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Introduction

Relativistic electron fluxes in the Earths radiation belts are largely controlled by resonant interactions of such electrons with intense whistler-mode waves (whistlers) [START_REF] Shprits | Review of modeling of losses and sources of relativistic electrons in the outer radiation belt II: Local acceleration and loss[END_REF][START_REF] Thorne | Radiation belt dynamics: The importance of wave-particle interactions[END_REF][START_REF] Millan | Review of radiation belt relativistic electron losses[END_REF][START_REF] Millan | Acceleration of Particles to High Energies in Earth's Radiation Belts[END_REF][START_REF] Kanekal | Dynamics of the terrestrial radiation belts: a review of recent results during the VarSITI (Variability of the Sun and Its Terrestrial Impact) era, 2014-2018[END_REF]. When field-aligned, such waves are quite effective in accelerating electrons up to relativistic energies [START_REF] Demekhov | Electron acceleration in the magnetosphere by whistler-mode waves of varying frequency[END_REF][START_REF] Chen | The energization of relativistic electrons in the outer Van Allen radiation belt[END_REF][START_REF] Thorne | Rapid local acceleration of relativistic radiationbelt electrons by magnetospheric chorus[END_REF]Allison & Shprits, 2020). The most intense of these whistlers are lower-band chorus waves [START_REF] Tsurutani | Postmidnight chorus: A substorm phenomenon[END_REF]. On the night-side, they are most frequently observed around the geomagnetic equator [START_REF] Meredith | Substorm dependence of chorus amplitudes: Implications for the acceleration of electrons to relativistic energies[END_REF][START_REF] Meredith | Favored regions for chorus-driven electron acceleration to relativistic energies in the Earth's outer radiation belt[END_REF][START_REF] Agapitov | Statistics of whistler mode waves in the outer radiation belt: Cluster STAFF-SA measurements[END_REF][START_REF] Agapitov | Empirical model of lower band chorus wave distribution in the outer radiation belt[END_REF] where they resonate with and accelerate near-equatorially mirroring (high pitch angle) electrons. On the dayside, however, these waves are often observed at middle geomagnetic latitudes (off the equator) [START_REF] Meredith | Global model of lower band and upper band chorus from multiple satellite observations[END_REF][START_REF] Agapitov | Statistics of whistler mode waves in the outer radiation belt: Cluster STAFF-SA measurements[END_REF], where they can resonate with and scatter more fieldaligned (small equatorial pitch angle) relativistic electrons toward the loss cone [START_REF] Li | Solar wind conditions leading to efficient radiation belt electron acceleration: A superposed epoch analysis[END_REF]Agapitov et al., 2018;Wang & Shprits, 2019).

Resonant latitudes for field-aligned electrons rapidly increase with electron energy [START_REF] Thorne | Timescale for MeV electron microburst loss during geomagnetic storms[END_REF][START_REF] Shprits | Bounce-averaged diffusion coefficients for field-aligned chorus waves[END_REF][START_REF] Summers | Effects of latitudinal distributions of particle density and wave power on cyclotron resonant diffusion rates of radiation belt electrons[END_REF][START_REF] Miyoshi | Relation between fine structure of energy spectra for pulsating aurora electrons and frequency spectra of whistler mode chorus waves[END_REF]. Therefore, scattering of relativistic electrons into the loss cone by field-aligned whistlers requires significant wave intensities above |λ| ∼ 30 • in geomagnetic latitude [START_REF] Thorne | Timescale for MeV electron microburst loss during geomagnetic storms[END_REF][START_REF] Summers | Timescales for radiation belt electron acceleration and loss due to resonant wave-particle interactions: 2. Evaluation for VLF chorus, ELF hiss, and electromagnetic ion cyclotron waves[END_REF][START_REF] Miyoshi | Relativistic Electron Microbursts as High-Energy Tail of Pulsating Aurora Electrons[END_REF]. Generated by plasma sheet electrons around the equator, and having an initially near field-aligned propagation (e.g., [START_REF] Fu | Whistler anisotropy instabilities as the source of banded chorus: Van Allen Probes observations and particle-in-cell simulations[END_REF]), whistler-mode lower band chorus waves travel away from the equator where their propagation direction diverges from the local magnetic field direction due to the plasma and field inhomogeneity [START_REF] Kimura | Whistler mode propagation in the earth and planetary magnetospheres and ray tracing techniques[END_REF][START_REF] Shklyar | Characteristic properties of Nu whistlers as inferred from observations and numerical modelling[END_REF]Breuillard et al., 2012;[START_REF] Yamaguchi | Ray tracing of whistler-mode chorus elements: implications for generation mechanisms of rising and falling tone emissions[END_REF][START_REF] Lu | Two-Dimensional gcPIC Simulation of Rising-Tone Chorus Waves in a Dipole Magnetic Field[END_REF]. Becoming oblique, they are damped due to Landau resonance with suprathermal electrons (Bortnik et al., 2006;L. Chen et al., 2013;[START_REF] Watt | Constructing the frequency and wave normal distribution of whistler-mode wave power[END_REF][START_REF] Maxworth | Magnetospheric whistler mode ray tracing in a warm background plasma with finite electron and ion temperature[END_REF]. Both the wave divergence and the damping imply low wave intensity at middle latitudes. Dayside chorus waves may reach |λ| ∼ 30 • due to the weaker dayside magnetic field inhomogeneity and the associated lower ray divergence and reduced wave damping [START_REF] Tao | Effects of magnetic field configuration on the day-night asymmetry of chorus occurrence rate: A numerical study[END_REF], but their intensity still decreases and their obliquity increases with |λ| [START_REF] Agapitov | Statistics of whistler mode waves in the outer radiation belt: Cluster STAFF-SA measurements[END_REF](Agapitov et al., , 2018;;[START_REF] Santolík | Propagation of lower-band whistler-mode waves in the outer Van Allen belt: Systematic analysis of 11 years of multi-component data from the Cluster spacecraft[END_REF]. Thus, although dayside waves can occasionally (during geomagnetically active times) attain wave-normal angles near the resonance cone and scatter ∼ 1MeV electrons toward the loss cone (Agapitov et al., 2018;[START_REF] Agapitov | Empirical model of lower band chorus wave distribution in the outer radiation belt[END_REF][START_REF] Mourenas | Fast dropouts of multi-MeV electrons due to combined effects of EMIC and whistler mode waves[END_REF]Mourenas, Artemyev, Agapitov, & Krasnoselskikh, 2014), the predominant low-intensity and mildly oblique character of dayside chorus renders it, on average, ineffective in relativistic electron scattering. Thus, up to now relativistic electron loss is typically attributed to two other mechanisms: magnetopause shadowing (Turner et 
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manuscript submitted to JGR: Space Physics al., 2012; [START_REF] Gao | The effect of different solar wind parameters upon significant relativistic electron flux dropouts in the magnetosphere[END_REF][START_REF] Sorathia | Energetic particle loss through the magnetopause: A combined global MHD and test-particle study[END_REF] or cyclotron resonance with electromagnetic ion cyclotron waves [START_REF] Thorne | Relativistic electron precipitation during magnetic storm main phase[END_REF][START_REF] Usanova | Effect of EMIC waves on relativistic and ultrarelativistic electron populations: Ground-based and Van Allen Probes ob-servations[END_REF]Blum et al., 2015;Ma et al., 2015;[START_REF] Mourenas | Fast dropouts of multi-MeV electrons due to combined effects of EMIC and whistler mode waves[END_REF][START_REF] Shprits | Wave-induced loss of ultra-relativistic electrons in the Van Allen radiation belts[END_REF][START_REF] Grach | Precipitation of Relativistic Electrons Under Resonant Interaction With Electromagnetic Ion Cyclotron Wave Packets[END_REF][START_REF] Zhang | Dependence of Relativistic Electron Precipitation in the Ionosphere on EMIC Wave Minimum Resonant Energy at the Conjugate Equator[END_REF].

However, in the presence of density ducts (in particular, density enhancements) which may develop due to plasmaspheric plumes, plasmapause density striations, ionospheric outflows or drift shell splitting and are confined within distinct flux tubes, chorus waves can be guided by diffraction and propagate to middle and high magnetospheric latitudes (far from the equator) while retaining their quasi-parallel propagation, and hence evade damping [START_REF] Helliwell | Whistlers and related ionospheric phenomena[END_REF][START_REF] Laird | Full-wave VLF modes in a cylindrically symmetric enhancement of plasma density[END_REF]. Indeed such ducting has been observed previously near strong plasma density gradients around the plasmapause [START_REF] Inan | The plasmapause as a VLF wave guide[END_REF][START_REF] Woodroffe | Whistler propagation in the plasmapause[END_REF]R. Chen, Gao, Lu, Tsurutani, & Wang, 2021) and within large-scale plasmasphere plumes [START_REF] Woodroffe | Van Allen Probes observations of structured whistler mode activity and coincident electron Landau acceleration inside a remnant plasmaspheric plume[END_REF][START_REF] Li | Quantification of Energetic Electron Precipitation Driven by Plume Whistler Mode Waves, Plasmaspheric Hiss, and Exohiss[END_REF][START_REF] Demekhov | Conjugate Ground-Spacecraft Observations of VLF Chorus Elements[END_REF][START_REF] Demekhov | Localization of the Source of Quasiperiodic VLF Emissions in the Magnetosphere by Using Simultaneous Ground and Space Observations: A Case Study[END_REF], but also near smaller scale structures [START_REF] Hanzelka | Effects of Ducting on Whistler Mode Chorus or Exohiss in the Outer Radiation Belt[END_REF][START_REF] Streltsov | Observations and Modeling of Whistler Mode Waves in the Magnetospheric Density Ducts[END_REF][START_REF] Hosseini | Evidence of Small Scale Plasma Irregularity Effects on Whistler Mode Chorus Propagation[END_REF]R. Chen, Gao, Lu, Chen, et al., 2021;[START_REF] Ke | Whistler Mode Waves Trapped by Density Irregularities in the Earth's Magnetosphere[END_REF] which can be formed by compressional ultra-low-frequency waves or localized ionospheric outflows [START_REF] Zhang | Modulation of Whistler Waves by Ultra-Low-Frequency Perturbations: The Importance of Magnetopause Location[END_REF]. Ducted chorus waves surviving with large amplitude and low obliquity at middle latitudes (off the equator), can potentially provide effective scattering of relativistic electrons as evidenced by modeling (L. [START_REF] Chen | Modeling of Bouncing Electron Microbursts Induced by Ducted Chorus Waves[END_REF][START_REF] Miyoshi | Relativistic Electron Microbursts as High-Energy Tail of Pulsating Aurora Electrons[END_REF][START_REF] Miyoshi | Penetration of MeV electrons into the mesosphere accompanying pulsating aurorae[END_REF]. To prove that this type of relativistic electron scattering and precipitation by whistlers actually occurs, it is not sufficient to observe the waves and relativistic electrons at the equator: it also requires confirmation that the waves are ducted, as evidenced by ground-based wave receivers [START_REF] Manninen | Non-typical ground-based quasi-periodic VLF emissions observed at L 5.3 under quiet geomagnetic conditions at night[END_REF][START_REF] Martinez-Calderon | Statistical study of ELF/VLF emissions at subauroral latitudes in Athabasca, Canada[END_REF][START_REF] Shiokawa | Ground-based instruments of the PWING project to investigate dynamics of the inner magnetosphere at subauroral latitudes as a part of the ERG-ground coordinated observation network[END_REF], and that the relativistic electrons are precipitating, as measured at the ionosphere above the ground station. Both ground receivers and ionospheric measurements of precipitation need to be in good magnetic conjunction with the near-equatorial wave and electron measurements. On the one hand, if a good correlation between ground-observed whistlers with those at the equator is found [START_REF] Titova | Identification of the source of quasi-periodic VLF emissions using ground-based and Van Allen Probes satellite observations[END_REF][START_REF] Titova | Localization of the sources of narrow-band noise VLF emissions in the range 4-10 kHz from simultaneous ground-based and Van Allen Probes satellite observations[END_REF][START_REF] Demekhov | Localization of the Source of Quasiperiodic VLF Emissions in the Magnetosphere by Using Simultaneous Ground and Space Observations: A Case Study[END_REF][START_REF] Martinez-Calderon | ELF/VLF wave propagation at subauroral latitudes: Conjugate observation between the ground and Van Allen Probes A[END_REF], 2020) this can prove ducted propagation, as this is the only way that equatorial whistlers can survive damping and appear on the ground. On the other hand, if we can employ simultaneous low-altitude (ionospheric) measurements of electron precipitation, which is well correlated with equatorial whistler-mode waves [START_REF] Li | Constructing the global distribution of chorus wave intensity using measurements of electrons by the POES satellites and waves by the Van Allen Probes[END_REF][START_REF] Li | Evidence of stronger pitch angle scattering loss caused by oblique whistler-mode waves as compared with quasi-parallel waves[END_REF][START_REF] Ni | A novel technique to construct the global distribution of whistler mode chorus wave intensity using low-altitude POES electron data[END_REF], then the energy range of that precipitation can be used to determine whether scattering by ducted whistler is occurring. If precipitation of relativistic electrons is wellcorrelated with both ground and equatorial whistlers, this would confirm that ducting occurs and relativistic electron precipitation by ducted whistlers also takes place. If precipitation of only non-relativistic electrons is occurring in good correlation with equatorial whistlers but in the absence of whistlers on the ground (no ducting) this would also confirm the converse: that in the absence of wave ducting relativistic scattering (expected only by ducted whistlers) does not occur, but sub-relativistic scattering (due to equatorial whistlers) does occur, as expected from prior studies [START_REF] Nishimura | Identifying the Driver of Pulsating Aurora[END_REF][START_REF] Li | Constructing the global distribution of chorus wave intensity using measurements of electrons by the POES satellites and waves by the Van Allen Probes[END_REF][START_REF] Li | Evidence of stronger pitch angle scattering loss caused by oblique whistler-mode waves as compared with quasi-parallel waves[END_REF]Ni et al., 2014;S. Kasahara, Miyoshi, et al., 2018).

In this paper we set out to examine this hypothesis. We combine the following datasets: (i) near-equatorial measurements of whistlers and of fluxes of relativistic electrons using Time History of Events and Macroscale Interactions during Substorms (THEMIS; Angelopoulos (2008)) and Exploration of energization and Radiation in Geospace (ERG; [START_REF] Miyoshi | Geospace exploration project ERG[END_REF]) spacecraft; (ii) ground measurements of Very Low Frequency (VLF) waves revealing presence or absence of whistlers (bespeaking of ducted wave propagation to high latitudes, or of damping, respectively) using stations Lovozero [START_REF] Fedorenko | Polarization of ELF waves generated during "beat-wave" heating experiment near cutoff frequency of the Earth-ionosphere waveguide[END_REF] and Kannuslehto [START_REF] Manninen | Non-typical ground-based quasi-periodic VLF emissions observed at L 5.3 under quiet geomagnetic conditions at night[END_REF]; and (iii) low-altitude (∼400 km) measurements of energetic electron precipitation spectra, revealing relativistic or sub-relativistic precipitation (implying electron scattering at middle latitudes or low-latitudes, respectively) by ELFIN (Angelopoulos et al., 2020).

We first describe the datasets and instruments used (Sect. 2). We then present the four selected conjunction events (Sects. 3.1-3.3). We discuss our findings in Sect. 4. Of the four events, the first two show ducted whistlers concurrent with relativistic electron precipitation, whereas the other two show the absence of both ducting and precipitation. The first event (Sect. 3.1) includes equatorial THEMIS observations of whistlers modulated by compressional ultra-low-frequency (ULF) oscillations extending from the vicinity of the flank magnetopause to the plasmapause. Ground VLF receivers, in conjunction with these space observations, showed VLF emissions demonstrating ducted propagation of whistler
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manuscript submitted to JGR: Space Physics waves in the magnetosphere, demonstrating their ducted propagation. Simultaneous ELFIN observations confirm precipitation of 700 keV electrons. The second event (Sect. 3.2) shows similar evidence of relativistic electron precipitation and ducting as the first event, except that the near-equatorial whistlers are measured by ERG. The last two events comprise measurements from similar ground and space conjunctions as the second event, but show an absence of both ground whistlers and relativistic electron precipitation, demonstrating that the lack of ducting correlates with a lack of relativistic electron scattering (see Sect. 3.3). These events do show sub-relativistic precipitation, consistent with pitch-angle scattering of < 150keV by equatorial whistlers. Accordingly, we hereafter use ∼ 150 keV as the threshold energy separating two events with relativistic electron precipitation (up to 700 keV) and non-relativistic (below 150 keV) electron precipitation. Note that although groundbased measurements of whistler waves are not rare, available ground-based conjugations with equatorial whistler measurements are limited to several good examples [START_REF] Titova | Identification of the source of quasi-periodic VLF emissions using ground-based and Van Allen Probes satellite observations[END_REF][START_REF] Titova | Localization of the sources of narrow-band noise VLF emissions in the range 4-10 kHz from simultaneous ground-based and Van Allen Probes satellite observations[END_REF][START_REF] Demekhov | Localization of the Source of Quasiperiodic VLF Emissions in the Magnetosphere by Using Simultaneous Ground and Space Observations: A Case Study[END_REF][START_REF] Martinez-Calderon | ELF/VLF wave propagation at subauroral latitudes: Conjugate observation between the ground and Van Allen Probes A[END_REF], 2020). The additional requirement of a conjugation of ground-based and equatorial observations with ELFIN lowaltitude measurements of precipitations further reduces significantly the number of events. As a consequence, the results of the present study are based on only four events and should be considered (in addition to the results of recent simulations, see L. [START_REF] Chen | Modeling of Bouncing Electron Microbursts Induced by Ducted Chorus Waves[END_REF]Chen et al. ( , 2021)); [START_REF] Namekawa | Rocket observation of sub-relativistic electrons in the quiet dayside auroral ionosphere[END_REF]) as an observational indication of the possibly important role of whistler-mode wave ducting for relativistic electron precipitations.

Datasets

In the first event the near-equatorial measurements are provided by THEMIS D and A (Angelopoulos, 2008). We use spin resolution (3 second) measurements of the background magnetic field by the fluxgate magnetometer (Auster et al., 2008), fluxes and anisotropies for < 25 keV electrons by the electrostatic analyzer [START_REF] Mcfadden | The THEMIS ESA Plasma Instrument and In-flight Calibration[END_REF], and fluxes for 50-500 keV electrons by the solid state telescope [START_REF] Mcfadden | The THEMIS ESA Plasma Instrument and In-flight Calibration[END_REF]. Wave magnetic measurements of 10-4000 Hz Nyquist by the search-coil magnetometer (Le [START_REF] Contel | First Results of the THEMIS Search Coil Magnetometers[END_REF] are also shown. During the first event there are no Fast Survey mode wave captures onboard THEMIS A, the closest to the ground-based VLF receivers, so wave observations are limited to spin-resolution spectra at six broad frequency bands (Cully, Ergun, et al., 2008).

In the other three events the near-equatorial measurements are provided by ERG/Arase [START_REF] Miyoshi | Geospace exploration project ERG[END_REF]. We use measurements of the magnetic field investigation [START_REF] Matsuoka | The ARASE (ERG) magnetic field investigation[END_REF] at 8 second resolution, high-energy electron fluxes from the Medium-energy particle experiments-electron analyzer (S. [START_REF] Kasahara | Medium-energy particle experimentselectron analyzer (MEP-e) for the exploration of energization and radiation in geospace (ERG) mission[END_REF] (7 -100 keV) and from the High-energy electron experiments (Mitani, Takashima, et al., 2018) (70-1000 keV), both at 16 second resolution. We also used 1s resolution electric and magnetic field wave spectra collected by the onboard frequency analyzer [START_REF] Matsuda | Onboard software of Plasma Wave Experiment aboard Arase: instrument management and signal processing of Waveform Capture/Onboard Frequency Analyzer[END_REF] of the Plasma wave instrument (Y. [START_REF] Kasahara | The Plasma Wave Experiment (PWE) on board the Arase (ERG) satellite[END_REF].

For ground magnetic measurements of waves in the 0.2-16 kHz range, corresponding to equatorial whistlers, we used receivers at Kannuslehto (KAN) in northern Finland (67.74 • N, 26.27 • E; LIGRF ∼ 5.51; see [START_REF] Manninen | Non-typical ground-based quasi-periodic VLF emissions observed at L 5.3 under quiet geomagnetic conditions at night[END_REF][START_REF] Manninen | New results of structured VLF emissions observed simultaneously at two closely located stations near L ˜5.5[END_REF]), and at Lovozero (LOZ) in northern Russia (67.98 • N, 35.08 • E; LIGRF ∼ 5.54; see [START_REF] Fedorenko | Polarization of ELF waves generated during "beat-wave" heating experiment near cutoff frequency of the Earth-ionosphere waveguide[END_REF]; [START_REF] Demekhov | Localization of the Source of Quasiperiodic VLF Emissions in the Magnetosphere by Using Simultaneous Ground and Space Observations: A Case Study[END_REF]).

Our energetic electron precipitation measurements were collected by the ELFIN CubeSats, at ∼ 440 km altitude [START_REF] Zhang | Modulation of Whistler Waves by Ultra-Low-Frequency Perturbations: The Importance of Magnetopause Location[END_REF]. Their energetic electron detector measures electrons between 50 keV to 5 MeV energy with energy resolution ∆E/E ≤ 40%. The entire 180 • range of pitch-angles can be covered twice every 3 seconds, the ELFIN spin period. In this study we use full time and energy resolution spectra of fluxes, pitch-angle averaged either within the local loss cone j loss or outside it and its supplement (trapped or quasi-trapped), jtrap.

For all events in our study, we also used measurements from NOAA spacecraft on polar, low-altitude orbits from the same MLT and L-shell region as ELFIN. We use j loss /jtrap from the > 30 keV energy channel of NOAA spacecraft as a proxy of equatorial whistler-mode wave activity (see [START_REF] Li | Constructing the global distribution of chorus wave intensity using measurements of electrons by the POES satellites and waves by the Van Allen Probes[END_REF]; [START_REF] Ni | A novel technique to construct the global distribution of whistler mode chorus wave intensity using low-altitude POES electron data[END_REF].
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manuscript submitted to JGR: Space Physics Figure 1. Overview of THEMIS A observations during the first event: electron cyclotron and plasma frequencies, and spacecraft L-shell calculated using the T96 model [START_REF] Tsyganenko | Modeling the Earth's magnetospheric magnetic field confined within a realistic magnetopause[END_REF] (a), square root of intensity of wave magnetic and electric fields in the frequency range 250 -750 Hz, after spin-period (3s) time-averaging (b), electron phase space density omni-directional energy-spectrogram (c), flux anisotropy of < 20keV electron population (d), compressional magnetic field fluctuations with frequencies > 0.1 Hz (red) and > 0.01 Hz (black) (e).

Analysis of observations

Event #1

Figure 1 shows an overview of THEMIS A observations during an inbound section of its orbit (from high to low L-shells) on 29 September 2019. A localized density enhancement (inferred from the spacecraft potential measurements and presented in units of plasma frequency in panel (a)) is seen at 14:30-15:20 UT). It is evidence of transient crossing of the plasmasphere or a narrow plasma plume. Prior to it (between 12:00-14:30 UT) and right after it (15:20 -17:00 UT) THEMIS A was in the lower plasma density outer radiation belt. During these two time intervals, THEMIS A detected sporadic whistler emissions (panel (b)): peaks of magnetic (black) and electric (red) wave intensity between ∼ 250 -750 Hz (i.e., at ∼ 0.1fce to 0.6fce; fce is depicted in panel (a)). As THEMIS A was in Slow Survey mode at the time, only the f bk dataset of wave spectra is available (Cully, Ergun, et al., 2008). This f bk dataset is mostly used for the determination of wave presence. However, [START_REF] Cully | THEMIS observations of long-lived regions of large-amplitude whistler waves in the inner magnetosphere[END_REF] have shown that wave amplitudes provided by f bk, which are averaged over a long ∼ 3 -4 second interval, can underestimate whistler-mode chorus wavepacket amplitudes by a factor of ∼ 20 -30. A comparison of wave amplitudes from f bk and f f f measurements on THEMIS D during this period indeed shows that wave amplitudes from f f f are a factor of ∼ 30 higher than 4-second time-averaged amplitudes from f bk (see Fig. 1 in SI; the same figure further shows that the cB/E wave ratio from the f f f dataset is close to the expected magnitude of the whistler-mode refractive index for the observed plasma frequency and cyclotron frequency). Accordingly, the real peak amplitudes of wave-packets during this event are probably higher by a similar factor ∼ 30 than time-averaged values from f bk, corresponding to ∼ 100 -200 pT. Such wave amplitudes are sufficiently high to provide a strong (potentially non-linear) scattering of 50-300 keV electrons at L > 6 [START_REF] Tao | Nonlinear interactions between relativistic radiation belt electrons and oblique whistler mode waves[END_REF][START_REF] Mourenas | Fast dropouts of multi-MeV electrons due to combined effects of EMIC and whistler mode waves[END_REF][START_REF] Zhang | Nonlinear Electron Interaction With Intense Chorus Waves: Statistics of Occurrence Rates[END_REF], leading to a significant electron precipitation.

The phase space density of energetic (50-500 keV) electrons, seen in panel (c), increases toward lower L-shells (higher fce). The phase space density of thermal electrons (tens of eV to < 25 keV), also in panel (c), shows a quasi-periodic variations in the interval prior to the transient plasmasphere/plume encounter. The subset of thermal electrons between 6 keV to 20 keV shows distinct and persistent transverse anisotropy that is the free energy source [START_REF] Trakhtengerts | The Mechanism of Generation of Very Low Frequency Electromagnetic Radiation in the Earth's Outer Radiation Belt[END_REF][START_REF] Kennel | Limit on Stably Trapped Particle Fluxes[END_REF] for the observed whistlers (panel (d)). As THEMIS A was in Slow Survey mode at the time, the available time resolution of the anisotropy product, ∼ 5min, is too slow to allow examination of the correlation of the anisotropy with the wave power. The parallel component of the background magnetic field shows compressional ULF waves (panel (e)) that are likely responsible for the modulation of the thermal electron fluxes. Such modulation of flux and flux anisotropy by compressional ULF waves has been previously linked to whistler wave power modulation (e.g., [START_REF] Zhang | Periodic Excitation of Chorus and ECH Waves Modulated by Ultralow Frequency Compressions[END_REF]) and it is the likely explanation of the whistler wave power modulation in this event too.

While THEMIS A captured the above measurements near the dusk terminator, THEMIS D moved from low to high L-shells near noon, crossing the plasmapause at around 13:15 UT (Fig. 2(a)). At 17:30 UT THEMIS D crossed the magnetopause and left the magnetosphere (not shown). The plasmapause was encountered at L ∼ 3.5, consistent with the expected plasmapause location Lpp 3.6 ± 0.6 from a statistical model [START_REF] O'brien | Empirical plasmapause models from magnetic indices[END_REF] for max(Kp) = 4.7 during the preceding 36 hours. Search-coil measurements of the whistler spectrum at high spectral and temporal resolution and electron anisotropy -5-
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This article is protected by copyright. All rights reserved. measurements are available during the second half of this interval, at L > 6, when the data collections were operated in Fast Survey mode. During that time, THEMIS D observations (Fig. 2) are similar to those at THEMIS A in the same L-shell range. Specifically, the intense compressional ULF waves (panel (e)) likely responsible for the observed modulation of the thermal electron fluxes (panel (c)) and of the ∼ 400 -1000 Hz (f ∼0.2 to 0.5 fce) whistlers (panel (b)) are all observed. The intense transverse anisotropy of < 20 keV electrons is also present on THEMIS D, as it was on THEMIS A. The similarity of the measurements at THEMIS A and D shows that ULF-modulated whistlers cover a wide range of MLTs (from 11 to 18) and L-shells (from ∼ 4 to 11) outside the plasmasphere during this time.

During this interval, THEMIS A's footpoint was north of Scandinavia (Fig. 3) whereas THEMIS D's was in the south of Greenland. ELFIN A's projections and those of two NOAA spacecraft were also in the vicinity. Given the aforementioned, concurrent THEMIS A and D detection of whistlers over a broad MLT and L-shell range, the MLT sector between Greenland and Scandinavia is expected to be replete with electron precipitation driven by ULF-modulated equatorial whistlers. To examine this hypothesis, low altitude spacecraft projections have been colored according to the square root of the ratio of precipitating to trapped electron fluxes (for > 50 keV or > 30 keV electrons on ELFIN or NOAA spacecraft respectively). The displayed orbits of NOAA spacecraft MetOp 1 and NOAA 19 are within the time interval of THEMIS A observations of whistlers; the high level of electron precipitation observed by MetOp 1 at L > 6 bespeaks intense equatorial whistler activity. Indeed, Figure 4 shows moderate > 30 keV electron precipitations with j loss /jtrap reaching ∼ 0.1 at higher L-shells at MetOp 1. NOAA 19 observations correspond to lower L-shells, and NOAA 19 detected several peaks of precipitations with j loss /jtrap ∼ 0.1 only when it reached L ∼ 7 -8 (see Fig. 4). These precipitations at L > 6 have a transient nature that could be due to the temporal or spatial quasi-periodicity of the whistlers. The ULF-modulated electron anisotropy is expected to generate equatorial whistlers with some periodicity in both time and space (see [START_REF] Motoba | The role of compressional Pc5 pulsations in modulating precipitation of energetic electrons[END_REF]; [START_REF] Zhang | Modulation of Whistler Waves by Ultra-Low-Frequency Perturbations: The Importance of Magnetopause Location[END_REF]). This hypothesis is consistent with ELFIN A, METOP 1 and NOAA 19 observations of tens of keV electron precipitation from a broad MLT and L-shell region (see Fig. 3). 
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This article is protected by copyright. All rights reserved. (13:23-13:27 UT) of the first event. The L-shell computed using the T96 model [START_REF] Tsyganenko | Modeling the Earth's magnetospheric magnetic field confined within a realistic magnetopause[END_REF] is also shown in black.

Figure 6. Trapped and precipitating electron fluxes measured during the second ELFIN A orbit (14:55-15:00 UT) of the first event. The L-shell computed using the T96 model [START_REF] Tsyganenko | Modeling the Earth's magnetospheric magnetic field confined within a realistic magnetopause[END_REF] is also shown in black. Top panels show estimates for a constant plasma density independent of magnetic latitude λ, and bottom panels show estimates for a plasma density variation ∼ cos -5 (λ) based on the model from [START_REF] Denton | Distribution of density along magnetospheric field lines[END_REF].

as they are modulated by ULF waves, consistent with equatorial observations at THEMIS A and D. The losses of such high energy electrons by quasi-parallel whistlers would require electron cyclotron resonant scattering at middle latitudes. Figure 7 shows the typical latitudes of cyclotron resonance between quasi-parallel whistler-mode waves and low equatorial pitchangle electrons for different electron energies. Equatorial THEMIS D measurements at 13:25-14:15 UT (see Figure 2(a)) on the same L-shells as ELFIN A imply that fpe/fce ∼ 6 during ELFIN A observations of relativistic electron precipitation near 13:25 UT. Taking into account that whistlers measured by THEMIS D at 14:50-15:30 UT have relatively stable normalized frequencies f /fce ∼ 0.2-0.3, the latitude of cyclotron resonance with the observed 700 keV precipitating electrons can be estimated as ∼ 30 • . These are quite high latitudes for whistlers, whose wave intensity should be significantly decreased by wave divergence and Landau damping in the absence of ducting (Breuillard et al., 2012;[START_REF] Agapitov | Statistics of whistler mode waves in the outer radiation belt: Cluster STAFF-SA measurements[END_REF][START_REF] Watt | Constructing the frequency and wave normal distribution of whistler-mode wave power[END_REF]L. Chen et al., 2013). Therefore, we expect that the whistlers providing scattering of these relativistic electrons are likely ducted during this event. Note that for fpe/fce ∼ 6, cyclotron resonance with typical electromagnetic ion cyclotron waves only occurs for electron energies much higher than 1 MeV [START_REF] Summers | Relativistic electron pitch-angle scattering by electromagnetic ion cyclotron waves during geomagnetic storms[END_REF][START_REF] Kersten | Electron losses from the radiation belts caused by EMIC waves[END_REF], implying that the observed precipitations of < 700 keV electrons are most probably related to electron scattering by whistlers.

The next ELFIN A orbit (at 14:55-15:00 UT) is closer to THEMIS D (see Fig. 3) and covers lower L-shells in comparison with the first orbit. Figure 6 shows the corresponding ELFIN measurements of trapped and precipitating electron fluxes. There is a quite clear boundary to the domain of high electron flux near L ∼ 4, which agrees well with both the plasmapause position observed by THEMIS D and the plasmapause location predicted by statistical models [START_REF] O'brien | Empirical plasmapause models from magnetic indices[END_REF]. At higher L-shells, ELFIN A measured precipitating fluxes of relativistic electrons up to 700 keV, in agreement with measurements performed during the previous orbit (compare Figs. 5 and6).

Ground measurements confirm our expectation that whistlers propagate to high geomagnetic latitudes (lower altitudes) and down to the ground due to ducting during this event. Figures 8,9 show one hour of measurements at LOZ and KAN between 13 UT and 14 UT (bottom two panels in each figure are expanded views of two 10 min intervals). Both stations are at L ∼ 6.2, near the THEMIS A and NOAA19 footpoints. Quasi-periodic emissions are evident over the entire frequency range, [500,2000] Hz. The periods of these wave amplitude modulations vary from ∼ 30 seconds in the beginning of the hour to > 3 min at the end of the hour. Comparison of the wave power spectral density in the expandedview spectrograms with the superimposed δB ULF variations from THEMIS A confirm that the two quantities have a similar periodicity (which is also similar to the periodicity seen by THEMIS D as discussed above). We also compare the spectrum of ULF δB and the

Accepted Article

This article is protected by copyright. All rights reserved. spectrum of frequency averaged (1 -1.75kHz) ground-based wave power: both spectra show a strong peak around a ∼ 2 min periodicity (see Fig. 2 in SI). Therefore, the ULF-wave modulated whistlers observed near the equator at THEMIS A and D over a wide (L,MLT) range are probably ducted so as to propagate to the ground during this event. Such ducted wave propagation would allow resonant electron scattering at middle latitudes, explaining ELFIN A's measurements of intense precipitation of relativistic electrons at MLTs between those of the THEMIS A and D footpoints.

Event #2

Near-equatorial observations during the second event, which occurred on the day after the first, were obtained by ERG (Figure 10). As ERG was moving towards lower L-shells, around 04:30 UT (when L was below 6 and |λ| > 20 • ) it started observing whistler waves with frequencies > 1 kHz (∼ (0.1-0.2)fce). Based on statistical plasmapause models parameterized by Kp (O'Brien & Moldwin, 2003), the plasmapause was likely at Lpp ∼ 3.5 -4 at the time, much closer to Earth than ERG's location. The observed whistler-mode waves are grouped into bursts of ∼ 10-30 s duration each. The temporal increase of observed wave frequencies is likely a spatial effect, i.e. higher-frequency waves were probably present at L < 5 even before 05:00 UT, and were only observed by ERG when it reached this lower L-shell range. During the decrease of L along ERG orbit, electron < 50 keV fluxes decreased, but relativistic (> 500 keV) electron flux increased. ERG's footpoint in the north hemisphere was near ground stations measuring whistler-mode waves (see Fig. 11). During ERG's observations of whistlers, several passes of NOAA and METOP low-altitude spacecraft took place. The precipitating to trapped flux ratio for > 30 keV electrons on these spacecraft bespeaks of the presence of intense whistlers at the equator that are able to scatter electrons of this energy (see colors on Fig. 11). Figure 12 shows > 30 keV electron precipitating fluxes and precipitating-to-trapped flux ratios from NOAA-19 and METOP-1. Strong precipitation and high precipitating to trapped flux ratio for L-shells above 4 was seen at both satellites. Similarly, large precipitating to trapped flux ratios are observed on ELFIN A, although its orbit is projected at a fairly large MLT distance from ERG.

Figure 13 shows spectra of precipitating and trapped electrons measured by ELFIN A (note there are several blank intervals without measurements). The strong bursts of
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This article is protected by copyright. All rights reserved. precipitation around L ∼ 6 and L ∼ 7 are consistent with NOAA-19 and METOP 1 measurements at high L-shells (see Fig. 12). The precipitation of relativistic > 500 keV electrons is significant down to L ∼ 5, and the precipitating flux is comparable to the trapped flux. During this event, whistlers had normalized frequencies f /fce ∼ 0.1 -0.2 and fpe/fce was likely ∼ 5 -10 based on both a statistical plasma trough density model [START_REF] Sheeley | An empirical plasmasphere and trough density model: CRRES observations[END_REF] and measurements obtained by THEMIS A and D at the same L-shells on the previous day (see Fig. 1,2). Thus, the strong precipitation observed is likely due to ducted whistlers propagating to middle latitudes (see Fig. 7). Electron resonant scattering by typical electromagnetic ion cyclotron waves [START_REF] Kersten | Electron losses from the radiation belts caused by EMIC waves[END_REF] can be excluded from consideration, because for fpe/fce ∼ 5 -10 the energies of cyclotron resonant electrons then well exceed 1 MeV [START_REF] Summers | Relativistic electron pitch-angle scattering by electromagnetic ion cyclotron waves during geomagnetic storms[END_REF][START_REF] Kersten | Electron losses from the radiation belts caused by EMIC waves[END_REF]. Indeed, ground observations at LOZ between 4:00-5:00 UT (Figure 14) show intense, bursty waves at ∼ 1-2 kHz, of a nature and frequency similar to that of the waves observed at ERG after 4:45 UT (∼ 2 kHz, Figure 10). Low-frequency ∼ 1 kHz waves observed by ERG are also seen at LOZ, but they are partially blurred by noise. Therefore, Figs. 10, 13, and 14 show a consistent picture of whistlers generated around the equator, then ducted and propagating down to the ground, after having scattered relativistic electrons at middle latitudes. However, this event is less clear than the first one, due to the larger MLT separation of the equatorial ERG and low-altitude ELFIN A spacecraft, and due to several gaps in ELFIN A measurements at low L.

Events #3&4

These two events are characterized by ERG-ELFIN-LOZ conjunctions, but without relativistic electron precipitation on ELFIN A and without ground-based measurements of whistler-mode waves. Therefore, we consider these events as additional confirmation of the importance of whistler ducting for relativistic electron scattering.

Figures 15 and16 show projections of ERG, ELFIN A and NOAA spacecraft orbits to the north hemisphere, with colors denoting the precipitating to trapped flux ratio of ≥ 30 keV electrons (except for ELFIN A for which ≥ 50 keV electron fluxes are used). These flux ratios are known to be positively correlated with the level of whistler wave activity near the equator [START_REF] Li | Constructing the global distribution of chorus wave intensity using measurements of electrons by the POES satellites and waves by the Van Allen Probes[END_REF][START_REF] Li | Evidence of stronger pitch angle scattering loss caused by oblique whistler-mode waves as compared with quasi-parallel waves[END_REF][START_REF] Ni | A novel technique to construct the global distribution of whistler mode chorus wave intensity using low-altitude POES electron data[END_REF]. The conjugate, equatorial ERG measurements for these two events show much lower intensity waves than for events #1,2. During event #3, ERG was around the equator (|λ| < 15 • ) and observed whistlers at ∼ 1 kHz, but with very weak magnetic field intensity and a strong electric field intensity (indicating they were very oblique, see [START_REF] Mourenas | Fast dropouts of multi-MeV electrons due to combined effects of EMIC and whistler mode waves[END_REF]). Such oblique waves usually experience strong Landau damping and, thus, often cannot reach middle latitudes to scatter energetic electrons (Bortnik et al., 2007;L. Chen et al., 2013), although a small population of these waves can sometimes be observed up to λ ∼ 45 • on the dayside when Kp < 5 (Agapitov et al., 2018). During event #4, ERG was quite far from the equator (|λ| > 25 • ) and did not measure any wave power in the whistler frequency range, but only hiss-like emissions, below 1 kHz. During both events the ground-based receiver at LOZ, conjunct to the above
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This article is protected by copyright. All rights reserved. [START_REF] Tsyganenko | Modeling the Earth's magnetospheric magnetic field confined within a realistic magnetopause[END_REF] is shown in black. space measurements, also did not show any significant VLF wave power, confirming ERG's observations of the absence of intense quasi-parallel waves that may propagate far from the equator without being strongly damped (see ERG and ground-based observations in the Supplementary Material).

ELFIN A measurements of trapped and precipitating electron fluxes during events #3, 4 are shown in Figs. 17 and 18. For both events, trapped fluxes remain quite high up to 500 keV (especially at higher L-shells), whereas precipitating fluxes reach a measurable level only below ∼ 150 keV. Electrons of such low energies can be efficiently scattered around the equatorial plane (see Fig. 7 for resonant latitudes), and the absence of precipitation of > 300 keV electrons suggests the absence of whistler waves at middle latitudes. Therefore, ELFIN A measurements confirm that in the absence of chorus wave propagation to middle latitudes, there is often no loss of relativistic electrons.

Discussion and conclusions

In this study, we show that observations of relativistic electron precipitation at the lowaltitude ELFIN CubeSat are associated with observations of ducted whistlers propagating from their equatorial source region down to ground-based stations. Such ducted waves are, in fact, often observed on the ground (see statistics in [START_REF] Spasojevic | Statistical analysis of ground-based chorus observations during geomagnetic storms[END_REF]; [START_REF] Martinez-Calderon | Statistical study of ELF/VLF emissions at subauroral latitudes in Athabasca, Canada[END_REF]) and have been analyzed in detail for several good conjunctions with equatorial spacecraft [START_REF] Titova | Localization of the sources of narrow-band noise VLF emissions in the range 4-10 kHz from simultaneous ground-based and Van Allen Probes satellite observations[END_REF][START_REF] Demekhov | Localization of the Source of Quasiperiodic VLF Emissions in the Magnetosphere by Using Simultaneous Ground and Space Observations: A Case Study[END_REF][START_REF] Martinez-Calderon | ELF/VLF wave propagation at subauroral latitudes: Conjugate observation between the ground and Van Allen Probes A[END_REF]. However, there is presently no statistical analysis of the occurrence rate of this ducted wave population, i.e., there is no well justified approach on how to separate ducted from non-ducted waves captured by near-equatorial spacecraft for including the distinct ducted wave population and its important, relativistic scattering effects into radiation belt models. Empirical chorus wave models typically provide time-averaged wave statistics (Agapitov et al., 2018;[START_REF] Meredith | Global model of lower band and upper band chorus from multiple satellite observations[END_REF]Wang et al., 2019) that include a mixture of ducted and non-ducted waves at middle latitudes (> 25 • ) [START_REF] Agapitov | Empirical model of lower band chorus wave distribution in the outer radiation belt[END_REF](Agapitov et al., , 2018) ) -or only consider low latitude (< 20 • ) waves (Wang et al., 2019). However, it is worth noting that the comprehensive lower-band chorus wave model
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manuscript submitted to JGR: Space Physics developed by Agapitov et al. (2018), using combined Van Allen Probes and Cluster data, does include separate contributions from quasi-parallel and very oblique waves. It shows that most of the magnetic wave power measured at latitudes λ ∼ 25 • -40 • indeed corresponds to quasi-parallel waves (see Figure 10 from Agapitov et al. (2018)), which are likely ducted waves [START_REF] Mourenas | Fast dropouts of multi-MeV electrons due to combined effects of EMIC and whistler mode waves[END_REF][START_REF] Ke | Whistler Mode Waves Trapped by Density Irregularities in the Earth's Magnetosphere[END_REF], since they have not been diffracted as significantly as expected in an inhomogeneous magnetic field in the absence of ducts. The largely dominant ducted chorus wave power can be obtained as a function of latitude, L, MLT, and Kp, by multiplying the total wave power B 2 w from equation (2) in Agapitov et al. (2018) by the fraction of field-aligned wave power derived from their equation ( 4). This presumably ducted chorus wave power is larger in the 4 -20 MLT sector and when Kp ∼ 1 -5 (Agapitov et al., 2018), consistent with events #1 and #2.

There are two possible approaches for a more direct quantification of the ducted wave population. The first consists of a statistical comparison of ground-based and near-equatorial wave measurements. Modern networks of ground-based stations for whistlers include tens of stations [START_REF] Shiokawa | Ground-based ELF/VLF chorus observations at subauroral latitudes -VLF-CHAIN Campaign[END_REF][START_REF] Manninen | Non-typical ground-based quasi-periodic VLF emissions observed at L 5.3 under quiet geomagnetic conditions at night[END_REF][START_REF] Fedorenko | Polarization of ELF waves generated during "beat-wave" heating experiment near cutoff frequency of the Earth-ionosphere waveguide[END_REF][START_REF] Shiokawa | Ground-based instruments of the PWING project to investigate dynamics of the inner magnetosphere at subauroral latitudes as a part of the ERG-ground coordinated observation network[END_REF][START_REF] Ghaffari | Characteristics of Electron Precipitation During 40 Energetic Electron Injections Inferred via Subionospheric VLF Signal Propagation[END_REF] with good MLT coverage. Studies of conjunctions between these stations and near-equatorial spacecraft Van Allen Probes [START_REF] Demekhov | Localization of the Source of Quasiperiodic VLF Emissions in the Magnetosphere by Using Simultaneous Ground and Space Observations: A Case Study[END_REF] and ERG [START_REF] Martinez-Calderon | Conjugate Observations of Dayside and Nightside VLF Chorus and QP Emissions Between Arase (ERG) and Kannuslehto, Finland[END_REF] missions have had good success in demonstrating that wave ray propagation to the ground indeed occurs. Therefore, time-, activity-and MLT-or L-shellweighted statistics of whistlers measured simultaneously on the ground and at spacecraft in conjunction with the ground stations could potentially determine the wave ducting occurrence rate as a function of geomagnetic activity, MLT and L-shell. The second approach consists of statistical investigations of the conditions favorable for wave ducting. Various ray-tracing simulations have determined the magnitude of plasma density fluctuations necessary for ducting of whistler-mode waves [START_REF] Hanzelka | Effects of Ducting on Whistler Mode Chorus or Exohiss in the Outer Radiation Belt[END_REF][START_REF] Streltsov | Observations and Modeling of Whistler Mode Waves in the Magnetospheric Density Ducts[END_REF][START_REF] Hosseini | Evidence of Small Scale Plasma Irregularity Effects on Whistler Mode Chorus Propagation[END_REF]R. Chen, Gao, Lu, Chen, et al., 2021;[START_REF] Ke | Whistler Mode Waves Trapped by Density Irregularities in the Earth's Magnetosphere[END_REF]. Moreover, the plasma density distribution and dynamics in the inner magnetosphere has been recently parameterized in great detail via machine-learning models [START_REF] Chu | A neural network model of three-dimensional dynamic electron density in the inner magnetosphere[END_REF][START_REF] Zhelavskaya | Empirical Modeling of the Plasmasphere Dynamics Using Neural Networks[END_REF]. A combination of such detailed plasma density models and massive ray-tracing simulations may permit determination of the ducted wave occurrence rate. The obtained occurrence rates could finally be compared with the statistical distributions of chorus wavenormal angles obtained from Cluster observations at middle to high latitudes [START_REF] Agapitov | Empirical model of lower band chorus wave distribution in the outer radiation belt[END_REF](Agapitov et al., , 2018)).

Whistler-mode chorus waves in the Earth's radiation belts may accelerate electrons to relativistic [START_REF] Miyoshi | Rebuilding process of the outer radiation belt during the 3 November 1993 magnetic storm: NOAA and Exos-D observations[END_REF][START_REF] Demekhov | Electron acceleration in the magnetosphere by whistler-mode waves of varying frequency[END_REF][START_REF] Li | Radiation belt electron acceleration by chorus waves during the 17 March 2013 storm[END_REF][START_REF] Mourenas | Approximate analytical solutions for the trapped electron distribution due to quasi-linear diffusion by whistler mode waves[END_REF] and even ultra-relativistic (Allison & Shprits, 2020;[START_REF] Thorne | Rapid local acceleration of relativistic radiationbelt electrons by magnetospheric chorus[END_REF] energies, but the same waves may be responsible for electron losses due to scattering into the loss cone. As we show in this study, scattering of relativistic electrons would be much more effective for ducted whistlers, whereas such ducting is generally associated with local plasma density enhancements [START_REF] Karpman | Whistler wave propagation in density ducts[END_REF][START_REF] Pasmanik | Dispersion properties of ducted whistlers, generated by lightning discharge[END_REF]. Interestingly, the most effective electron acceleration by whistlers is associated with plasma density depletions [START_REF] Thorne | Rapid local acceleration of relativistic radiationbelt electrons by magnetospheric chorus[END_REF][START_REF] Wang | Analytical Chorus Wave Model Derived from Van Allen Probe Observations[END_REF]Allison et al., 2021;[START_REF] Summers | Relativistic theory of wave-particle resonant diffusion with application to electron acceleration in the magnetosphere[END_REF]. Therefore, the regime of electron interaction with whistlers may be controlled also by the spatial distribution of plasma density, and this significantly increases the importance of developing more realistic plasma density models [START_REF] Chu | A neural network model of three-dimensional dynamic electron density in the inner magnetosphere[END_REF][START_REF] Zhelavskaya | Empirical Modeling of the Plasmasphere Dynamics Using Neural Networks[END_REF][START_REF] Goldstein | Epoch-Based Model for Stormtime Plasmapause Location[END_REF].

To conclude, we have considered four events with conjugate observations of equatorial whistler-mode waves, ground-based chorus waves, and precipitating electrons on the lowaltitude ELFIN A CubeSat. The main results are as follows:

1. During the first event on 2019-09-29 at 12:00-15:00 UT, near-equatorial THEMIS A and D spacecraft observed intense ultra-low-frequency compressional waves with typical timescales of δB fluctuations of about 0.5 -3 min. The transverse anisotropy of < 5 keV electrons and the frequency-integrated intensity of whistler waves measured by THEMIS A and D show that intense whistlers were likely generated by anisotropic hot electrons that were also modulated by ULF waves over a wide (L, MLT) region. Lowaltitude measurements of tens of keV precipitating electrons by ELFIN A and NOAA spacecraft confirm that intense equatorial whistlers were indeed present. Simultaneous observations at ground-based stations (KAN and LOZ) in good conjunction with the satellites demonstrate that such waves indeed propagated to the ground and, thus, show that these waves were ducted. Low-altitude measurements of precipitating and
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manuscript submitted to JGR: Space Physics trapped electron fluxes on ELFIN A CubeSat finally show that these ducted waves efficiently scattered relativistic electrons with energies up to ∼ 700 keV toward the loss cone. 2. In the second event in 2019-09-29 04:00-06:00 the near-equatorial ERG observed intense whistler-mode chorus waves in a wide L-shell range. Simultaneous observations of whistlers at ground-based stations (KAN and LOZ) demonstrate that such whistlers also propagated to the ground and, thus, were ducted waves. These observations are partly confirmed by low-altitude measurements of tens of keV precipitating electrons by ELFIN A and NOAA spacecraft, although both ELFIN A and NOAA orbits are well separated in MLT from ERG and ground-based stations. Low-altitude measurements of precipitating and trapped electron fluxes on ELFIN A CubeSat reveal that these ducted waves efficiently scattered relativistic electrons. 3. In the third and fourth events in 2019-10-06 00:00-02:00 and 2019-10-07 00:20-02:00, ERG observations either showed oblique waves (for |λ| < 15 • ) or no waves (for |λ| > 25 • ). NOAA spacecraft measurements of precipitating fluxes of > 30 keV electrons indicate whistler-mode wave generation around the equator. These waves, however, were not seen on the conjugate ground-based station (LOZ). Thus, these equatorial whistler-mode waves were likely damped and did not reach middle latitudes, let alone the ionosphere. Low-altitude measurements of precipitating and trapped electron fluxes on ELFIN A show that these waves only scattered electrons with energies below 150 keV into the loss cone, in agreement with expectations based on the minimum resonant energy with those waves near the equator.

Although the obtained results are based on only four events, they suggest that whistler-mode wave ducting may play a significant role in losses of relativistic electrons, and that it may be important to include ducted whistlers into radiation belt models.
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Figure 2 .

 2 Figure 2. Overview of THEMIS D observations during the first event: electron cyclotron and plasma frequencies, and spacecraft L-shell calculated using the T96 model (Tsyganenko, 1995) (a), high-resolution magnetic field spectrogram (available only after 14:50 UT) (b), electron phase space density omni-directional energy-spectrogram (c), flux anisotropy of < 20 keV electron population (d), compressional magnetic field variations with frequencies > 0.1 Hz (red) and > 0.01 Hz (black) (e).

Figure 3 .

 3 Figure 3. Projections of THEMIS A, THEMIS D, METOP 1, NOAA 19, and two ELFIN A orbits to the north hemisphere for the time interval of the first event. Colors in the projections of the low altitude spacecraft (all but THEMIS) denote the ratio of precipitating to trapped electron fluxes (for scaling convenience we show the square root of the flux ratio instead). Ground stations LOZ and KAN, equipped with receivers able to detect whistlers waves, are shown by blue dots. Dotted red lines show L-shells calculated using the T96 model[START_REF] Tsyganenko | Modeling the Earth's magnetospheric magnetic field confined within a realistic magnetopause[END_REF].

Figure 4 .

 4 Figure 4. Electron fluxes within the loss cone and ratio of precipitating to trapped fluxes from the >30 keV integral channel of NOAA 19 and METOP 1 low-altitude spacecraft. L-shells of spacecraft projections to the equatorial plane with the T96 (Tsyganenko, 1995) model are shown in grey.

Figure 5

 5 Figure 5 shows spectra of trapped and precipitating electrons measured by ELFIN A between 13:23-13:27 UT. Precipitating fluxes reach relativistic energies of 700 keV. Over the entire energy range, precipitating fluxes show successive enhancements and decreases. The transient nature of precipitation may be due to the spatio-temporal localization of whistlers

  Figure 5. Trapped and precipitating electron fluxes measured during the first ELFIN A orbit

Figure 7 .

 7 Figure 7. Minimum resonant energy (in keV) for field-aligned electrons as a function of resonant latitude and equatorial whistler-mode wave frequency. The three panels depict three different fpe/fce equatorial values, around the most probable value fpe/fce = 6 (based on THEMIS equatorial measurements) during the ELFIN A observations of 700 keV electron precipitation.

Figure 8 .

 8 Figure 8. One hour (top panel) of VLF wave spectrogram measured at LOZ. The two bottom panels show spectrogram expanded views, each of 10 min in duration, together with compressional magnetic field variations measured at THEMIS A (black curves).

Figure 9 .

 9 Figure 9. One hour (top panel) of spectrograms of VLF measured at KAN. Two bottom panels show spectrogram expanded views, each of 10 min duration, together with compressional magnetic field variations measured at THEMIS A (black curves).

Figure 10 .

 10 Figure 10. Overview of ERG observations during the second event: electron number flux in two different energy ranges (a,b), wave electric and magnetic field spectra in the whistler-mode frequency range (c,d), spacecraft L-shell calculated using the T96 model (Tsyganenko, 1995) (e).White curves on panels (c,d) show 1/2 and 1/10 of the local electron gyrofrequency fce.

Figure 11 .

 11 Figure 11. Projections of ERG, METOP 1,2, NOAA 19, 18, and 15, and ELFIN A orbits to the north hemisphere for the time interval of the second event. Colors in the projections of the low altitude spacecraft (all but ERG) denote the ratio of precipitating to trapped electron fluxes (for scaling convenience we show the square root of the flux ratio instead). Locations of LOZ and KAN ground-based stations measuring VLF waves are depicted as blue dots.

  Figure12. Electron fluxes within the loss cone and ratio of precipitating to trapped fluxes from the > 30 keV integral channel of NOAA 19 and METOP 1 spacecraft. L-shells obtained by using the T96 model[START_REF] Tsyganenko | Modeling the Earth's magnetospheric magnetic field confined within a realistic magnetopause[END_REF] are shown in grey.

Figure 13 .

 13 Figure 13. Trapped and precipitating electron fluxes measured by ELFIN A during the second event. L-shell of spacecraft projection to the equatorial plane with the T96 model[START_REF] Tsyganenko | Modeling the Earth's magnetospheric magnetic field confined within a realistic magnetopause[END_REF] is shown in black.

Figure 14 .

 14 Figure 14. One hour (top panel) of chorus wave intensity measurements at LOZ. Two bottom panels show expanded views of 10 min duration.

  Figure 15. Projections of ERG, NOAA 15 and 18, and ELFIN A orbits to the north hemisphere for the time interval of the third event. Colors in the projections of the low altitude spacecraft (all but ERG) denote the ratio of precipitating to trapped electron fluxes (for scaling convenience we show the square root of the flux ratio instead). Locations of LOZ and KAN ground-based stations measuring VLF waves are depicted as blue dots.

Figure 16 .

 16 Figure 16. Projections of ERG, NOAA 15 and 19, and ELFIN A orbits to the north hemisphere for the time interval of the fourth event. Colors in the projections of the low altitude spacecraft (all but ERG) denote the ratio of precipitating to trapped electron fluxes (for scaling convenience we show the square root of the flux ratio instead). Locations of LOZ and KAN ground-based stations measuring VLF waves are depicted as blue dots.

Figure 17 .

 17 Figure 17. Trapped and precipitating electron fluxes measured by ELFIN A during the third event.L-shell of spacecraft projection to the equatorial plane with the T96 model[START_REF] Tsyganenko | Modeling the Earth's magnetospheric magnetic field confined within a realistic magnetopause[END_REF] is shown in black.

Figure 18 .

 18 Figure 18. Trapped and precipitating electron fluxes measured by ELFIN A during the fourth event. L-shell of spacecraft projection to the equatorial plane with the T96 model
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