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Key Points:9

• Energetic electron precipitation bursts corresponding to quasiperiodic emission10

peaks are identified.11

• Interaction regions occur at L-shells between about 4 and 6 and have dimensions12

of about 0.6 to 1.2 Earth radii.13

• Individual wave elements exhibit a fine inner structure corresponding to the wave14

bouncing between the hemispheres.15
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Abstract16

Electromagnetic waves observed in the inner magnetosphere at frequencies between about17

0.5 and 4 kHz sometimes exhibit a quasiperiodic (QP) time modulation of the wave in-18

tensity with modulation periods from tens of seconds up to a few minutes. Such waves19

are typically termed QP emissions and their origin is still not fully understood. We use20

a large set of more than 2,000 of these events identified in the low-altitude DEMETER21

spacecraft data to check for energetic electron flux variations matching the individual22

QP wave elements. Altogether, 7 such events are identified and their detailed analysis23

is performed. Energetic electron fluxes are found to be modulated primarily at energies24

lower than about 250 keV. While the waves may propagate unducted across L-shells, the25

energetic particles follow magnetic field lines from the interaction region down to the ob-26

servation point. This is used to estimate the locations of anticipated generation regions27

to L-shells between about 4 and 6, and the respective source radial dimensions to about28

0.6–1.2 Earth radii. The frequencies of the events are confined below half of the equa-29

torial electron gyrofrequency in the determined source regions. Finally, it is shown that30

individual QP elements exhibit a fine inner structure corresponding to the wave bounc-31

ing between the hemispheres.32

1 Introduction33

Inner magnetospheric whistler mode waves at frequencies between about 0.5 and34

4 kHz sometimes exhibit a nearly periodic time modulation of the wave intensity. The35

modulation period can range from tens of seconds up to a few minutes, and the respec-36

tive emissions are typically called quasiperiodic (QP) emissions. Although they have been37

known already for a few decades (Carson et al., 1965), their origin is still not fully un-38

derstood, and neither are their generation locations. Two principally different genera-39

tion mechanisms have been considered. First, it has been suggested that the QP mod-40

ulation may be a result of the source region being periodically modulated by a compres-41

sional ultra low frequency (ULF) wave with a period corresponding to the period of the42

QP modulation (Chen, 1974; Kimura, 1974; Sazhin, 1987). Second, a flow cyclotron maser43

mechanism able to self-consistently explain the origin of the QP modulation even with-44

out the presence of the ULF magnetic field pulsations has been proposed (Demekhov &45

Trakhtengerts, 1994; Pasmanik, Demekhov, et al., 2004). As for the supporting exper-46

imental evidence, some of the observed QP events appear to be more or less clearly re-47
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lated to the ULF pulsations (Sato & Kokubun, 1981), while for many events such pul-48

sations are missing and the flow cyclotron maser mechanism is able to reproduce their49

basic characteristics and dependences (Pasmanik, Titova, et al., 2004; Pasmanik et al.,50

2019). It seems well possible that both mechanisms are eventually plausible, depending51

on the conditions and event properties. Historically, the events related to the ULF pul-52

sations were classified as QP events type 1, while the other events were classified as QP53

events type 2 (Kitamura et al., 1969; Sato et al., 1974). This latter class might be re-54

lated to the flow cyclotron maser mechanism. Even though such event classification seems55

problematic at least (Tixier & Cornilleau-Wehrlin, 1986; Sazhin & Hayakawa, 1994), Bezděková56

et al. (2019) demonstrated that the QP events indeed appear to form two different classes57

based on their properties and dependences on the solar wind parameters.58

A survey of QP event observations by the Van Allen Probes spacecraft revealed that59

the events occur primarily, but not exclusively, inside the plasmasphere (Němec et al.,60

2018). Although the planarities of the wave magnetic field fluctuations (Santoĺık et al.,61

2003) are typically rather low, indicating a mixture of waves coming to the spacecraft62

from different directions, the waves are found to propagate mostly away from the geo-63

magnetic equator. This suggests that the events are indeed generated in the equatorial64

region, which is a preferred region for wave-particle interactions in general (Trakhtengerts65

& Rycroft, 2008), and has been formerly suggested as a possible source location of the66

emissions (Sato & Kokubun, 1980; Morrison, 1990). The observed oblique wave normal67

angles demonstrate that the wave propagation is primarily unducted (Martinez-Calderon68

et al., 2016; Němec et al., 2018). The unducted propagation is believed to be responsi-69

ble for the same QP modulation being observed over comparatively large regions of space70

(Němec, Santoĺık, Parrot, et al., 2013; Němec, Hospodarsky, et al., 2016; Němec, Bezděková,71

et al., 2016; Bezděková et al., 2020). This is supported by multipoint measurements and72

detailed time delay analysis, which reveals a time delay on the order of seconds between73

different locations (Němec et al., 2014; Martinez-Calderon et al., 2016). A plasmapause74

guiding (Hayosh et al., 2016) and ionospheric reflections (Hanzelka et al., 2017) may be75

further important for the propagation of QP emissions down to low altitudes. Ground-76

based measurements then, in turn, enable observations of a given event for an extensive77

period of time (Manninen et al., 2012). They were used to reveal variations of QP mod-78

ulation periods related to substorms (Manninen et al., 2013; Manninen, Titova, et al.,79

2014). While both ground-based (Morrison et al., 1994; A. J. Smith et al., 1998; Enge-80
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bretson et al., 2004) and low-altitude spacecraft (Hayosh et al., 2014) surveys suggested81

that QP emissions are primarily daytime phenomenon, satellite surveys at larger radial82

distances revealed the emissions essentially at all local times (Němec, Santoĺık, Pickett,83

et al., 2013; Němec et al., 2018). This apparent inconsistency can be explained by sig-84

nificant lightning-related background wave intensities which may obscure the events at85

low altitudes (Němec et al., 2020).86

Quasiperiodic variations of energetic electron precipitation related to the event oc-87

currence and related ionospheric changes were suggested as a possible explanation for88

concurrent magnetic field pulsations observed on the ground (Sato & Matsudo, 1986).89

More recently, Hayosh et al. (2013) presented a case study of energetic electron flux vari-90

ations corresponding to individual QP wave elements observed by the low-altitude DEME-91

TER spacecraft. Titova et al. (2015) used Van Allen Probes spacecraft measurements92

to identify energetic electron flux changes with periods corresponding to the QP mod-93

ulation in the proximity of a tentative source region. Finally, Li et al. (2021) used simul-94

taneous measurements of QP emissions by the Van Allen Probes and energetic electron95

precipitation by the low-altitude POES satellite to demonstrate energetic electron pre-96

cipitation in association with QP emissions.97

In the present study, QP electromagnetic wave events observed by the DEMETER98

spacecraft during its entire mission identified by Hayosh et al. (2014) are used to check99

for energetic electron flux variations matching the wave intensity modulations. This pro-100

vides us with the information about the magnetic field lines containing tentative event101

source regions. A brief overview of the used data set is given in section 2. The results102

obtained are presented in section 3 and they are discussed in section 4. Finally, section 5103

contains a brief summary of the main results.104

2 Data105

DEMETER was a French low-altitude satellite operating between 2004 and 2010106

at an altitude of about 700 km. The spacecraft measurements were performed nearly con-107

tinuously at geomagnetic latitudes below about 65 degrees, while principally no measure-108

ments came from larger latitudes. The spacecraft orbit was nearly Sun-synchronous, re-109

sulting in the measurements being performed either close to the local noon (about 10:30 LT,110

“daytime”) or close to the local midnight (about 22:30 LT, “nighttime”). Out of the in-111
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struments onboard, the electric field instrument (ICE), the magnetic field instrument (IMSC),112

and the energetic particle detector (IDP) are used in the present study. Two different113

modes of the spacecraft operation were possible, called “Burst” and “Survey”. During114

the continuously active Survey mode, lower resolution data were measured. The Survey115

mode electric field measurements in the very low frequency range consisted of onboard116

calculated frequency spectra of a single electric field component with the frequency res-117

olution of about 20 Hz and the time resolution of about 2 s. The Survey mode energetic118

particle data consisted of two different data products. First, the total energetic electron119

fluxes in three energy ranges (90.7–526.8 keV, 526.8–971.8 keV, and 971.8–2342.4 keV)120

were measured with a time resolution of 1 s. Second, the energetic electron spectra with121

128 linearly spaced energy channels spanning between 72.9 and 2333.5 keV were mea-122

sured with a time resolution of 4 s. The Burst mode was active only during specifically123

selected time intervals, providing some higher resolution data on top of the normal Sur-124

vey mode data. During this mode, a waveform of a single electric field component sam-125

pled at 40 kHz and waveforms of all six electromagnetic field components sampled at 2.5 kHz126

are available. Due to a significant number of interferences in the magnetic field data at127

frequencies between about 1 and 8 kHz, this is the only data product of the magnetic128

field instrument that is used. Additionally, energetic electron spectra have better energy129

(256 energy channels instead of 128) and time resolution (1 s in place of 4 s). More de-130

tailed description of the ICE, IMSC, and IDP instruments is given by Berthelier et al.131

(2006), Parrot et al. (2006) and Sauvaud et al. (2006), respectively.132

A starting point of our analysis is a list of all QP events observed during the en-133

tire duration of the DEMETER mission compiled by Hayosh et al. (2014). Altogether,134

the list consists of as many as 2,264 events. Out of that, 2,181 events occurred during135

the daytime, while only 83 events were identified during the nighttime. The list provides136

a beginning and ending times, as well as lowest and highest frequencies of all the events.137

For each event separately, these are used to plot the respective frequency-time spectro-138

grams of power spectral densities of electric field fluctuations. Additionally, the time de-139

pendences of total energetic electron fluxes in the lowest of the three survey mode en-140

ergy ranges are plotted using the same temporal scale. Individual plots are then visu-141

ally investigated for the presence of energetic electron flux peaks at the times of the in-142

dividual QP elements. In order to eliminate possible random coincidences, it is required143

that the electron flux is noticeably increased at the times of at least three consecutive144
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Figure 1. Example of a quasiperiodic event with simultaneous energetic electron precipitation

bursts. (a) Frequency-time spectrogram of power spectral density of electric field fluctuations.

(b) Energy-time plot of measured energetic electron fluxes. (c) Average power spectral density

of electric field fluctuations in the frequency range between 1200 and 1900 Hz, corresponding to

the event, is shown by the black curve. The red curve shows total energetic electron flux in the

energy range between about 90 and 525 keV. The vertical dashed lines mark the time interval

where the wave elements are accompanied by increased particle fluxes.

QP elements. Altogether, 7 events fulfilling this condition are identified, all during the145

daytime. Geomagnetic activity conditions during the 7 events do not appear to be ex-146

ceptional in any way as compared to the geomagnetic activity conditions for the entire147

DEMETER QP event list.148

3 Results149

An example of one of the identified events where a QP event is accompanied by cor-150

responding quasiperiodic bursts in energetic electron fluxes is shown in Figure 1. The151

event occurred on 24 October 2006. The plotted time interval starts in the beginning152

of data acquisition during the given orbit. Figure 1a shows a frequency-time spectrogram153

of power spectral density of electric field fluctuations corresponding to the QP event. In-154

dividual QP elements with the intensity gradually decreasing toward lower geomagnetic155

latitudes (later times) can be seen. The white vertical bars correspond to short data gaps156

related to turning on/off the Burst mode measurements, i.e., the Burst mode data are157

available in the time interval marked by the vertical white bars.158

Figure 1b shows energy-time plot of measured energetic electron fluxes. Several peaks159

of enhanced fluxes are identifiable at the lowest energies close to the beginning of the plot-160

ted time interval. The peaks in the wave intensity and measured energetic electron fluxes161

are analyzed more in detail in Figure 1c, which shows the respective time dependences.162

The black curve shows the time dependence of the average power spectral density in the163

frequency range between 1200 and 1900 Hz, where the core of the QP event occurs. The164

red curve shows the time dependence of the measured energetic electron flux correspond-165

ing to the lowest energy count channel, i.e., approximately between about 90 and 525 keV.166

The periodic modulation of both the wave intensity and energetic electron fluxes can be167
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Figure 2. Zoom of the time interval marked by the dashed vertical lines in Figure 1. The

vertical dashed lines mark the approximate times of wave intensity/energetic electron flux peaks.

Figure 3. L-shell ranges where individual events are observed in (red) energetic electron data

and (black) wave intensity.

Figure 4. (a) Histogram of L-shell values where the analyzed events are observed in (red)

energetic electron data and (black) wave intensity. (b) Histogram of radial extents of determined

source dimensions.

clearly seen. While the wave intensity exhibits a QP modulation principally all over the168

plotted time interval, the QP modulation of the energetic electron fluxes is limited to169

the time interval shortly after the beginning of the plot. This time interval is marked170

by the vertical dashed lines. The individual peaks of energetic electron fluxes in this time171

interval occur approximately at the same times as the peaks of the wave intensity. Note172

that the huge increase of the electron flux seen in Figure 1c at later times (about 15:35 UT)173

corresponds to the slot region.174

A more detailed view of the time interval marked by the dashed vertical lines is shown175

in Figure 2 using a format analogous to the one used in Figure 1. The vertical dashed176

lines mark the times of five wave intensity peaks identified in Figure 2a. As demonstrated177

by Figure 2c, the marked times correspond well also to the peaks in measured energetic178

electron fluxes. Some of the energetic electron flux peaks are identifiable also in the en-179

ergy spectrum plot in Figure 2b, although they are quite obscured due to the lower time180

resolution of the data and the used color coding representation.181

A similar analysis and identification of time intervals when the QP modulation is182

observed both in the wave intensity and energetic electron fluxes is done for all the 7 events.183

The results obtained are shown in Figure 3, which depicts the respective extents in L-184

shell as a function of the event number. The black vertical lines mark the L-shell extent185

of individual QP events as seen in the wave data. The red vertical lines mark the L-shell186

extent of individual QP events as seen in the energetic electron fluxes. The QP modu-187

lation of energetic electron fluxes generally occurs in a shorter interval than the QP mod-188

ulation of wave intensity, and it is located usually toward the higher L-shell edge of the189

QP event.190
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Figure 5. Median ratio of energetic electron spectra at the times of the peak fluxes and at the

times of preceding/following energetic electron flux minima.

Histograms of L-shells where the events are observed are shown in Figure 4a. These191

values show how many events span over each particular L-shell bin. The black line cor-192

responds to the QP wave events, while the red line corresponds to the QP modulated193

energetic electron fluxes. The QP modulation of the wave intensity is typically observed194

over many L-shells, spanning to low geomagnetic latitudes and at times even all the way195

to the geomagnetic equator. On the other hand, the QP modulation of energetic elec-196

tron fluxes is limited to L-shells between about 4 and 6. A histogram of L-shell extents197

of regions where the QP modulation of energetic electron fluxes is observed is shown in198

Figure 4b. It can be seen that the typical L-shell extents of these regions are between199

about 0.6 and 1.2. Additionally, while the QP modulation of the wave intensity for the200

7 event orbits is observed in both hemispheres, the QP modulation of energetic electron201

fluxes is observed in a single hemisphere for each event. This indicates that also the az-202

imuthal extent of the QP modulation of the wave intensity is larger than the azimuthal203

extent of the QP modulation of energetic electron fluxes. Then, as the spacecraft orbit204

is generally not confined to a single magnetic meridian (Němec et al., 2010), it can get205

azimuthally too far from the particular meridian in the conjugate hemisphere to see the206

QP modulation of energetic electron fluxes. We note that the geomagnetic longitude dif-207

ferences between the locations of the events and the locations where the spacecraft passes208

through a given L-shell in the conjugate hemisphere range between about 5 and 80 de-209

grees with a median value of about 25 degrees.210

The energy spectrum of energetic electrons responsible for the flux peaks is ana-211

lyzed in Figure 5. In each energy channel, we calculate a ratio of the particle flux at the212

time of the peak with respect to the flux at the times of the neighboring local minima213

(i.e., just before and just after the peak). Altogether, 23 flux peaks sufficiently pronounced214

in the IDP energy spectra data are analyzed. The spectra ratios obtained for individ-215

ual flux peaks vary quite considerably, among others due to comparatively low resolu-216

tion of the used IDP spectral data. However, the median ratio of the energy spectra de-217

picted in Figure 5 reveals that the measured fluxes are increased primarily at energies218

lower than about 250 keV. The maximum median flux increase is about 15%, at an en-219
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Figure 6. Frequency-estimated source L-shell ranges of individual events. The color coding

corresponds to event modulation periods, following the color scale on the right. The dashed

curves mark the equatorial electron cyclotron frequency and its half.

Figure 7. A detailed view of the time interval for which the Burst mode data were available

(marked by the vertical white lines corresponding to short data gaps in Figure 1). (a) Frequency-

time spectrogram of power spectral density of electric field fluctuations measured in the Survey

mode resolution. (b) High resolution frequency-time spectrogram of power spectral density of

electric field fluctuations obtained using the Burst mode data. (c) Time dependence of the aver-

age power spectral density in the frequency range between 1500 and 1750 Hz.

ergy of about 150 keV. Although the median flux ratio gradually decreases toward higher220

energies, the fluxes appear to remain slightly elevated at energies up to about 500 keV.221

At higher energies, the median flux ratio starts to fluctuate a lot due to low absolute flux222

values.223

L-shells, where the QP modulation of energetic electron flux is observed, are deemed224

to correspond to source L-shells of QP events. We thus try to relate event properties to225

the respective L-shell values, although the available statistics of only 7 events in total226

is quite a limiting factor. No significant relation between these L-shell values and QP227

modulation periods is found. However, there appears to be a relation between the L-shell228

values and QP event frequencies. The corresponding results are shown in Figure 6, which229

depicts the QP event frequencies as a function of the respective L-shells where the elec-230

tron precipitation occurs. Each event is depicted by a color rectangle spanning between231

the minimum and maximum L-shells of QP modulated energetic electron flux and be-232

tween the minimum and maximum frequencies of the event. The colors of the rectan-233

gles correspond to the event modulation periods, following the color scale on the right-234

hand side. The dashed curves at the upper right part of the figure correspond to equa-235

torial electron cyclotron frequency and half of the equatorial electron cyclotron frequency,236

respectively. It can be seen that while the QP modulation period does not seem to de-237

pend on any of the variables plotted, event frequencies are systematically limited below238

half of the equatorial electron frequency in the tentative source regions.239
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The example event from Figures 1 and 2 is exceptional as the spacecraft Burst mode240

was active for part of the event duration, for about two minutes after 15:35 UT. The mea-241

sured waveform data allow us to accommodate the parameters of the spectral analysis242

to get a frequency-time spectrogram with significantly better time resolution than dur-243

ing the Survey mode. Figure 7a shows the Survey mode frequency-time spectrogram of244

power spectral density of electric field fluctuations, while Figure 7b shows the correspond-245

ing frequency-time spectrogram obtained using the Burst mode data. A fast Fourier trans-246

form with a length of 4096 data points, 3840 points overlapping, and averaging over 16247

neighboring spectra is used, resulting in a time resolution of about 0.1 s and frequency248

resolution of about 10 Hz. Individual QP elements, in particular the three in the mid-249

dle of the plotted time interval, are distinguishable in both spectrograms. However, the250

Burst mode spectrogram reveals an unexpected feature: the QP element intensity does251

not vary smoothly with time, but it exhibits a fine inner structure. Alternatively, one252

may describe the situation as discrete emissions with a short repetition period, whose253

intensity exhibits a slower QP-like modulation. Note that the intense short-lasting emis-254

sions observable in Figures 7a and 7b at higher frequencies are lightning generated whistlers,255

and they are not related to the topic of the present study.256

This is further demonstrated in Figure 7c, which shows a time dependence of the257

average power spectral density in the frequency range between 1500 and 1750 Hz. In-258

tensity modulation with two different periods can be identified. First, it is a slower mod-259

ulation with a period of about 15 s corresponding to the QP modulation period iden-260

tifiable in the Survey mode data. Second, it is the faster modulation with a period of261

about 3.5 s identifiable in the Burst mode data only. This shorter modulation period roughly262

corresponds to the wave bounce time between the hemispheres (back and forth) at L-263

shells where QP modulated energetic electron fluxes are observed. For this particular264

event (event number 5 in Figure 3), the interaction region occurs at somewhat lower L-265

shells than for other events. Assuming a wave frequency of 1625 Hz, field aligned prop-266

agation at L = 4, and density dependence along a field line given by Denton et al. (2004),267

the bounce time is essentially a function of only the equatorial plasma density. In order268

to obtain bounce times corresponding to the observed modulation period of 3.5 s, one269

would have to assume the equatorial density of about 225 cm−3. Assuming twice lower/larger270

plasma number densities would lead to wave bounce times of about 2.6 and 5.0 s, respec-271

tively. Such densities are higher than typically observed in the plasma trough (Denton272
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et al., 2004), but they may be possibly justified by a higher density duct region required273

by the flow cyclotron maser mechanism (Demekhov & Trakhtengerts, 1994). A more typ-274

ical equatorial plasma trough density of about 50 cm−3 would result in a wave bounce275

time of about 2.0 s.276

Finally, multicomponent wave measurements performed at frequencies below 1.25 kHz277

allow us to perform a detailed wave analysis, i.e., to determine the wave polarization prop-278

erties and propagation directions (Santoĺık, Němec, et al., 2006). Although the QP event279

itself does not extend to such low frequencies, we can possibly assume that the QP el-280

ements above about 1.3 kHz propagate in a similar way as the hiss emissions at not too281

much lower frequencies. The wave analysis (not shown) reveals that the wave magnetic282

field fluctuations are right-handed nearly circularly polarized. The wave normal angle283

θk is about 45◦ with respect to the local field line. The wave vector azimuthal angle φk284

is close to ±180◦, which means that the wave vector stays in the plane of a local mag-285

netic meridian, being deviated from the ambient magnetic field toward lower latitudes.286

Considering that the event occurs in the northern hemisphere, the observed wave nor-287

mal direction corresponds to a downward orientation of the wave vector. Such results288

are consistent with the overall QP propagation survey performed by Hayosh et al. (2016).289

This propagation, along with the ionospheric reflection taking place (Hanzelka et al., 2017),290

can account for the larger extent of the wave signatures compared to the particle pre-291

cipitation. We note, however, that these waves propagating to low latitudes are even-292

tually observable only by spacecraft, as they are generally outside the penetration cone293

and cannot get to the ground due to the Snell’s law (Helliwell, 1965). Wave vector di-294

rections close to vertical are needed on the bottom of the ionosphere in order to allow295

the wave propagation to the ground. This is consistent with conjugate observations of296

the emissions by spacecraft and ground-based instruments, which indeed reveal the emis-297

sions to extend to lower L-shells on board the spacecraft than on the ground (Bezděková298

et al., 2020).299

4 Discussion300

Systematic analysis of propagation directions of QP emissions (Němec et al., 2018),301

as well as prevailing theories of their formation (Demekhov & Trakhtengerts, 1994), sug-302

gest that QP emissions are generated in the equatorial region. However, experimental303

determination of the source radial distance is generally complicated. As the emissions304
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propagate primarily unducted, the L-shells where the QP modulation of the wave inten-305

sity is observed do not have to correspond to the L-shells of the source location. Specif-306

ically, while the events tend to occupy a considerable portion of the inner magnetosphere,307

the generation region itself is likely significantly smaller.308

Considering that energetic electrons propagate — unlike unducted whistler mode309

waves — essentially along magnetic field lines, the analysis of energetic electron fluxes310

related to the event occurrence suppresses the aforementioned complications. The iden-311

tification of L-shells where the QP modulation of the wave intensity is observed along312

with the corresponding variations of the energetic electron flux thus allows us to directly313

determine the L-shell of the interaction region responsible for the observed electron pre-314

cipitation. However, strictly speaking, the interaction region does not necessarily mean315

the generation region of the emissions themselves. If the interaction and generation re-316

gions were located at different latitudes, then the unducted waves coming from the gen-317

eration region would eventually reach the interaction region at slightly different L-shells.318

We also note that, given the low altitude of the DEMETER spacecraft, the measured319

energetic electrons have very low equatorial pitch angles, being effectively inside or at320

the edge of the loss cone.321

Although more than 2,000 QP emissions identified by Hayosh et al. (2014) are in-322

vestigated in total, only 7 events with simultaneous QP modulation of the wave inten-323

sity and energetic electron fluxes are identified. This can be explained in terms of the324

spacecraft orbit and used criteria for the event identification. At least three simultane-325

ous peaks in QP wave intensity and electron flux are required for a successful identifi-326

cation. However, at the same time, the events are observed at comparatively large lat-327

itudes, where DEMETER sweeps through individual L-shells rather quickly. Consider-328

ing typical modulation periods of QP events and a limited extent of the interaction re-329

gion, it is thus possible that for most events DEMETER passes through the correspond-330

ing L-shells too quickly to see three subsequent wave intensity/flux peaks. More events331

would be possibly identified if the condition was relaxed to only two subsequent peaks332

(or even to a single peak). However, such a condition is deemed not stringent enough,333

resulting in possible false positive identifications. The aforementioned argumentation nec-334

essarily results in a significant selection bias in the identified events. In particular, events335

with shorter modulation periods and with interaction regions at lower latitudes and span-336

ning over larger latitudinal intervals are more likely to result in a positive identification.337
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The analysis of L-shells where the QP modulation of energetic electron fluxes is ob-338

served reveals that the interaction regions are typically located at L-shells between about339

4 and 5, and they span between about 0.6 and 1.2 RE in the radial distance. This seems340

to be consistent with former studies which indicated that the source region of the emis-341

sions might be located in the equatorial region at larger radial distances (Morrison, 1990;342

Němec et al., 2018). Considering model plasmapause locations (Moldwin et al., 2002),343

it seems that although the lower L-shells of the interaction regions are typically not too344

far from the plasmapause, there is no strict correlation between the model plasmapause345

locations and the interaction region L-shells. It is, nevertheless, curious that while most346

interaction regions appear to be located outside the plasmasphere, QP emissions them-347

selves are observed primarily inside the plasmasphere (Němec et al., 2018). This might348

be possibly explained in terms of the wave propagation between the source region and349

the observation points, along with the wave trapping and unducted propagation within350

the plasmasphere similar to the one suggested for chorus-to-hiss mechanism (Church &351

Thorne, 1983; Chum & Santoĺık, 2005; Santoĺık, Chum, et al., 2006; Bortnik et al., 2007,352

2008, 2009, 2011; Hartley et al., 2019).353

A limited time resolution of the measured energy spectra (4 s) complicates a more354

detailed analysis of the energies of particles precipitated in relation with QP emissions.355

However, the results obtained indicate that mostly the particles with energies below about356

250 keV are affected. This roughly corresponds to the upper energy in the simulation357

results (Li et al., 2021). Note that the lower part of the precipitating energetic electron358

spectrum is not measurable due to the experimental constraints, as the lowest energy359

channel of the DEMETER IDP instrument is as high as about 72.9 keV. We may try360

to compare these energies with the first order gyroresonance energies in the interaction361

regions. Assuming a typical L-shell of 4.5, plasma number density of 25 cm−3, zero pitch362

angles and field aligned wave vectors, one gets a resonant energy of about 30 keV for the363

wave frequencies of about 1750 Hz, which is a typical frequency of the analyzed QP events.364

Note, however, that this is rather a lower estimate of the first order gyroresonance en-365

ergy; oblique wave vectors at the equator would lead to higher resonant energies. Nev-366

ertheless, the first order gyroresonance energy stays below the observed precipitation en-367

ergies unless a significantly lower equatorial plasma number density is assumed (< 10 cm−3).368

Note also that we assume the North-South symmetry: the interacting waves would prop-369

agate to the opposite hemisphere than the precipitating electrons. For completeness, we370
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remark that the Landau resonance energy is only about 5% of the first order gyrores-371

onance energy, i.e., well below the energies of the observed precipitating electrons.372

The upper frequency limit on the QP emissions, corresponding to half of the equa-373

torial electron cyclotron frequency, is in agreement with former studies based purely on374

wave observations, not on the particle observations (Němec et al., 2018). Considering375

that the half of the equatorial electron cyclotron frequency corresponds to the upper fre-376

quency limit for the wave ducting in density crest ducts (R. L. Smith, 1961), this obser-377

vation can be considered as an indirect supporting evidence for the flow cyclotron maser378

theory of the emission formation (Demekhov & Trakhtengerts, 1994). The wave bounc-379

ing back and forth between the hemispheres, assumed by this theory, would be further380

in line with the fine structure of individual QP elements revealed by the high resolution381

Burst mode data. We note that the fine temporal structure corresponding to the whistler382

wave hop time is in agreement with some QP emissions observed on the ground (Manninen,383

Demekhov, et al., 2014). We also note that, unlike in the case of multihop whistlers, the384

wave elements do not become less intense or more dispersed at later times of the event.385

This seems consistent with the bouncing wave elements reported by Němec et al. (2009)386

using conjugate ground-based and satellite observations. It might be perhaps understood387

in terms of the wave element intensity and spectral shape not being governed simply by388

the propagation and dispersion, but rather by the wave-particle interactions taking place389

in the source region.390

5 Conclusions391

A set of QP emissions identified during the entire DEMETER spacecraft mission392

is used to check for simultaneous variations of the wave intensity and energetic electron393

fluxes. Only 7 events out of more than 2,000 events investigated in total exhibit such si-394

multaneous variations. This may be explained by observational restraints, as at least three395

simultaneous peaks of the wave intensity and flux are needed for a positive identifica-396

tion, requiring the region to be sufficiently extended in L-shell and the modulation pe-397

riod being not too large. The observed energetic electron flux modulations are found to398

occur primarily at energies lower than about 250 keV.399

The time intervals when the QP modulation of the energetic electron flux is ob-400

served are interpreted as the spacecraft crossing the magnetic field lines going through401
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the generation region of the emissions. Energetic particle fluxes are in this sense a bet-402

ter tracer of the source location, as they — unlike unducted propagating whistler mode403

waves — may be regarded as propagating strictly along the magnetic field lines. Despite404

the low number of events and the clear selection bias present, we can thus estimate the405

locations and radial dimensions of the anticipated generation regions. They are found406

to be at L-shells between about 4 and 6, with the respective source radial dimensions407

being about 0.6 to 1.2 RE . The event frequencies are generally confined below half of408

the equatorial electron gyrofrequency in these regions.409

Finally, high resolution wave measurements available during the spacecraft Burst410

mode for one of the events revealed that the individual QP elements exhibit a fine in-411

ner structure. They are composed of faster repeating elements, with the period corre-412

sponding to the wave bouncing along the magnetic field line between the hemispheres.413

Our results provide important experimental constraints for mechanisms suggested414

to explain the formation of QP emissions.415
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Bezděková, B., Němec, F., Manninen, J., Hospodarsky, G. B., Santoĺık, O., Kurth,427
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