015; Posch59

et al., 2015; Balikhin et al., 2015), though this may be a consequence of insufficient fre-60

quency resolution in the spectral measurements. Many years of satellite observations have61

revealed the global characteristics and spectral features of MS waves in great detail, e.g.,62

from CRRES (Meredith et al., 2008), THEMIS (Ma et al., 2013), Cluster (Santoĺık et63

al., 2004; Němec et al., 2013), Polar (Tsurutani et al., 2014), and Van Allen Probes (Posch64
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et al., 2015; Ma et al., 2016; Ouyang et al., 2021). In the MS mode, the dominant com-65

ponent of the wave magnetic field along B0 has average amplitudes of ∼50 pT (Ma et66

al., 2013). Much more intense MS waves have also been reported with amplitudes up to67

∼1 nT from Polar (Tsurutani et al., 2014) and from Van Allen Probes (Maldonado et68

al., 2016). High-resolution observations have revealed new, complex features, such as rising-69

tone spectra and quasi-periodicity in time (Fu et al., 2014; Boardsen et al., 2014; Němec70

et al., 2015).71

From a theoretical perspective, it has been demonstrated that equatorial MS waves72

are excited at very oblique wave normal angles via an instability associated with an en-73

ergetic proton ring-like or shell distribution. The free energy for the waves comes from74

a positive gradient (∂f/∂v⊥ > 0) in the velocity space distribution function, f , of en-75

ergetic protons with ring velocity comparable to the Alfvén speed, typically near ∼1-3076

keV (e.g., Curtis & Wu, 1979; Horne et al., 2000; Gary et al., 2010; Liu et al., 2011; Chen,77

2015). This theoretical picture has been confirmed observationally in many studies (e.g.,78

Boardsen et al., 1992; Meredith et al., 2008; Chen et al., 2011; Thomsen et al., 2011; Xiao79

et al., 2013; Balikhin et al., 2015). Observationally, proton rings and MS wave occurrence80

are generally associated with enhanced injection/AE activity, with higher occurrence rates81

on the dayside (Q. Zhou et al., 2021). Global simulation of ring current dynamics in the82

inner magnetosphere has demonstrated that proton rings form primarily due to energy-83

dependent drift and loss, and that the instability can occur over a broad spatial region84

inside L ≈ 6.6 (Chen et al., 2010; Jordanova et al., 2012). Once generated, MS waves85

propagate perpendicularly away from the source region in both the azimuthal and ra-86

dial directions (Chen & Thorne, 2012; Němec et al., 2013; Ma et al., 2014). The waves87

can propagate azimuthally near the plasmapause on a global scale (e.g., Kasahara et al.,88

1994), and also propagate radially inward and outward across the plasmapause bound-89

ary (Xiao et al., 2012), or be reflected by density irregularities at the plasmapause (X. Liu90

et al., 2018). Similarly, O+ cyclotron harmonic waves have been reported (Usanova et91

al., 2016) and their excitation is attributed to a positive gradient (∂f/∂v⊥ > 0) in en-92

ergetic O+ ion distributions (Min et al., 2017; K. Liu et al., 2020).93

MS waves are also known to contribute directly to ring current and radiation belt94

dynamics through resonant wave-particle interactions. A variety of interactions have been95

demonstrated with MS waves, such as electron acceleration to MeV energies (Horne &96

Thorne, 1998; Horne et al., 2000; Horne et al., 2007; Mourenas et al., 2013), proton pre-97

cipitation that contributes to proton aurora in the upper atmosphere (Xiao et al., 2014),98

and the formation of “butterfly” angular distributions in 100s of keV electrons (Li et al.,99

2016; Maldonado et al., 2016; Yang et al., 2017; R. Zhou et al., 2020). These interactions100

represent important cross-species and cross-region couplings in the inner magnetosphere.101

Nearly all of the observational reports and theoretical treatments of MS waves have102

focused on protons and O+ as the ion species of interest. Here, we report an event where103

MS waves were generated at integer multiples of the local He++ gyrofrequency. We pro-104

vide evidence that suggests that the free energy for the waves comes from an unstable105

He++ ion ring distribution. We believe that this is the first such report in the published106

literature, linking harmonic MS wave generation to energetic (10-100s keV) alpha par-107

ticles in the inner magnetosphere. The remainder of the paper is structured as follows.108

In Section 2 we describe the instrumentation that is used to study the MS waves in-situ109

in the Earth’s inner magnetosphere. The results are presented in Section 3, followed by110

a more in-depth discussion in Section 4, and concluding remarks are provided in Section 5.111

2 Data and Methods112

The primary data sources used in this study come from the instrumentation on-113

board the NASA Van Allen Probe spacecraft. The twin Van Allen Probes, launched in114

August of 2012, provided high resolution measurements of the fields, waves and plasma115
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in the Earth’s inner magnetosphere. The Probes’ orbited through the ring current/radiation116

belt region ∼5-6 times per day with an apogee near 6 RE and perigee at 600 km alti-117

tude for most of the mission (Mauk et al., 2013). Science activities ended in July 2019118

(Probe B) and October 2019 (Probe A) when the onboard propellant used for attitude119

control was exhausted.120

For our analysis, magnetic field measurements are obtained from the tri-axial flux-121

gate magnetometer (MAG) sensor that was part of the Electric and Magnetic Field In-122

strument Suite and Integrated Science (EMFISIS) suite (Kletzing et al., 2013). In the123

present study, the high-resolution measurements are used, which provide the three-axis124

DC magnetic field vector at a time resolution of 64 samples-per-second (1 vector every125

0.015625 seconds). The EMFISIS suite also provided a measure of the in-situ electron126

density, obtained from the High-Frequency Receiver (HFR) via inversion of the observed127

upper hybrid resonance frequency (Kurth et al., 2015).128

To resolve and analyze MS waves, we perform a series of post-processing steps on129

the raw MAG data to produce dynamic spectrograms from the measured fields. First,130

we transform the fields from the solar magnetic (SM) coordinate system into a field-aligned131

coordinate (FAC) system, where the z-axis is along the background magnetic field, the132

x-axis is in the radial direction (pointing outward from the center of the Earth to the133

spacecraft position) perpendicular to the magnetic field, and the y-axis completes the134

orthogonal set (pointing eastward/azimuthally). The background magnetic field direc-135

tion in SM coordinates is obtained as the 101-point running-averaged value of the 1/64136

s cadence magnetic field data. Following this, the high-resolution magnetic field data is137

detrended by subtracting the background magnetic field. Finally, we compute dynamic138

spectrograms on the FAC field components using a windowed fast Fourier transform (FFT),139

with a window size of 1024-point time series (i.e., time length = 16 s) and time-shifting140

of 60 points.141

We also make use of the DC electric field measurements from the Electric Field and142

Waves (EFW) instrument that flew on Van Allen Probes (Wygant et al., 2013). This143

double probe sensor consisted of pairs of spherical probes that measured the electric po-144

tential difference at either end of orthogonal booms. In the present study, we only use145

electric field data from the spin-plane booms, denoted as Eu and Ev, which lay approx-146

imately in the y−z GSE plane. The highest-time resolution EFW DC electric field data147

were reported at 32 samples-per-second, which we process into dynamic spectrograms148

in a manner analogous to that described above for the MAG data, albeit without the149

rotation into FAC coordinates.150

Our analysis also makes use of Van Allen Probe particle measurements. We obtain151

ion measurements at plasma energies (∼1-50 keV) from the Helium, Oxygen, Proton,152

and Electron (HOPE) Mass Spectrometer (Funsten et al., 2013), along with measure-153

ments of more energetic ions (∼50-500 keV) from the Radiation Belt Storm Probes Ion154

Composition Experiment (RBSPICE; Mitchell et al. (2003)). HOPE uses a top-hat elec-155

trostatic analyzer (ESA) in combination with time-of-flight (TOF) mass spectrometry156

to measure the major ionic constituents of the inner magnetosphere, H+, He+, and O+.157

RBSPICE employs solid state detectors (SSDs) to record the total particle energy, in com-158

bination with a TOF system, to obtain measurements of the same ion species. We note159

that while HOPE measures ions down to the ∼10 eV energy range, we focus our atten-160

tion on the measurements at >1 keV because it is this hot population that contributes161

to the MS wave growth.162

3 Observations163

Figure 1a-c presents an overview of the interplanetary and geomagnetic conditions164

for the 43 hr time interval that encompasses the MS wave event under investigation (event165
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time highlighted with vertical blue lines). During the wave event, the magnetosphere was166

highly compressed, with a ∼10-fold increase in solar wind dynamic pressure near the be-167

ginning of the event. Geomagnetic conditions were characterized by SYM-H > -30 nT168

with moderate AE activity (∼300 nT) in the ∼4 hours leading up to and including the169

event. Panel (d) shows the electron number density and background magnetic field in-170

tensity from Van Allen Probe A during the MS wave event. The Probe was located in-171

side of the plasmasphere during this time interval on the inbound leg of its orbit in the172

afternoon magnetic local time (MLT) sector, as indicated by the magnetic ephemeris val-173

ues shown below panel (d). These values were calculated from the Olson and Pfitzer (1977)174

“quiet” magnetic field model and the McIlwain L parameter is used throughout this study.175

Figure 1. (a)-(c) Summary of the solar wind and geomagnetic conditions from the 5-min

OMNI database. Gaps in the OMNI solar wind data are filled in using time-shifted WIND mea-

surements (broken/dotted lines; see Supporting Information). The time interval of MS wave

activity is indicated with vertical blue lines. (d) Van Allen Probe A observations of the electron

number density and magnetic field strength during the MS wave event.

3.1 Wave observations176

Figure 2 presents an overview of the MAG data processed as described above dur-177

ing the MS wave event. In panels (a)-(d), we see a series of discrete MS waves excited178

with properties consistent with those described in Section 1. The waves are observed near179

the magnetic equator, are dominantly compressional with the strongest amplitudes in180

the field-aligned direction (Bz), and have large root-mean square (RMS) amplitudes reach-181

ing ∼1 nT. Panel (e) shows the power spectral density in the Bz component at the time182

of maximum wave power, 01:38:20 UTC. In contrast with the MS waves typically reported183

in the literature, however, these waves are observed at harmonics of the local He++ gy-184

rofrequency, f
cHe++ (denoted fc in the figure), with the oscillation frequencies closely185

tracking the time evolution of the gyrofrequency.186
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Figure 2. Summary of MS wave observations. (a)-(c) Dynamic spectrograms of wave power

spectral density for the perpendicular (Bx, By) and field-aligned (Bz) magnetic field compo-

nents. The power spectral densities are smoothed with a 15-point frequency window (∼0.5 Hz).

(d) RMS wave power. (e) Bz wave power spectral density at the time of wave power maximum

(magenta vertical line in panel (d)). The observed harmonics are spaced at multiples of the local

He++ gyrofrequency, f
cHe++ (the label fc denotes f

cHe++); note that f
cHe++ = 1

2
fcH and f

cHe++

= 2 f
cHe+ . Various known noise lines have been filtered out from the spectra (spin tones and

noise at 1.4 Hz and 14 Hz).

Figure 3a shows the same data that is plotted in Figure 2c, followed by the spin-187

plane electric field in panels (b) and (c). Here, we clearly see the first three MS wave har-188

monics in the electric field components, confirming their electromagnetic character. We189

note that the DC electric field measurement on Probe A was beginning to degrade at190

this time, visible as the sporadic noise below ∼5 Hz. Calculations of the wave normal191

angle, ellipticity, and planarity are shown in panels (d)-(f), where the singular-value de-192

composition (SVD) method of Santoĺık et al. (2003) has been used. While the higher har-193

monics are nearly perpendicularly propagating with wave normal angles ∼90◦, note that194

the obliquity decreases in the lower harmonics. We will return to this point later. Sim-195

ilarly, the waves are nearly linearly polarized at the higher harmonics and become in-196

creasingly left-handed in the lower harmonics. The large wave planarities (on the order197

of unity) indicate that the single plane wave assumption required for the SVD analysis198

is valid.199
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Figure 3. (a)-(c) Dynamic spectrograms of wave power spectral density for the field-aligned

magnetic field (Bz) and spin-plane (Eu, Ev) electric field components. The power spectral densi-

ties are smoothed with a 15-point frequency window (∼0.5 Hz). Note that the time resolution of

the electric field measurements is a factor-of-two coarser than the magnetic field measurements,

resulting in different Nyquist frequencies (16 vs 32 Hz, respectively). (d)-(f) Wave normal angle

(WNA), ellipticity (polarization), and planarity. These data are not smoothed and are only dis-

played for Bz wave power greater than ∼ 3 × 10−3 nT2/Hz. The gyroharmonics are not shown in

these three panels.

3.2 Particle observations200

Figure 4a shows a summary of helium ion measurements from the HOPE and RB-201

SPICE instruments for five consecutive orbits centered on the MS wave event time. This202

time interval is indicated with a magenta bar at the top of both panels (a) and (b). The203

flux measurements have been converted to phase space density (PSD) as a function of204

ion kinetic energy in the usual manner (e.g., Sheldon & Hamilton, 1993). In the HOPE205

energy range (<50 keV), the data are not displayed near perigee (vertical regions of white),206

while in the RBSPICE energy range (>60 keV), the data are not displayed at L < 4.207

We mask the data in these regions because of instrumental mode changes/availability208

at low L and uncertainties associated with inner belt proton contamination.209

In Figure 4a, note the multiple injections of higher energy helium ions (∼100 keV)210

observed on the third orbit relative to the previous two “quiet” orbits. The injections211
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Figure 4. Summary of helium ion observations from Van Allen Probe A. (a) Five consecutive

orbits of the measured helium ion phase space density are plotted versus energy and time. These

data are averaged over all look directions and binned on a 1-minute time cadence. Data gaps

(white) are due to instrument modes changes at low L near perigee and the gap in instrument

energy coverage near 50 keV. (b) A zoom in on the 3rd orbit with the MS wave event interval

indicated with a solid magenta line at the top of the panel. The A, B, and C labels indicate the

times of the velocity space distributions shown in Figure 5.

are fairly dispersed in energy, indicating that injection site is some distance from the space-212

craft’s orbital location (the spacecraft apogee is near 1300h MLT on this orbit). Note213

especially that on the inbound portion of the third orbit (see panel (b)), a spectral in-214

version develops near 30 keV in association with the injections, where the PSD is enhanced215

relative to the adjacent energies above and below 30 keV. This suggests that a helium216

ring distribution has formed at this time (∂f/∂v⊥ > 0), which will be analyzed in greater217

detail in the next section. Analogous plots for the other major ion species (H+ and O+)218

as well as the measurements from Van Allen Probe B are provided in the Supporting In-219

formation.220

4 Discussion221

The MS wave observations, in particular the discrete frequency spacing at integer222

harmonics of the local He++ gyrofrequency, suggest the presence of an unstable He++223

distribution. However, we emphasize that neither HOPE nor RBSPICE can distinguish224

the charge state of the helium ions, and they are reported as He+ ions. This is an un-225

fortunate limitation of many space-borne particle sensors. We thus provide additional226
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lines of reasoning so that we can make use of the available particle measurements in our227

analysis.228

4.1 Helium ring distribution and interpretation of the ion measurements229

In the energy range of interest (∼100 keV), He++ is the primary helium constituent230

at higher L (e.g., L > 6.5), while He+ dominates at lower L (Kremser et al., 1993; Co-231

hen et al., 2017). These helium ions, presumably of solar wind origin, enter the magne-232

tosphere via magnetotail reconnection and are convected and injected earthward as He++233

ions (Mitchell et al., 2018). The He++ ions are adiabatically energized through their earth-234

ward motion and are subsequently lost through charge exchange on a timescale of a few235

hours (e.g., Daglis et al., 1999) and other processes (e.g., magnetopause loss). The charge236

exchange process between energetic He++ and the exospheric neutral geocorona (ther-237

mal hydrogen atoms) leaves behind an energetic He+ ion and a thermal energy H+ ion.238

Thus, as the energetic He+ ions produced by charge exchange constitute one of the pri-239

mary sources of He+ in the inner magnetosphere (e.g., Kremser et al., 1993), we argue240

that the measurements of He+ injections serve as a proxy for He++ during the MS wave241

event. Specifically, since the helium ions are freshly injected, we can reasonably expect242

a significant fraction of those observed to be He++, before they have had time to charge243

exchange into He+. We now proceed under this assumption, with the expectation that244

the energy and angular distributions of the observed He+ ions are representative of the245

injected He++ population. In the Supporting Information, we present additional anal-246

ysis to support this interpretation, exploiting the factor-of-two difference in the expected247

adiabatic energy gain between He+ and He++ during the observed injections. The anal-248

ysis suggests that the injected helium ions observed by RBSPICE on the inbound leg of249

the orbit are in fact He++.250

Figure 5 shows snapshots of the helium-ion velocity-space distributions observed251

at the three times marked A, B, and C above panel (b) in Figure 4. In Figure 5a (be-252

fore the helium ion injection), we see an approximately isotropic, monotonically decreas-253

ing profile of PSD, f(v). In panel (b) (at the outset of the injection), we see the initial254

development of a positive gradient in PSD, ∂f/∂v⊥ > 0, which has further developed255

in panel (c) during the MS wave event. This ring distribution is likely formed through256

an interplay between source (e.g., injection) and loss processes, in particular noting the257

highly compressed magnetosphere that likely results in enhanced ion loss to the dayside258

magnetopause during this time interval. In the next section, we show that this unsta-259

ble distribution is sufficient to generate He++ MS waves. We note that particle veloc-260

ity is independent of charge state for a given kinetic energy, so that the velocity values261

shown in Figure 5 are the same for He+ and He++. And as mentioned above, a ring dis-262

tribution is also observed in both the H+ and O+ measurements from Probe A (H+/O+
263

velocity space distributions not shown here, but see the PSD summary plots in the Sup-264

porting Information).265

4.2 Linear growth rate analysis266

To support the interpretation of the observed waves as He++ MS modes, we present267

a linear growth rate analysis using the in-situ plasma and field parameters. The wave268

dispersion relation and growth rates are calculated assuming an electromagnetic linear269

dispersion relation for bi-Maxwellian ring-beam velocity distributions (Umeda et al., 2012).270

Specifically, we consider a plasma that consists of electrons, protons, and He++, each of271

which is assumed to follow a bi-Maxwellian ring-beam (“rb”) velocity distribution:272

frb
(
v||, v⊥;n, a||, a⊥, vb, vr

)
=

n

π1.5a||a
2
⊥Cr

exp

(
−
(
v|| − vb

)2
a2||

)
exp

(
− (v⊥ − vr)

2

a2⊥

)
(1)

–9–



manuscript submitted to JGR: Space Physics

Figure 5. (a)-(c) Helium ion velocity space distributions for the three times indicated in

Figure 4b. These data are averaged on a 5-minute time cadence. The left column shows the dis-

tributions plotted in (v⊥, v||)-space, while the right column shows the same data plotted versus

velocity for different equatorial pitch angles (color). The dark grey line is the average over all

pitch angles. In the left column, a grey color indicates a zero-flux value, while a white color in-

dicates that this region of phase space is not observed (e.g., particles near the loss cone and/or

magnetic equator). In panel (c), the ring velocity (vr, dashed green), ring thermal velocity (a,

dashed black), and Alfvén velocity (vA, dashed magenta) are indicated.

where:273

Cr (a⊥, vr) = exp

(
− v

2
r

a2⊥

)
+
√
π
vr
a⊥

erfc

(
− vr
a⊥

)
(2)

Here, n denotes the plasma number density, a denotes the thermal velocity, and the tem-274

perature is given by Ts = 1
2msa

2
s for species s. The directions parallel and perpendic-275

ular to the background magnetic field, B0, are indicated by || and ⊥, respectively. The276

ring and beam velocities are indicated by vr and vb, respectively, and erfc denotes the277

complementary error function. Note that this bi-Maxwellian ring-beam distribution re-278

duces to the usual bi-Maxwellian distribution by setting vr = vb = 0.279

The plasma and field parameters needed to evaluate Equation (1) and Equation (2)280

are obtained from the in-situ measurements as follows. The electron density, ne, is de-281

rived from the upper hybrid resonance frequency measured by the HFR instrument on282
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Table 1. Parameters Used in Calculating the Wave Dispersion Relation and Growth Ratea

Species Distribution n T|| = T⊥ vr vb
Type [#/cm3] [eV] [km/s] [km/s]

e− Maxwellian 500 10 0 0

H+ Maxwellian 475 10 0 0

He++ Maxwellian 22.5 500 0 0

He++ Ring-beam 2.5 835 1300 0

aB0 = 539 nT is assumed in all calculations.

EMFISIS, while B0 is obtained from the MAG sensor on EMFISIS. The values used in283

our calculations (see Figure 1d) were selected around the time labeled by “C” in Fig-284

ure 4 and are shown in Table 1. The He++ ring thermal velocity, a = 200 km/s, and285

ring velocity, vr = 1300 km/s, are inferred from the in-situ ion data at the correspond-286

ing time (Figure 5c). Here, we have assumed an ion composition of 95% H+ and 5% He++,287

and that the He++ ring accounts for 10% of the total He++ concentration. In the Sup-288

porting Information, we present an analysis of ULF wave magnetoseismology that sup-289

ports our assumption that the plasmspheric cold ion population is dominated by H+ around290

the time of the MS wave event. Figure 5c also suggests that the observed distribution291

is reasonably approximated as isotropic, so we assume that T|| = T⊥ = T (i.e., a2|| =292

a2⊥ = a2). The temperature of the Maxwellian He++ is assumed to be 500 eV to account293

for the warm He++ of (presumably) solar wind origin. Finally, we calculate that the ra-294

tio of the ring velocity to the Alfvén velocity is ∼2.65, where we have computed a multi-295

ion Alfvén speed of vA ≈ 490 km/s under the assumptions of charge neutrality (ne =296

ni = 500 #/cm3) and Te = Ti = 10 eV.297

With these parameters in hand (summarized in Table 1), the wave dispersion re-298

lations and linear growth rates are calculated for two selected wave normal angles, θ =299

40◦ and θ = 85◦, for the first 7 harmonics of the He++ gyrofrequency. Here, we have300

used an electromagnetic linear dispersion relation solver for Maxwellian ring-beam ve-301

locity distributions (following Umeda et al. (2012)) and the results are shown in Figure 6.302

In panel (a) at θ = 40◦, the dispersion relation is such that the propagation is in the303

He++ EMIC mode with left-handed polarization, while in the θ = 85◦ panel the prop-304

agation is in the He++ MS mode with linear polarization. These calculations confirm the305

viability of our proposed interpretation - that the observed MS waves are generated by306

an He++ ring distribution. For example, in the quasi-perpendicular wave normal case (θ =307

85◦), the regions of maximum wave growth are closely aligned with the He++ gyrofre-308

quency harmonics. In addition, as the wave normal angle increases, the higher (i.e., the309

5th-7th) harmonics are have larger growth rates and are more easily excited (results for310

intermediate θ cases between 40◦ - 85◦ not shown here). These numerical results are con-311

sistent with the observed wave parameters shown in Figure 3. Specifically, in Figure 3d,312

we see that near the fundamental mode, the waves are propagating with moderate wave313

normal angles in the 40◦- 60◦ range with a mixture of linear and left-handed polariza-314

tions, while at the higher harmonics (5th-7th), the waves are nearly perpendicularly prop-315

agating with linear polarization. We note that both the EMIC and ion Bernstein wave316

instabilities are driven by the He++ ring distribution, which is consistent with Min et al.317

(2016). Overall, the demonstrated agreement between theory and observation adds ad-318

ditional evidence that the free energy source for the observed MS waves is an unstable319

He++ ring distribution.320
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Figure 6. (a) Calculated dispersion relation for wave normal angles (θ) of 40◦ (left column,

orange) and 85◦ (right column, turquoise). The cold plasma dispersion relation is shown in black

and the horizontal dashed lines mark the harmonics of the He++ gyrofrequency (ω
cHe++). (b)

Linear growth rate as a function of normalized wavenumber. Note that only positive growth rates

are plotted. The wave frequencies (ωre) and growth rates (ωim) are normalized by ω
cHe++ , while

the wavenumber (k) is normalized by k0 = ω
cHe++/vA. (c) Linear growth rate as a function

of wave frequency with the He++ gyrofrequency harmonics indicated with vertical dashed lines.

Note the left column shows the He++ band EMIC wave mode, while the right column shows He++

and H+ band MS wave modes.

5 Summary and Conclusions321

We present results from an event observed on Van Allen Probe A where MS waves322

were detected at integer multiples of the local He++ gyrofrequency. The event occurred323

under moderately disturbed geomagnetic conditions with the magnetosphere highly com-324

pressed, and with modest injection activity (AE ∼300 nT) leading up to and including325

the event interval. The available ion measurements from Probe A suggest the presence326

of helium ion injections that lead to a ring distribution in velocity space. Using the ob-327

served wave and plasma parameters, we calculate linear growth rates that demonstrate328

that the MS waves can be generated from an unstable He++ ring distribution. To our329

knowledge, all studies of magnetospheric MS waves in the published literature report the330

wave harmonics at integer multiples of the local proton gyrofrequency and explain their331

generation via a proton ring distribution. In contrast, the work presented here represents332

the first report of MS waves associated with, and generated from, He++ ions.333

While He++ ions are not believed to be a major player in inner magnetospheric dy-334

namics due to their rapid loss via charge exchange and other processes, we have demon-335

strated that freshly injected He++ ions can produce intense MS waves (∼0.5 - 1 nT) that336

may in turn influence other populations (e.g., radiation belt electron acceleration and337
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ring current ion scattering, as noted in Section 1). Given that helium ion injections are338

typically dominated by He++ (Mitchell et al., 2018), their role in inner magnetospheric339

dynamics may be more influential than previously believed.340

We emphasize our use of DC electric and magnetic field measurements, as a sig-341

nificant fraction of prior studies of MS waves, including a number of statistical surveys,342

used search-coil magnetometers and/or waveform receivers. These sensors may not be343

able to resolve the low-frequency harmonic structure in the 1-30 Hz range, which can be344

present without the simultaneous occurrence of higher harmonics (Posch et al., 2015).345

We argue that the observations and numerical calculations presented suggest that346

the most plausible explanation for the observed frequency spacing in the MS waves is347

their generation via an He++ ring distribution. However, there are other possible mech-348

anisms that could explain the observed harmonic structure. For example, mechanisms349

that can produce half-integer or even-integer harmonics, such as nonlinear wave-wave350

interactions, could also produce the observed structure. However, we note that for the351

other major ionic constituents of the inner magnetosphere (H+, He+, and O+) to pro-352

duce the observed harmonic spacing, this would require a mechanism that produces half-353

integer, factor-of-2, and factor-of-8 multiples of the corresponding gyrofrequencies, re-354

spectively. Nonlinear interactions can produce fractional integer resonances (e.g., Fu et355

al. (2015) for whistler waves), though this will lead to a variable frequency spacing at356

1/2, 1/3, · · · multiples in the harmonics. We emphasize that the observed equal spac-357

ing in the harmonics favors the interpretation of integer resonances. Overall, given the358

increased complexity of such nonlinear mechanisms and the lack of additional support-359

ing evidence, we favor the interpretation of the MS wave excitation via an unstable He++360

ring distribution.361

Finally, we note that any ion with mass-to-charge ratio of M/Q = 2 could also362

produce MS waves with the observed harmonic spacing, assuming the ions exist in suf-363

ficient quantities at the necessary energies for such an excitation. It is generally believed364

that there are two possible species of M/Q = 2 ions in the inner magnetosphere: deuterons365

and He++ (e.g., Matsuda et al., 2015). Deuterons likely originate from the ionosphere366

and are most typically found at low altitudes and at thermal energies, while He++ likely367

originates from the solar wind and is found predominantly at higher L and at ring cur-368

rent energies. We note that recent work has used plasma wave observations to infer the369

presence of cold M/Q = 2 ions, likely deuterons, at low L (L < 3; Matsuda et al. (2015,370

2016); Miyoshi et al. (2019)). As there is no known process to energize deuterons (or other371

M/Q = 2 ions) to the ∼100 keV energy range studied here, nor a mechanism that can372

explain their injection to L ≈ 4 from the outer magnetosphere, it seems most plausi-373

ble that the ions under investigation here are indeed He++.374
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