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Abstract17

Equatorial magnetosonic waves are normally observed as temporally continuous sets of emis-18

sions lasting from minutes to hours. Recent observations, however, have shown that this is not19

always the case. Using Cluster data, this study identifies two distinct forms of these non-temporally-20

continuous emissions. The first, referred to as rising tone emissions, are characterised by the21

systematic onset of wave activity at increasing proton gyroharmonic frequencies. Sets of har-22

monic emissions (emission elements) are observed to occur periodically in the region ±10◦23

off the geomagnetic equator. The sweep rate of these emissions maximises at the geomagnetic24

equator. In addition, the ellipticity and propagation direction also change systematically as Clus-25

ter crosses the geomagnetic equator. It is shown that the observed frequency sweep rate is un-26

likely to result from the sideband instability related to nonlinear trapping of suprathermal pro-27

tons in the wave field. The second form of emissions is characterised by the simultaneous on-28

set of activity across a range of harmonic frequencies. These waves are observed at irregu-29

lar intervals. Their occurrence correlates with changes in the spacecraft potential, a measure-30

ment that is used as a proxy for electron density. Thus these waves appear to be trapped within31

regions of localised enhancement of the electron density.32

1 Introduction33

Equatorial magnetosonic waves are a common occurrence over a wide range of L-shells,34

typically 3 < L < 8, within the equatorial region of the terrestrial magnetosphere. Occurring35

in the frequency range between the proton gyrofrequency (Ωcp) and the lower hybrid resonance36

frequency (ωLH ), they consist of a set of discrete, banded emissions at harmonics of the pro-37

ton gyrofrequency [Russell et al., 1969, 1970; Gurnett, 1976]. The wave normal angle (θBk),38

the angle between the wave k-vector and external magnetic field direction, indicates the al-39

most perpendicular propagation of magnetosonic waves. Note that in this paper, the term prop-40

agation direction refers to the wave k-vector direction rather than the group velocity direction.41

For cases when θBk = 90◦ these two vectors will be aligned. However, for the higher har-42

monics (say N¿10) a small deviation in θBk of 0.4 degrees away from 90 degrees results in43

the parallel group velocity component becoming the dominant component. Ray tracing shows44

that this causes the waves to oscillate back and forth in magnetic latitude about the magnetic45

equator as they propagate in the azimuthal and/or radial direction in the equatorial plane [Olsen46

et al., 1987; Laakso et al., 1990; Boardsen et al., 1992; Horne et al., 2000; Santolı́k et al., 2002;47

Němec et al., 2005; Boardsen et al., 2016]. However, there are a few studies [Tsurutani et al.,48

–2–

This article is protected by copyright. All rights reserved.



Confidential manuscript submitted to JGR-Space Physics

2014; Zhima et al., 2015] suggesting the existence of low amplitude magnetosonic waves at49

higher latitudes. The experimentally deduced dispersion relation has been shown to agree with50

that based on cold plasma theory [Walker and Moiseenko, 2013; Walker et al., 2015a]. The-51

oretical studies regarding the generation of equatorial magnetosonic waves were based on en-52

ergy sources that included high energy (∼ 1 MeV) ions with power law, anisotropic distribu-53

tions inside the plasmasphere[Curtis and Wu, 1979], energetic ion populations such as those54

observed in the ring current [Gulelmi et al., 1975], electron bounce resenant interactions Roberts55

and Schulz [1968], or proton ring distributions [Perraut et al., 1982; Boardsen et al., 1992; Mered-56

ith et al., 2008; Horne et al., 2000; Chen et al., 2010, e.g.] with ∂f/∂v⊥ > 0 for energies57

of a few 10’s of keV. Recent Cluster observations reported by Balikhin et al. [2015] have demon-58

strated that the observed wave spectrum matches that predicted based on the observed proton59

ring distribution. Equatorial magnetosonic waves have also been shown to be generated via60

proton shell distributions [Min and Liu, 2016] resulting in a more complex frequency/wavenumber61

growth pattern.62

It is currently assumed that equatorial magnetosonic waves interact with the local elec-63

tron population, efficiently accelerating some particles to high energies while scattering oth-64

ers into the loss cone [Horne et al., 2007; Mourenas et al., 2013]. These interactions may be65

successfully modelled using quasilinear theory since there is sufficient overlap between the emis-66

sions at adjacent harmonics of the proton gyrofrequency [Walker et al., 2015b].67

Almost all previous descriptions of the occurrence of magnetosonic waves have shown68

that these emissions occur continuously over periods from a few minutes to hours. There have69

been only two exceptions to this. The first was the observation of magnetosonic wave trap-70

ping inside the plasmapause [Ma et al., 2014]. Ma et al. [2014] demonstrated that magnetosonic71

waves generated locally inside the plasmapause boundary may propagate inward, eventually72

becoming trapped within a limited radial region of the outer plasmasphere by large scale den-73

sity structures. Further evidence was also presented for the trapping by small scale structures.74

The second type of non-temporally continuous observations of magnetosonic waves are the75

recently identified observations of rising tone magnetosonic waves by Fu et al. [2014], Board-76

sen et al. [2014], and Němec et al. [2015] based on observations from THEMIS, Van Allen Probes,77

and Cluster respectively. These emissions are observed as a set of rising tone elements, much78

the same as rising chorus elements [Li et al., 2011] or EMIC waves [Nakamura et al., 2014].79

However, the observations presented by these authors can not resolve the true, discrete banded80

nature of the spectrum of magnetosonic waves.These observations show the occurrence of in-81
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dividual elements whose frequency rises with time with a sweep rate of 1 Hz/s in a similar82

manner as has been observed for chorus emissions. These sets appeared to be modulated with83

a repetition time of the order 2-3 minutes with the emission elements turning on and off.84

The present paper investigates the occurrence of non-temporally continuous observations85

of magnetosonic waves. Section 2 outlines the sources of data used in this study. Sections 386

and 4 present Cluster observations of rising tone emissions and trapped emissions respectively.87

Section 5 compares these observations with those from THEMIS and the Van Allen probes88

results, showing that the nature of the waves changes with distance from the magnetic equa-89

tor. Potential modulation mechanisms for the rising tone emissions are briefly mentioned. It90

is shown that one particular mechanism, namely the side band instability that results from the91

nonlinear trapping of particles and has been used to explain the frequency drift in chorus emis-92

sions, may probably be ruled out as a possible mechanism. The results and discussion are then93

summarized in Section 6.94

2 Data source95

The data presented here were collected by the fluxgate magnetometer (FGM) [Balogh96

et al., 1997], the STAFF (Spatio-Temporal Analysis of Field Fluctuations) search coil mag-97

netometer [Cornilleau-Wehrlin et al., 1997], and the Electric Fields and Waves (EFW) [Gustafs-98

son et al., 1997] instruments, on board the multi-spacecraft Cluster mission [Escoubet et al.,99

1997]. Synchronisation of the STAFF and EFW sampling is achieved via the centralised Wave100

Experiment Consortium Digital Wave Processor instrument [Woolliscroft et al., 1997]. Launched101

in the year 2000, the four Cluster spacecraft follow a polar orbit, with an apogee of ∼20RE ,102

initial perigee ∼4RE and period of 57 hours. This initial orbit has evolved over time as the103

line of apsides has rotated southward before rising again in 2010 and its perigee falling to a104

minimum of 200 km in the same time period. These changes have allowed Cluster to sam-105

ple plasma and wave activity at the magnetic equator over a range of different radial distances.106

The observations presented here were made during periods when the satellites were operated107

in burst science mode (BM1). This operational mode allows FGM and STAFF to collect mag-108

netic field waveform measurements with sampling rates of 67 Hz and 450 Hz respectively. In109

this paper the spacecraft potential from the EFW instrument is used as a proxy for the elec-110

tion density [Pedersen et al., 2001].111
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Table 1. Locations of the Cluster satellites during the events discussed.127

Date Time (UT) Satellite MLT (hours) MLat (degrees) Distance (Re)

2005-08-18 13:50->14:00 1 13.42->13.46 -8.0->-3.4 5.01->4.93

13:00-13:30 2 13.03->13.21 -7.4-> 8.5 4.87->4.69

2005-09-16 03:35-04:00 1 11.89->11.82 -5.7-> 4.2 4.72->4.64

02:50–03:00 2 11.55->11.52 -3.2-> 4.2 4.62->4.58

2005-09-13 17:55-18:05 1 12.18->12.13 -4.7-> 1.6 5.03->4.89

2006-09-17 14:15-14:45 3 11.77->11.83 -18.4->4.46 4.67->4.08

3 Observations of rising tone emissions112

The first event discussed in this paper occurred on 18 August 2005 and was observed113

by Cluster 1 between 13:50 and 14:00 UT and Cluster 2 between 13:00 to 13:30 UT (BM1114

operations were scheduled for the period 13:00-14:00 UT on all four spacecraft). Table 1 gives115

the locations of Cluster 1 and 2. The Cluster satellites were travelling in a south to north di-116

rection, crossing the magnetic equator at 14:06:00 UT (C1) and 13:14:16 UT (C2). Exami-117

nation of the electric field spectrogram recorded by the WHISPER instrument (not shown) shows118

that the electron plasma frequency maximises around 13:40 UT at a value of ∼ 42 kHz, which119

would imply an electron density of the order 21 cm−3 indicating that C2 came close to the120

plasmapause but never actually crossed into the plasmasphere itself. These observations oc-121

curred during a period of low to medium geomagnetic activity for which the maximum (neg-122

ative) value of Dst in the proceeding 24 hrs was -16 nT whilst the AE index over the preced-123

ing 36 hours maximised at 531 nT (mean 284 nT). Using these values within the O’Brien and124

Moldwin [2003] plasmapause model shows that C2 was very close to the expected location125

of the equatorial plasmapause.126

Figure 1 shows an overview of measurements from the Cluster 2 spacecraft. Figure 1a128

shows a spectrogram of the magnetic field oscillations recorded in the BZ component (Geo-129

centric Solar Ecliptic, GSE) by the STAFF search coil magnetometer. The white horizontal130

lines show harmonics of the local proton gyrofrequency in the range 7 to 30, with labels to-131

wards the left side of the spectrogram. The solid vertical black line indicates the time at which132

the magnetic equator was crossed, the dotted vertical black lines indicate the times of the spec-133

tra shown in Figure 2. Figure 1b shows the ellipticity (ratio of the intermediate (eint) and max-134
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Figure 1. Wave properties of the oscillations recorded in the Bz component by the STAFF search coil

magnetometer during the period 13:00-13:30 UT on 18 August 2005. Panel (a) shows a spectrogram of the

magnetic measurements. The white lines represent harmonics of the local proton gyrofrequency in the range

7 to 30. Panel (b) shows the ellipticity of the oscillations, panel (c) the angle between the wave propagation

vector and the external magnetic field, and panel (d) the angle between the maximum variance direction and

the external magnetic field. The vertical black line indicates the equatorial crossing time.

144

145

146

147

148

149

imum (emax) eigenvalues of the spectral matrix) of the oscillations. For the periods when the135

banded emissions are observed, the ellipticity is low eint/emax < 0.2, indicating highly el-136

liptical polarization. Figure 1c shows the angle between the wave vector direction and the ex-137

ternal magnetic field. These emissions show a strong preference for propagating in a direc-138

tion almost perpendicular to the external magnetic field. Finally, Figure 1d shows the angle139

between the maximum variance direction (which corresponds to the plane in which the wave140

magnetic field oscillates) to the external magnetic field. For the oscillations discussed in this141

paper, the wave magnetic field is aligned with the external magnetic field. These properties142

are all consistent with previous observations [Boardsen et al., 2016, e.g.].143

In Figure 1a two types of equatorial magnetosonic waves with different frequency and150

temporal characteristics can be distinguished. At frequencies above 40 Hz, the emissions are151

observed to occur as a number of rising tone elements. A series of ∼11 rising tone emission152

elements are observed between 13:05 and 13:13 UT. Each individual element consists of a set153

of emissions at harmonics of the local proton gyrofrequency that are observed first at lower154

frequencies (∼ 15ΩP ), gradually rising to ∼ 30ΩP in the space of 35-40 s for most elements155

with some taking as long as 90 s. These elements also show evidence for a temporal struc-156

ture with a periodic cycle of around 110-130 seconds, a value similar to that reported by Board-157

sen et al. [2014] and Fu et al. [2014].158

It is noticeable that the characteristic properties of the harmonic emissions changes from159

one element to the next. The wave power of these emissions in individual elements is largest160

for the three elements observed around 13:15 UT, the time at which Cluster 2 crossed the ge-161

omagnetic equator. On either side the power reduces significantly with the distance of Clus-162

ter 2 from the equator. These three ’central’ elements also appear to possess a greater ellip-163

ticity and their propagation direction appears to be closer to perpendicular than the elements164

that are observed a few degrees north or south of the equator.165
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Figure 2. Frequency structure of the oscillations in the Bz component by the STAFF search coil magne-

tometer during the period 13:00-13:30 UT on 18 August 2005. The vertical red lines indicate every second

harmonic of the local proton gyrofrequency in the range 2-30. The power spectral density was calculated us-

ing a 1024 point Fast Fourier Transform. Panel (a) shows an average of 26 spectra resulting from the analysis

of the waveform, recorded between 13:13:30.8 and 13:14:28.9 UT with a 1024 point fast Fourier Transform.

Panels (b) and (c) show similar results for the periods 13:16:25.0-13:18:00.4 UT (average of 42 spectra) and

13;26:34.7-13:28:39.1 UT (54 spectra), respectively.
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189

190
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At frequencies less than 40 Hz there is a set of continuous, banded emissions in the pe-166

riod 13:05-13:27 UT. Their amplitude is typically greater than 3 pT, varying throughout the167

period but less than that typically reported [Mourenas et al., 2013; Zhima et al., 2015, e.g.].168

Between 13:10 and 13:12 UT the strongest emissions appear to be centred at the proton gy-169

roharmonic frequencies in the range 7-10 inclusive. It is also noticeable that there are other170

bands that appear roughly in the centre between two consecutive proton gyrofrequencies. Af-171

ter 13:15 UT, and particularly around 13:20 UT, the frequency of the bands begins to decrease172

in contrast to the proton gyrofrequency harmonics (white lines).173

Figure 2 shows average power spectra of emissions observed in the time periods 13:13:30.8-174

13:14:28.9 UT (Figure 2a), 13:16:25.0-13:18:00.4 UT (Figure 2b), and 13:26:34.7-13:28:39.1 UT175

(Figure 2c), as indicated by the vertical dotted lines in Figure 1, computed using a 1024 point176

Fast Fourier Transform (FFT) during which three individual periodic elements were observed.177

The red vertical lines mark the even harmonics of the proton gyrofrequency in the range 2-178

30. The discrete harmonic nature of the waves is clearly seen with emissions occurring at or179

very close to harmonics of the proton gyrofrequency. Most of the spectral peaks are narrow,180

typically 2.5 Hz wide. However, some peaks, especially those below 40 Hz are considerable181

wider. For the emissions observed in the period 13:13:30.8-13:14:28.9 UT (panel a in Figure 2)182

there are peaks observed at frequencies of (approx) 25.4, 26.8, 28.5, 30.5, 32.5, 36.5, 38.5,183

40.6, 44.3 Hz with the frequency spacings between peaks of either ∼4 or 2 Hz. These frequen-184

cies correspond to the local proton and alpha particle gyrofrequencies, respectively. Thus, these185

emissions may be observed at their point of generation. Similar frequency spacings are also186

evident in the spectra shown in Figure 2b and c.187

A second set of similar emissions was observed on 16 September 2005 between 03:40195

and 04:00 UT by C1. The locations of the Cluster 1 and 2 satellites during this period are given196
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Figure 3. Wave properties of the oscillations recorded in the Bz component by the STAFF search coil

magnetometer during the period 03:30-04:00 UT on 16 September 2005. The format is the same as that in

Figure 1.

204

205

206

in Table 1 and they crossed the magnetic equator at around 03:51:32 and 02:56:33 UT respec-197

tively. Figure 3 shows the occurrence of the emissions and their properties using the same for-198

mat as Figure 1. Figure 3a clearly shows two sets of emissions, one continuous and the other199

periodic. Figure 3b-d show the ellipticity (eint/emax < 0.2), a wave vector direction almost200

perpendicular to that of the external magnetic field, and the direction of the maximum vari-201

ance of the wave oscillations aligned with the magnetic field, all features consistent with ob-202

servations of equatorial magnetosonic waves.203

In this particular case, a set of continuous emissions occurs at higher frequencies (be-207

tween 28ΩP < ω < 31ΩP ) than the periodic discrete rising tone emissions (21ΩP < ω <208

27ΩP ). This is similar to the observations presented by Boardsen et al. [2014] and Fu et al.209

[2014]. The continuous tone emissions appear to be centred on the local proton harmonic fre-210

quencies, except at times when the sets of rising tones intersect these frequencies in which case211

the emission is observed slightly above the gyroharmonic. Thus, it appears that, once again,212

the satellite is passing through the source region of these emissions. Below these continuous213

emissions, there are a number of sets of periodic emissions, occurring with a period of around214

80-90 seconds. The discrete frequency of emission increases with time at a rate of ≈0.5-0.8 Hz/s.215

The amplitude of these emissions varies by 2-3 orders of magnitude, the strongest being ob-216

served as the satellite crosses the magnetic equator.217

On 16 September 2005, C2 crossed the magnetic equator around 02:56:33 UT, almost218

an hour before C1. A similar set of emissions was observed (not shown). Continuous emis-219

sions were observed in the frequency range (between 26ΩP < ω < 32ΩP ), mirroring changes220

observed in the local proton gyrofrequency. Below this frequency range there are two or three221

bands at the 22, 23, and 24 harmonics in which emissions occur periodically with the higher222

amplitudes occurring around the time at which the satellite crossed the magnetic equator. These223

periodic waves show fleeting evidence for the rising tone structure seen so prominently by C1.224
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Figure 4. A comparison of the wave spectrogram with measurements of the spacecraft potential by Cluster

1 for the period 17:55 to 18:10 UT on 13 September 2005. The red line denotes the spacecraft potential, while

the horizontal white lines indicate harmonics of the proton gyrofrequency.

242

243

244

4 Observations of trapped emissions225

Cluster 1 observed a second type of non-time-continuous equatorial magnetosonic emis-226

sions on 13 September 2005, as shown in Figure 4. Table 1 gives the location of Cluster 1 at227

this time. The horizontal white lines indicate harmonics of the proton gyrofrequency in the228

range 15 to 35, numbered towards the left of the panel and the black vertical line indicates229

the time at which the geomagnetic equator was crossed. The red line shows the spacecraft po-230

tential (with a scale on the right hand Y axis) measured by the EFW instrument. This data set231

is used as a proxy for the electron density. The more positive the spacecraft potential, the higher232

the electron density [Pedersen et al., 2001]. The wave spectrogram shows there are sets of strong233

emissions observed at 17:56:24, 17:58:57, 18:00:29, 18:01:53, 18:03:37, 18:05:32, and 18:07:30 UT.234

These sets do not occur periodically, the time difference between them varying between 1.5235

to 3 minutes. It is noticeable that the onset times of the emissions at different harmonic fre-236

quencies are simultaneous, in contrast to the rising tone emissions shown in Figures 1 and 3.237

Analysis of the properties for these waves (not shown) reveals that they are highly elliptical,238

propagate almost perpendicularly to the background magnetic field and that their magnetic com-239

ponent is directed parallel to the background magnetic field. These properties clearly demon-240

strate that the observed emissions are equatorial magnetosonic waves.241

At lower frequencies, below 80 Hz, the emissions occur at harmonics of the local pro-245

ton gyrofrequency and are also seen to track the changes of these frequencies. For example,246

in the set of emissions observed at around 18:05:30 UT emissions are observed at the 19-27247

harmonics and the frequency of the emission is observed to increase in response to that ob-248

served in the local proton gyrofrequency. The first set, observed at 17:56:24 UT, shows three249

clear bands at frequencies of 92.9, 96.1, and 99.2 Hz. The frequency spacing of these emis-250

sions (∼3.1 Hz) is slightly different to the local proton gyrofrequency (∼3 Hz) and they are251

observed between the local gyroharmonics. Therefore it appears as if these emissions origi-252

nate elsewhere and have propagated to the point of observation. The sets of emissions observed253

at 17:58:57 UT, and 18:00:29 UT are all characterised by waves occurring at the gyroharmon-254

ics in the ranges 26-32 and 21-29, respectively. At frequencies above 80 kHz, the structure255
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Figure 5. A comparison of the wave spectrogram with measurements of the spacecraft potential by Cluster

3 for the period 14:00 to 15:00 UT on 17 September 2006. The format is the same as used in Figure 4.

265

266

of emissions is much more complex. The emissions appear not to be tied closely to the lo-256

cal harmonics of the proton gyrofrequency anymore. These banded emissions exhibit both ris-257

ing and falling tones. However, a more detailed analysis of these emissions is left for future258

work.259

Figure 5 shows a second period during which sporadic occurrences of magnetosonic waves260

were observed by Cluster 3 on 17 September 2006. The format of the figure is the same as261

Figure 4. At this time Cluster 3 was located inside the plasmapause (having crossed the bound-262

ary at around 13:30 UT). Cluster 3 crossed the magnetic equator at around 14:42:30 UT on263

the dayside, at a location (4.2, -0.2, 0.0)Re (Solar Magnetic coordinates, SM).264

The background spectrogram in Figure 5 shows the emissions recorded by the STAFF267

search coil magnetometer. The strongest emissions are observed at lower frequencies (<40 Hz)268

between around 14:30 and 14:50 UT. The frequency structure of these emissions shows bands269

that occur roughly at harmonics of the proton gyrofrequency. It is also noticeable that there270

are other bands occurring between these harmonics, possibly indicating resonance with heav-271

ier ions such as He+, or He2+. Just before 14:30 UT there is a set of emissions whose peak272

amplitudes lie at frequencies up to the 20 harmonic of the proton gyrofrequency.273

In addition to these long lived emissions, there are several examples of banded emissions274

that are observed for less than a minute. Table 2 lists the periods when these emissions were275

observed, together with their mean frequency spacing (δf) and the local gyrofrequency (ΩP ).276

From these results it can be seen that the frequency spacing of the bands is either less than277

or greater than the local gyrofrequency and so it appears as if these emissions have propagated278

from their source region to the point of observation. It is also noticeable that at the beginning279

of the period the frequency spacing is less than the local gyrofrequency which would imply280

generation at a greater radial distance whilst at the end of the period the frequency spacing281

is greater than the gyrofrequency, indicating generation at smaller radial distances.282

Superimposed on top of the spectrogram in Figure 5 is the spacecraft potential as mea-285

sured by EFW. A comparison of the occurrence of the sporadic magnetosonic emissions dis-286

cussed above with changes observed in the satellite potential shows that, in general, most of287

–10–
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Table 2. Frequency spacings of the sporadic harmonic emissions observed on September 17, 200617

September 2006 by Cluster 1.

283

284

Start times (UT) Stop times (UT) δf (Hz) ΩP (Hz) L-shell (Re) λ (deg)

14:12:09 14:12:47 4.2 4.7 4.1 -1.2

14:15:09 14:15:29 4.3 4.8 4.1 0.6

14:20:19 14:21:18 4.5 5.0 4.0 4.3

14:22:03 14:22:44 4.8 5.1 4.0 5.4

14:23:32 14:23:54 5.5 5.1 4.0 10.5

14:35:14 14:35:47 5.7 5.6 4.2 14.6

14:36:22 14:36:43 5.9 5.6 4.2 15.4

14:38:46 14:39:04 6.5 5.7 4.2 17.1

14:39:37 14:40:00 6.6 5.8 4.3 17.8

the sets of wave emissions are coincident with local increases in the spacecraft potential and,288

hence, with increases in the local electron density. This is probably best illustrated by the sets289

of emissions occurring at 14:20:19–14:21:18 UT. In this particular period, there are two lo-290

cal peaks in the spacecraft potential. While the wave emissions occur throughout this period,291

it can be seen that the maximum amplitudes are coincident with the peaks in spacecraft po-292

tential. At other times it appears that the waves tend to occur at times of steep gradients in293

the spacecraft potential. For this particular set of observations this seems to be the most com-294

mon correlation. For instance, the emissions observed between 14:12:09 and 14:12:47 UT be-295

gin when the value of the spacecraft potential is at a maximum and continue until the follow-296

ing minima in the potential. Between 14:22:03 and 14:22:44 UT there is another large peak297

in the potential. Again, the intensity of the wave emissions is largest during the periods in which298

the change in potential is greatest. Thus, it appears that the magnetosonic waves are spatially299

confined within localised regions of increased spacecraft potential and hence electron density.300

5 Discussion301

In the previous sections observations of non-time continuous magnetosonic waves by the302

Cluster satellites were presented. The observations show two different types of non-time con-303

tinuous magnetosonic waves.304
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5.1 Rising tone emissions305

In Section 3 examples of rising tone emissions were presented. Similar emissions have306

been reported by Boardsen et al. [2014], Fu et al. [2014] and Němec et al. [2015] based on Van307

Allen Probes, THEMIS, and Cluster measurements, respectively. However, whilst these pre-308

vious reports first showed the existence of these periodic structures, they were unable to show309

the frequency structure of the emissions. The observations reported by Boardsen et al. [2014]310

and Fu et al. [2014] show a large number of elements whereas only a small number of emis-311

sion elements are seen by Cluster. This difference can be understood in terms of the mission312

orbits. Due to its polar orbit, Cluster typically observed around 10 elements of emissions in313

contrast to the long trains observed by the equatorial spacecraft Van Allen and THEMIS. Dur-314

ing the first 12 years of operations, the four Cluster spacecraft were only able to make 5 ob-315

servations of such waves while operating in science Burst Mode 1. However, all five obser-316

vations were situated on the dayside, within 1.5 hours of local noon (SM) and in the vicin-317

ity of the model [O’Brien and Moldwin, 2003] plasmapause. The Cluster observations were318

restricted to within 10◦ of the magnetic equator, a result inline with the theory of propagation319

of magnetosonic waves. In all cases the most intense emissions were observed close to the equa-320

torial crossing.321

The rising tone emissions observed by Cluster occurred in conjunction with observations322

of time continuous magnetosonic waves, although, this is not always the case [Němec et al.,323

2015]. These continuous emissions were observed at either higher or lower frequencies than324

the rising tone emissions. The frequency of the discrete components that make up each ele-325

ment of the rising tone emissions appears to mirror the changes observed in the local proton326

gyrofrequency harmonics, indicating local generation. However, in the case of the continuous327

emissions the relationship between the emissions and the harmonics of the local proton gy-328

rofrequency was less clear. Sometimes their frequency followed changes in the local gyrofre-329

quency, indicating local generation whilst at other times it appeared to change independently,330

indicative of remote generation and propagation to the point of observation.331

To investigate the sweep rate, i.e. how the occurrence of the individual tones within an332

element varies with time, the time and frequency for the maximum amplitude of each tone oc-333

curred was determined. The upper panel of Figure 6 shows how the observation time varies334

as a function of frequency for six of the rising tone elements observed by Cluster 2 on18 Au-335

gust 2005 in the vicinity of the geomagnetic equator. The lower panel shows the magnetic lat-336
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Figure 6. A comparison of the frequency sweep rates of the rising tone elements observed by Cluster 2 on

18 August 2005. Panel (a) shows the frequency sweep rate of the individual elements observed in the vicinity

of the geomagnetic equator. The gradients of the individual elements are shown in the legend. Panel (b) shows

the magnetic latitude of Cluster 2 for comparison.

346

347

348

349

itude of Cluster 2 with the redline representing the equator. The black vertical line on both337

panels marks the time at which Cluster 2 crossed the magnetic equator. For each element, a338

least squares fit was performed to determine the frequency sweep rate. For these emission el-339

ements the frequency sweep rate varies in the range δf/δt ≈ 0.3− 0.9 Hzs−1. The legend340

in Figure 6 indicates the sweep rate determined for each element. It is noticeable that when341

the satellite is closest to the equator, the sweep rate is higher. For instance, from Figure 6 it342

is seen that for the element observed closest to the equator (element 3) the sweep rate is ≈1 Hz s−1,343

a value similar to that reported by Fu et al. [2014]. However, as the observation point moves344

further away from the equator the sweep rate becomes smaller.345

Due to their differing orbits, the four Cluster spacecraft cross the magnetic equator at350

different times. As mentioned above, for the first example of rising tone emissions observed351

on 18 August 2005, C2 crossed at ∼13:14:16 UT while Clusters 1, 3, and 4 crossed at 14:06:00,352

16:04:57, and 16:16:09 UT, respectively. Since these crossings occurred outside the window353

for burst mode operations, high resolution waveforms are unavailable at these times. However,354

C1 did begin to observe rising tone magnetosonic waves from around 13:49 UT until the end355

of burst mode operations at 14:00 UT, about 45 minutes after they were observed by C2. The356

location at which each spacecraft crossed the equator differed by ∼3000 km, almost entirely357

in the Y-SM direction with C1 slightly further duskward than C2 and at a slightly greater ra-358

dial distance (see Table 1). In the case of the second rising tone event presented above, the359

Cluster 1 and 2 satellites crossed the equator at locations spatially separated by around 2400 km,360

mainly in the SM-Y direction (2300 km) and almost an hour temporally. However, it is not361

certain whether the emissions observed by the pairs of Cluster satellites in each period cor-362

respond to the same or different source regions and no firm conclusions regarding the size,363

lifetime, or motion of the source region can be made.364

The generation mechanism for these rising tone emissions is unclear. The proposed mech-365

anisms include366
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1. The appearance of these waves may be due to either their propagation from their source367

region to the point of observation, especially if the propagation path includes multiple368

reflections within the plasmapause wave guide. However, this would only explain the369

upper range of observed harmonics [Boardsen et al., 2014].370

2. The modulation and frequency characteristics could result from a saw-tooth ULF wave,371

which would modify the local Alfvén velocity accordingly, turning the instability grad-372

ually on and off [Boardsen et al., 2014].373

3. By processes such as quasilinear particle diffusion, analogous to that proposed for pul-374

sating aurorae [Demekhov and Trakhtengerts, 1994].375

4. By mechanisms similar to those proposed for the generation of rising tones in chorus376

emissions e.g. electron cyclotron maser [Trakhtengerts, 1995] or the sideband instabil-377

ity [Trakhtengerts, 1999] that result from the trapping of particles by a quasi-monochromatic378

wave.379

In the following discussion, the sideband instability is considered in depth and it is shown that380

this mechanism may probably be ruled out as a possible source for the generation of rising381

tone equatorial magnetosonic waves.382

If a wave packet is quasi-monochromatic, then it can trap charged particles [Karpman383

and Shklyar, 1972, e.g.] (and references therein) in a finite range of velocities near the res-384

onance. The trapped particle distribution function is flattened in this range, and either a plateau385

or a valley forms in this region, depending on the initial distribution and other factors such386

as the inhomogeneity of the medium. The distribution function attains larger velocity space387

gradients on the boundaries of the trapping region, which gives rise to upper and lower side-388

bands shifted in frequency with respect to the original wave. The frequency shift is of the or-389

der of the nonlinear oscillation frequency Ωtr of charged particles trapped in the wave field390

(trapping frequency) [Karpman et al., 1974, e.g. ].391

This phenomenon known as the sideband instability can become recursive if the initial392

wave is strong enough. In this case, each sideband can give rise to other sidebands, and a ris-393

ing or falling tone can be formed from the sequence of sidebands. Such a mechanism was pro-394

posed to explain the frequency drift in VLF chorus emissions [Trakhtengerts, 1999; Trakht-395

engerts et al., 2004], and hydromagnetic chorus [Trakhtengerts et al., 2007].396

–14–

This article is protected by copyright. All rights reserved.



Confidential manuscript submitted to JGR-Space Physics

Since the distribution function of trapped particles flattens in about one trapping period,397

δt ∼ 2π/Ωtr, and every sideband is shifted by δω ∼ Ωtr from the previous one, the corre-398

sponding estimate for the frequency drift is399

∂ω/∂t ' Ω2
tr/(2π) (1)400

where Ωtr is the frequency of charged particle oscillations in the wave field (trapping frequency)401

[Karpman et al., 1974]. For example, for parallel propagating waves402

Ω2
tr = ekv⊥Bw/(mc) , (2)403

where Bw is the wave magnetic field amplitude, k is the wave number, v⊥ is the particle ve-404

locity transverse to the external magnetic field, e > 0 and m are the elementary charge and405

particle mass, and c is the speed of light in free space.406

A similar result for the chorus frequency drift rate have been obtained by Omura et al.407

[2008] who calculated the nonlinear growth rate of a whistler-mode wave with frequency drift408

under the assumption of a flat distribution function of trapped electrons, and found the frequency409

drift rate corresponding to the maximum growth rate. Note that, while Eq.(1) was obtained410

as an order of magnitude estimate, more rigorous calculations by Omura et al. [2008] yielded411

a correction coefficient to it which is close to unity.412

Equation (1) has been used to estimate the possible role of nonlinear trapping effects in413

the observed frequency drift of magnetosonic waves.414

The appropriate methodology for calculating the trapping frequency can be found, for415

example, in the review paper by Shklyar and Matsumoto [2009]. In what follows we adopt a416

similar formulation to that used in Artemyev et al. [2015].417

After expansion over small wave amplitude the normalized Hamiltonian takes the form418

H = H0 − bw
∑
n

Wn cos(φ+ nϕ) , (3)419

where420

H0 = γ =
√

1 + u2‖ + u2⊥ (4)421

is the unperturbed Hamiltonian, u‖,⊥ = p‖,⊥/(mc) are the normalized momentum compo-422

nents parallel and perpendicular to the magnetic field,423

bw =
eBw
mc2k

(5)424

–15–

This article is protected by copyright. All rights reserved.



Confidential manuscript submitted to JGR-Space Physics

Figure 7. The trapping frequency Ωtr for suprathermal protons in the field of MS waves: upper, middle,

and lower panels show the result for proton perpendicular energies of 0.1, 1, and 10 keV, respectively.

452

453

is the normalized value of the wave magnetic field Bw, and ϕ is the particle gyrophase. The425

perpendicular momentum is related to the first adiabatic invariant as u2⊥ = 2χI⊥b, where χ =426

ΩeqR0/c, b = B(z)/Beq is the dimensionless external magnetic field, Iperp is the first adi-427

abatic invariant, ζ = z/R0 is the normalized spatial coordinate along the magnetic field, Ωeq =428

eBeq/(mc) is the equatorial gyrofrequency, and R0 is the spatial scale chosen for normaliza-429

tion (e.g., R0 = REL where RE is the Earth radius). The wave phase is φ = χ(kz cos θ −430

ωt), where θ is the wave normal angle.431

The summation in the wave-particle interaction term in Eq. (3) is performed over the gy-432

roresonance harmonics, and the interaction coefficient for the n-th resonance can be expressed433

in the form434

Wn =
u⊥
γ
J ′n(ξ) + aN−1

(
1− nΩeq

γω sin θ

)
Jn(ξ) (6)435

Here a ' −N2ωωBe/Ω
2
e is the coefficient determined by the wave polarization (the subscript436

e denotes the electron values), for which we use an approximate formula valid for the mag-437

netosonic waves with frequencies ω . ωLH (ωLH is the lower-hybrid resonance frequency),438

N = kc/ω is the wave refractive index, Jn is a Bessel function of the first kind of the or-439

der n, and ξ = N sin θ u⊥ω/Ωeq .440

Using this Hamiltonian, it is easy to obtain the trapping frequency for an isolated n-th441

gyroresonance in the form442

Ω2
trn = Nω cos2 θ

eBw
mc
|Wn| . (7)443

Equation (7) is used to calculate the trapping frequency for the observed MS waves. From444

Section 3, we have the plasma density Nc ' 1.9 · 103 cm−3, the geomagnetic field B =445

205 nT, and the wave magnetic field Bw = 1.5 nT. The wave refractive index N can be cal-446

culated as447

N2 ' N2
A

1− ω2/ω2
LH

, (8)448

where N2
A = ω2

pα/ω
2
Bα is the Alfvén refractive index, and α is the particle species index over449

which, generally speaking, summation is performed (however, mainly protons of ambient plasma450

determine N2
A in the magnetosphere).451
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Figure 8. Resonant parallel energy of protons depending on the MS wave frequency for the same condi-

tions as in Fig. 7. The resonance number for the given frequency is chosen according to the gyroharmonic

closest to this frequency.

467

468

469

If we assume a wave normal angle of θ = 89◦, then over a broad range of wave fre-454

quencies, gyroharmonic numbers, and proton energies, we obtain Ωtr . 0.1 to 1 s−1. This455

is illustrated in Figure 7 for different perpendicular energies of suprathermal protons. The par-456

allel energies are determined by the cyclotron resonance condition, and the harmonic number457

was chosen according to the gyroresonance closest to the given frequency. These resonant en-458

ergies are plotted in Figure 8. The frequency dependence of Ωtr is determined by two oscil-459

latory factors, one being related to the change of a harmonic number, and the other one to the460

Bessel function. As a result, the estimate for the frequency drift related to nonlinear trapping461

is462

1

2π

∂ω

∂t
. 0.025 Hzs−1 . (9)463

Since this sweep rate is an order of magnitude smaller than that observed it seems fairly un-464

likely that the rising tone equatorial magnetosonic waves results from the sideband instabil-465

ity.466

5.2 Trapped emissions470

Examples of the second type of non-time-continuous magnetosonic emissions were shown471

in Section 4. These emissions were characterised by being observed at all harmonic frequen-472

cies simultaneously and being more sporadic in their occurrence, in contrast to the rising tone473

emissions. These emissions occurred simultaneously with increases in the satellite potential,474

implying the existence of localised enhancements in the electron density.475

One possible explanation for this non-periodic, time-discontinuous behaviour of the waves476

is related to the fact that the waves may become trapped within localised density structures.477

It was shown by Chen and Thorne [2012] that it is possible for magnetosonic waves to be trapped478

by the density changes encountered at the inner edge of the plasmapause boundary layer, thus479

limiting the radial extent of their propagation. This was investigated further by Ma et al. [2014]480

who showed that magnetosonic waves generated in the vicinity of the plasmapause, becom-481

ing trapped within a small radial distance of the outer plasmasphere. These authors also showed482

the magnetosonic waves may be trapped in localised regions of enhanced density.483
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Both sets of observations presented above show evidence for the short lived multi-harmonic484

magnetosonic wave emissions are observed simultaneously with local peaks in the measure-485

ments of the satellite potential. Hence, it appears that the emissions are confined by the width486

of these ’density’ peaks.487

6 Conclusions488

Examples of non-time continuous emissions of equatorial magnetosonic waves have been489

presented. It was shown that two forms of such waves can be distinguished, namely, rising tone490

and trapped emissions.491

Rising tone emissions are characterised by the fact that higher harmonic frequencies ap-492

pear slightly later than those at lower frequencies, resulting in a stepped appearance due to their493

discrete nature. Cluster observations show that they occur at low magnetic latitudes, typically494

within 10◦ of the magnetic equator. Their properties were observed to change as the satellites495

approached and then receded the geomagnetic equator. The emissions at the equator were shown496

to have higher amplitudes, higher ellipticity, and propagate closer to perpendicular than sim-497

ilar emissions observed at higher latitudes. It was shown that the sweep rate of these emis-498

sions is greatest in the vicinity of the geomagnetic equator. The sideband instability was con-499

sidered as a possible generating mechanism for these rising tone emissions. However, calcu-500

lations show that the theoretical sweep rate is much lower than that observed, thus implying501

that this mechanism is unlikely to be the cause of these emissions. Emission elements occur502

periodically, however the cause of this periodicity is uncertain.503

Trapped magnetosonic emissions are characterised by the simultaneous onset of wave504

activity over a range of harmonic frequencies, in contrast to the rising tone structures. The spo-505

radic nature of these emissions correlates with changes in measurements of the spacecraft po-506

tential, a parameter that is used as a proxy for the electron density. Periods during which the507

sporadic emissions were observed to be coincident with increases in the spacecraft potential508

(and hence electron density). Hence the wave emissions appear to be confined to regions of509

higher electron density.510
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