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The physical mechanisms usually applied to explain the relativistic electron enhancement have been delved into to elucidate non-adiabatic electron acceleration resulting in the ultra-relativistic electron population observed in the outer radiation belt. We considered multisatellite observations of the solar wind parameters, magnetospheric waves, and particle flux to report an unusual local acceleration of ultra-relativistic electrons under a prolonged high-speed solar wind stream (HSS). A corotating interaction region reaches the Earth’s bowshock on August 3, 2016, causing a minor geomagnetic storm. Following this, the magnetosphere was driven for 72 h by a long-term HSS propagating at 600 km/s. During this period, the magnetosphere sustained both ultra-low frequency (ULF) and very-low frequency (VLF) waves in the outer radiation belt region. Besides the waves, the relativistic and ultra-relativistic electron fluxes were enhanced with different time lags regarding the magnetic storm main phase. The efficiency of wave-particle interaction in enhancing ultrarelativistic electrons is evaluated by the diffusion coefficient rates, considering both ULF and VLF waves together with phase space density analyses. Results show that local acceleration by whistler mode chorus waves can occur in a time scale of 2–4 h, whereas ULF waves take around 10’s of hours and magnetosonic waves take a time scale of days. This result is confirmed by the phase space density analysis. Accordingly, it shows that peaks of local acceleration of 1 MeV electrons are consistent with the observation of the highest chorus wave amplitude at the same L-shell and MLT. Thus, we argue that whistler mode chorus waves interacting with relativistic electrons are the main physical mechanisms leading to ultra-relativistic electron enhancement, while ULF and fast magnetosonic waves are found as secondary physical processes. Lastly, our analysis contributes to understanding how whistler and ULF waves can contribute to ultra-relativistic electrons showing up in the inner magnetosphere under the HSS driver.
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1 INTRODUCTION
In the interplanetary medium, high-speed solar wind streams (HSS) propagate at a speed greater than the ambient solar wind because they follow solar magnetic field lines opening to the heliosphere due to the magnetic topology found at coronal holes (Cranmer, 2009). Thus, the slow (ambient) solar wind and the HSS can interact and generate corotating interaction regions (CIR). Often, HSS can rotate with the sun over a period of 27 days and recurrently interact with the inner and outer magnetosphere, triggering several physical processes that impact the ionosphere, and thermosphere, causing disturbances in the geomagnetic field (Crowley et al., 2008). The enhanced solar wind velocity has been shown to be related to the enhancement of the relativistic (Paulikas and Blake, 1979; Baker et al., 1997; Baker et al., 2001) and ultra-relativistic particle populations in the outer radiation belt (Reeves et al., 2011; Baker et al., 2019), and it can be related to wave activity (for whistler mode chorus waves, see e.g., Aryan et al. (2016), and for ultra-low frequency waves, see e.g., Mathie and Mann (2001), especially in the outer radiation belts region.
The acceleration processes responsible for the electron’s energy increase in the outer radiation belt, specifically in the range of 1–3 MeV, can be attributed to physical mechanisms organized into two main classes: adiabatic and non-adiabatic processes. The adiabatic and non-adiabatic inward ULF waves drift resonance, play a significant role in transporting low-energy particles (around tens of keV) through the inner magnetosphere. Additionally, local acceleration occurs due to the presence of whistler-mode waves, with a notable contribution from chorus waves. Studies by Gabrielse et al. (2014), Jaynes et al. (2015), Ozeke et al. (2019), da Silva et al. (2019), Da Silva et al. (2023a), Summers et al. (1998), Thorne (2010), Thorne et al. (2013), and Turner et al. (2010) all support these findings. However, for the enhancements in the population of ultra-relativistic electrons, these typical methods provide a partial explanation, which requires further investigation.
Baker et al. (2013), Reeves et al. (2013), Baker et al. (2016), Li et al. (2016), Moya et al. (2017), Zhao et al. (2017), Zhao et al. (2018), and Agapitov et al. (2018) have established a connection between the increase of ultra-relativistic electrons and geomagnetic storms based on Van Allen Probes measurements. In these works, the authors discussed whether the electromagnetic whistler-mode wave-particle interaction is the main physical mechanism responsible for acceleration. Thorne et al. (2013) showed that chorus waves could explain the increase of relativistic and ultra-relativistic electron flux and the alteration of pitch angle distribution. Zhao et al. (2019a) observed local acceleration leading electrons to 3–5 MeV, and then, ULF-driven inward diffusion further accelerating these electrons to 7 MeV. Later, Allison and Shprits (2020) showed that first the electrons are accelerated to relativistic energy and then to ultra-relativistic energy. Furthermore, magnetospheric plasma density number was found as a controlling parameter (Allison et al., 2021; Agapitov et al., 2019) in the relativistic electron acceleration due to wave-particle interaction with the low plasma density number being favorable for relativistic electron acceleration (Horne et al., 2003; Horne et al., 2005; Thorne et al., 2013; Allison et al., 2021). Nasi et al. (2022) analyzed extreme relativistic and ultra-relativistic electron enhancement and concluded that different physical mechanisms contribute to the enhancement of different electron energy populations.
The whistler-mode chorus waves happen outside the plasmasphere as localized energetic emissions. The electron gyrofrequency (Ωce) and electron plasma density (ne) are what determine its frequency range (Tsurutani and Smith, 1977; Tsurutani and Smith, 1974). Chorus waves can interact with seed electron populations, causing acceleration (Summers et al., 1998; Jaynes et al., 2015; da Silva et al., 2022; Da Silva et al., 2023a) and replenishing the outer radiation core electrons at relativistic energy (0.7–2 MeV) (see, e.g., Horne et al. (2005), Shprits et al. (2008), Reeves et al. (2013), Thorne et al. (2013)). The wave-particle interaction occurs since the resonance condition is fulfilled for a given harmonic number n (Summers et al., 2012; Shprits et al., 2022; Alves et al., 2023).
The whistler-mode hiss waves occur inside the plasmasphere in all magnetic local time (MLT) (Thorne et al., 1973), below more than 10 kHz of the electron gyrofrequency, and present quasi-coherent ascendent and descendent tons similarly to chorus waves (Summers et al., 2014). Their amplitudes are high on the dayside (Meredith et al., 2004), and the propagation is predominantly parallel to the magnetic field in low magnetic latitudes, becoming oblique in high magnetic latitudes. These waves can interact with the electrons through the pitch angle scattering mechanism, which can cause electron precipitation into the atmosphere (Abel and Thorne, 1998; Da Silva et al., 2022; Da Silva et al., 2023b).
The whistler-mode fast magnetosonic (MS) waves are generated in the equatorial region (Chen and Bortnik, 2020; Gary et al., 2010; Russell et al., 1969) as a result of the release of free energy provided by proton/ion ring distribution instabilities (Ma et al., 2016, and references therein; Boardsen et al., 2016). They propagate in a frequency range that spans from the proton gyrofrequency to the lower hybrid frequency (from around several Hz to hundreds of kHz) confined in the equatorial latitude (Santolík et al., 2004). MS waves are observed outside and inside the plasmasphere (Horne et al., 2000; Ma et al., 2013). It can propagate (from discrete emission to a continuous shape (Sun et al., 2016)) in a nearly perpendicular direction to the ambient magnetic field (WNA ≥75), with a polarization almost linear, and typically has a low ellipticity (≤0.2). They can cause loss of particles or a change in pitch angle distribution (Bortnik and Thorne, 2010; Bortnik et al., 2015; Ma et al., 2016; Li et al., 2017; Maldonado and Chen, 2018). Furthermore, they can cause local acceleration of a few MeV electrons near the plasmapause (Horne et al., 2007; Baker et al., 2016; Baker, 2021).
In this case study, we investigate an important ultra-relativistic electron acceleration that happens in the outside plasmasphere when the high-speed solar wind stream (HSS) lasts for a long time. The persistent HSS causes several disturbances in the Earth’s magnetosphere, which in turn generate waves that participate in the acceleration physical processes. Multi-satellite observations from the solar wind and Earth’s radiation belt are analyzed. We investigate the role of ULF and whistler waves, which include fast magnetosonic, chorus, and hiss waves observed during a case event. Insitu parameters measured by instruments onboard Van Allen Probes differentiate the whistler waves in the magnetospheric trough. The bouncing average diffusion coefficients are calculated using analytical equations provided by Mourenas et al. (2013) and Artemyev et al. (2013) for the waves participating in the ultra-relativistic electron’s enhancement. We differentiate the electron populations in the radiation belt into relativistic core electrons (0.7–3.0 MeV) and ultra-relativistic electrons (>3.0 MeV), according to Shprits et al. (2022). The contribution of the waves to the electron’s acceleration and the efficiency of the physical process associated with each wave are discussed regarding the electron’s pitch angle distribution, besides the agreement of the resonance condition. We use phase space density analyses to identify the local acceleration signatures associated with wave-particle acceleration.
2 DATA SELECTION AND METHODOLOGY
The insitu measurements of the interplanetary magnetic field components (IMF) Bx, By, and Bz are obtained from the magnetic field detector (MAG) and the particle detector Solar Wind Electron, Proton, and Alpha Monitor (SWEPAN) onboard the Advanced Composition Explorer (ACE) satellite located at Lagrangian point L1. The solar wind (SW) speed, density, and interplanetary magnetic field components Bx, By, and Bz are in the geocentric solar magnetospheric (GSM) coordinate system, with a five-minute time resolution. The parameters measured by the ACE satellite were shifted to the bow shock. From the solar wind parameters, we calculate the magnetopause stand-off distance (Rmp) by using the model described by Shue et al. (1998). Besides, NASA OMINIWeb data base provides the geomagnetic symmetric index (Sym-H), auroral electrojet index (AE), and Kp index.
Figure 1 depicts satellites that traveled through the inner magnetosphere during the event. The Magnetospheric Multiscale (MMS) (Burch et al., 2016) traveled from the nightside magnetospheric sector toward the dayside. MMS-1 crossed the radiation belt at the nightside sector around 11–14 UT on 04 August, then the probe traveled toward perigee, progressed to the dayside sector, and reached the radiation belt region at around 15 UT. The magnetic field, electric field, and wave power spectral density data were collected using flux gate magnetometers (FGM) (Russell et al., 2016), electric field double probes (EDP) (Ergun et al., 2016), and digital signal processors (DSP) in the FIELDS (Torbert et al., 2016) instrumentation suite, respectively. The Fly’s Eye energetic particle spectrometer (FEEPS) sensors (Blake et al., 2016) detected energy and pitch angle-resolved electron differential fluxes from 25 keV to 650 keV (not shown). NASA’s CdaWeb database provided DSP data, including magnetic (BPSD) and electric (EPSD) field power spectral densities covering frequency ranges of 0.2–6,000 Hz and 1–8,000 Hz, respectively.
[image: Figure 1]FIGURE 1 | Satellites orbits during the period of the ultra-relativistic enhancement. Van Allen Probes A and B (red and blue) and MMS-1 (green). Probes A follows probe B, travelling around 2 h in advance from the midnight to dawn, with the apogee at 3 MLT and 2.5 MLT, respectively. MMS-1 travels from the midnight sector to dawn, it passes through the outer radiation belt for short periods, from 11:30 UT to 13:30 UT, and then around 15 UT.
Van Allen Probe B orbit preceded Probe A, traveling from the night sector toward dusk (Figure 1). Instruments onboard Van Allen Probes A and B measure the plasma wave parameters and the outer radiation belt electron flux (Mauk et al., 2013). On 4 August 2016, the Van Allen Probe A (B) orbit traveled in the dawnside sector of the magnetosphere; the satellite apogee was at around 3.0 (2.6) MLT. We measured the relativistic electron flux in the 1.8–3.4 MeV energy channels and the 5.2 MeV ultra-relativistic energy channel using the Relativistic Electron Proton Telescope (REPT) (Baker et al., 2013). We obtained both spin-averaged and pitch-angle resolved differential flux. The electron flux is shown as a function of time, magnetic local time (MLT), L*, and magnetic latitude (MLat).
The electron phase space density analyses are provided by https://rbspgway.jhuapl.edu/psd. This quantity is a function of the electron’s motion adiabatic invariants μ, K, and L*. Since the outer radiation belt electron flux is pitch angle resolved, we can choose a set of K values varying from equatorial to polar values, i.e., in the range 0.01 G1/2RE < K < 0.22 G1/2RE. Regarding the energy range of interest, the set of μ values was 2,500 MeVG-1 < μ < 12,000 MeVG-1, corresponding to the energy range (at L* ∼5) from 3.4 MeV to 6.3 MeV.
The Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) (Kletzing et al., 2013) provides the magnetospheric density (dataset level-4) and the whistler wave ellipticity, planarity, wave normal angle, and Poynting vector. The dataset level-3 provides us one-second time resolution, a high-frequency range, and burst mode (10–12.000 Hz) magnetic field measurements.
The magnitude of chorus and MS waves is derived from spectrograms of the magnetic field in relation to frequency and observation time, acquired by the EMFISIS instrument aboard Van Allen Probes A and B. The whistler wave amplitude is integrated following the analyses by Ni et al. (2020) and Han and Kim (2023), which identify the waves and band emission by considering parameters such as normal angles, ellipticity, and planarity.
The 32 samples/s electric field was obtained by the Electric Field and Waves (EFW) (Wygant et al., 2013) and used to calculate the power spectral density of ultra-low frequency (ULF) waves. The electric field was decimated by a factor of 32 to have the same time resolution of the magnetic field component to calculate power spectral density, respectively [image: image] and [image: image] at the resonant drift frequency of and wave number m (for more detail on the power spectral density calculation see Marchezi et al., 2022). These terms were computed using the integrated power spectrum density in the frequency band of ULF waves (0.1–10 mHz).
3 CASE STUDY 04 AUGUST 2016
The Earth’s magnetosphere was under the influence of the HSS from August 3 to 8 August 2016. The arrival of the preceding corotating interaction region (CIR) around 05:15 UT on August 2 initiated a geomagnetic storm (not shown). Then, at 15:00 UT on August 3, a HSS arrived. The SW plasma parameters depicted in Figures 2, 3 show that the HSS arrival gave rise to the geomagnetic storm main phase, as indicated in Figures 2F–H, respectively, from 00:00 UT to 12:00, the Sym-H index reached −60 nT at 06:00 UT, and the AE index oscillated around 1,000 nT, also, the Kp index ranged from 5o to 4+. The SW speed (panel e) suddenly increased from 400 km/s to 600 km/s at 12 UT on 03 August, and it remained elevated for the next 50 h. Figure 3 panel d shows that the solar wind density ranged from 18 a.u. cm-3 at 00:00 UT to ∼5 a.u. cm-3 at noon, the IMF Bz component (Figure 3 panel f) rotates around ±20 nT, characteristic of an interplanetary magnetic cloud structure. The convective electric field Ey (not shown) varies abruptly from +8 mV/m to −8 mV/m, indicating a significant amount of energy delivered in the magnetosphere due to magnetic reconnection for a short period of time. In Figure 3 panel e, both Bx and By components oscillated around −5 nT and +20 nT. Accordingly, Figure 3 panel a, shows the outer radiation belt electron flux observed by Probes A at L-shell 4.5 shows a minor decrease in the 1.8–3.2 MeV (panel b) energy range, while the 5.2 MeV electron flux is very low, as seen in panel a.
[image: Figure 2]FIGURE 2 | (A) The interpolated outer radiation belt ultra-relativistic electron for 5.2 MeV as a function of L* for the Van Allen Probe A. (B) Electron flux measured at L* ∼5, for 1.8–3.4 MeV and the ultra-relativistic 5.2 MeV for the Van Allen Probe A. (C, D) are the same as (A, B), respectively, for the Van Allen Probe B. (E) Solar wind speed (F–H) Geomagnetic index Sym-H, AE, and Kp, respectively. Measurements are shown for August 3–5, 2016. A geomagnetic storm is observed from 00:00 to 20:00 UT on August 03.
[image: Figure 3]FIGURE 3 | (A) The interpolated outer radiation belt ultra-relativistic electron for 5.2 MeV as a function of L* for the Van Allen Probe A. (B) Electron flux measured at L* ∼5, for 1.8–3.4 MeV and the ultra-relativistic 5.2 MeV for the Van Allen Probe A. (C) Solar wind speed in GSM coordinate system. (D) Solar wind plasma density. (E, F) respectively, the interplanetary magnetic fields components Bx, By, and Bz and Btotal measured by ACE satellite in the Lagrangian point L1 corrected to the bow shock. (G) Magnetopause stand-off distance at the subsolar point calculated by Shue model (Shue et al., 1998).
Later, a second period characterized by a prolonged HSS at a speed of ∼600 km/s (Figure 2 panel e), driving a long-standing magnetospheric disturbance is observed for at least 72 h. The Alfvénic-type fluctuations in the components of the magnetic field and velocity are transported through Earth’s magnetosphere. Since these fluctuations have a south Bz component, it can continuously and persistently interact with the geomagnetic field in the magnetopause region. As a result, the HSS inputs mass, momentum, and energy into the magnetosphere through the physical process of magnetic reconnection (Dungey, 1961). This process may not be continuous as the solar wind Bz component rotates from the south to the north (related to intermittent and continuous magnetic reconnection at the magnetopause and magnetotail; see, e.g., Jauer et al. (2022)). Under these circumstances, the relativistic electron flux is continuously increased (from 12 UT in August 03), and it reached their maximum flux late evening of August 04 (Figure 2 panels b and d). The ultra-relativistic 5.2 MeV electron flux (Figure 2 panels a and c) increased by one order of magnitude as the 1.8 MeV electrons reach their maximum flux. The enhancement of the ultra-relativistic electron takes a time lag of 1.5 days following the storm main phase peak.
The Alfvénic fluctuation transported by a fast solar wind stream is often related to ultra-low frequency (ULF) waves in the magnetosphere (see, e.g., Jauer et al. (2019), Jauer et al. (2022)), especially in the outer radiation belt (e.g., Da Silva et al., 2019; Da Silva et al., 2021). To evaluate the contribution of the ULF waves to the relativistic and ultra-relativistic electron acceleration we plotted the diffusion coefficient (DLL) as a function of time and L*. Results presented in Figure 9 indicate that DLL was lower than 0.8 days-1 through the period of interest, which is low, however the contribution of ULF waves is not ruled out, since we will compare with the diffusion coefficients calculated for the other waves.
According to Figure 1, the MMS1 satellite crosses the outer radiation belt region in the night side sector at the same time of Van Allen Probes A and B. The MMS1 observed whistler mode chorus waves only at this time, from 12 to 13 UT in L-shell 5.5 until 4.0, as shown in Figure 4. After that, the satellite moves toward dayside sector and crosses the radiation belt L-shells at the second time, however chorus waves are not observed in this sector. Figures 5, 6 show Van Allen Probes B and A, respectively, and are organized similarly, from top to bottom the panel show whistler mode chorus waves power spectral density; 1.8 MeV electron distributed in pitch angles; 4.2 MeV electrons distributed in pitch angles and the plasmaspheric electron density. We observe that plasmasphere was compressed with plasmapause below L = 3.2 Re, as shown in Figures 5, 6 bottom panel. The whistler mode-chorus waves are observed first by the Van Allen Probe B, from around 13:30 UT (coincident with MMS1 observation) to 19:30 UT (top panel) with wave frequency (ω) ranging in several frequencies from 0.1 < ω < 0.9 Ωce, marked by the white and yellow lines, respectively. The emission in the MS wave spectral band, which is below the lower hybrid frequency (fLH pink line in painel i-a), is observed for 45 min at a 100 Hz signal, close to the plasmasphere.
[image: Figure 4]FIGURE 4 | Whistler-mode chorus waves measured by MMS1 from 12:15–13 UT in the L-shell 5.5 to 4.0. Magnetic (A) and Electric (B) power spectral density of whistler-mode chorus waves, low band frequency emissions <0.5 electron gyrofrequency (fce).
[image: Figure 5]FIGURE 5 | Van Allen Probe B measurements organized in panels from topo to bottom power spectral density [nT2/Hz] of whistler-mode chorus waves, frequency emissions >0.1 electron gyrofrequency (fce), and MS wave frequency below lower hybrid frequency (fLH), the white and yellow lines mark 0.1 fce and 0.9 fce, respectively; 1.8 MeV; 4.2 MeV electron flux [cm-2s-1sr−1MeV-1] pitch angle distribution, measured by REPT; and magnetospheric plasma density [cm-3] indicating the transition from magnetospheric trough to plasmasphere. Additional axis shows L*, MLT and MLat from REPT.
[image: Figure 6]FIGURE 6 | Same as Figure 5 for van allen probes A.
On 4 August, 14 UT, the 1.8 MeV relativistic electron flux (Figure 5, second panel) was around than 106 cm-2 s-1 sr−1 MeV-1, organized in a flat top pitch angle distribution. Due to several physical processes, the 90° relativistic electron flux shows a significant loss at around 16 UT. After that, the flux is yet enhanced (due to seed population acceleration and other processes; see, e.g., Jaynes et al. (2015)) to an excess of 107 cm-2 s-1 sr−1 MeV-1, flat top distributed, as seen at 18:30 UT (Figure 5 second panel). At 14 UT, the 4.2 MeV ultra-relativistic electrons (Figure 5 third panel) are concentrated at L* ∼4.4, in the equatorial region MLat ∼ -7° and in the night side sector (MLT ∼1.0). Pitch angle distribution is flat-top. As the satellite moves from apogee to perigee, i.e. from L* ∼5.4 until 5.0 (at 17 UT), it observes an enhancement in the ultrarelativistic electron flux and a change in pitch angle distribution from flat-top into butterfly. Then, as the probe B reaches inner magnetosphere, i.e. from L* ∼5.0 to 4.2, the PAD shape evolves to a flat top distribution in L* ∼4.5 (at 18:30 UT, MLT ∼4 and MLat ∼0) reaching the maximum flux enhancement. After that, a 90-peaked distribution in L* ∼4 (at 19:15 UT, MLT ∼5, MLat ∼0.5) is observed as the satellite approaches perigee.
Probe A measurements are shown in Figure 6. The whistler mode-chorus waves were observed from 16 UT to 20 UT (panel ii-a), with the emission concentrated at around 0.5Ωce. After that, from 20 to 22 UT, thus we observe MS waves in a frequency (ωm) range of 100–200 Hz, below the lower-hybrid frequency (indicated by the pink line) corresponding to 0.012–0.024 Ωce, as the satellite moves to the perigee. Probe A observe the MS waves emission for 3-hours. Figure 6 second panel shows that the relativistic electrons observed by Probe A follows a dynamic variation similar to that described previously, for Probe B. The 4.2 MeV electron flux is further enhanced in the interval from 19–21 UT. The pitch angle distribution in the outer boundary, i.e. at L* ∼5.1 (at 17:30 UT) and 5.3 (at 19:00) is observed in a butterfly configuration. Then, as Probe A approaches L* ∼5 (MLT ∼4.4 and MLat ∼ −1.7), the ultra-relativistic electron flux was further increased and distributed at all pitch angles.
4 DISCUSSION
4.1 Role of whistler waves: relativistic and ultra-relativistic electron resonance condition for whistler wave
The Doppler-shifted cyclotron resonance condition for both magnetosonic and chorus whistler-mode waves (with a given wave vector (k) and frequency (ω)) interacting with electrons (propagating at velocity ve) outside the plasmasphere is described as
[image: image]
Where [image: image] = k cosθ and [image: image] = ve cosα, s = ± 1 is the sign of the particle, Ωe,i is the absolute value of the nonrelativistic electron (proton) gyrofrequency (Albert, 2005), n is the harmonic number, with Landau resonance (n = 0) and the Doppler shifted harmonic resonances n = 1, 2, 3,…. The scalar product considers only the parallel component of the electron velocity vector. To solve Equation 1, we use the dispersion relation (η) provided by the general Appleton-Hartree equation, for whistler mode waves propagating at any wave normal angle, in a low-density plasma (following Summers et al., 2012 and Alves et al., 2023). Thus, we get the resonant electron speed (ve) as a function of the η(ω), the wave normal angle (θ) and particle pitch angle (α)
[image: image]
We considered that high energy electrons undergo Landau resonant wave-particle interaction at a specific pitch angle with oblique MS waves can reach ultra-relativistic energies. In addition, cyclotron resonance at n = −1 can be reached by chorus waves parallel propagating in a low plasma density condition interacting with 1 MeV electrons. The resonant kinetic energy was calculated from Equation 2 considering the wave frequency measured by the in-situ satellites. The resonant kinetic energy calculations for both whistler waves use the ambient plasma parameters (such as density shown in Figures 5, 6, bottom panels and ambient magnetic field, not shown) and the magnetic waves frequency (Figures 5, 6, top panels) measured by Van Allen Probes A. The resonant kinetic energy is applied in the diffusion coefficient calculation discussed in the following. In Figures 5, 6 and Supplementary Figure S1 MS waves are differentiated from chorus and exohiss (hiss waves outside plasmapause) (Zhu et al., 2019) according to the following characteristics: MS waves occurs right outside the plasmapause (Lpp ∼3.2 Re) (Figure 6, top panel), with electron plasma density increasing from ∼2 cm-3 to 20 cm-3 as the satellite crosses the plasma trough towards the perigee (Figures 5, 6, top panels). The ratio of plasma frequency over electron gyrofrequency (ωpe/Ωce) is constant around 3 (figure not shown), with low ellipticity (e < 0.2) and high planarity ∼1 (panels ii-d and ii-e in Supplementary Figure S1), propagating highly obliquely to the ambient magnetic field, i.e., WNA >75° (Supplementary Figure S1, ii-c).
Thus, we estimate the efficiency of the wave-particle interaction related to chorus and magnetosonic waves by means of the bouncing averaged pitch angle [image: image] and energy [image: image] diffusion coefficient rates for both chorus and MS waves. The resonant kinetic energy considered in the diffusion coefficient calculation are 7 ωci and 0.6Ωce for the wave particle interaction by MS and chorus waves, respectively.
In the present case study, the electrons drifting at L-shell ∼4 (ambient magnetic field ∼150 nT), highly confined at 80° of pitch angle, interact via Landau resonance with MS waves propagating at 80° in the plasma trough (plasma number density <2 cm-3). The pitch angle and energy diffusion coefficient rates for MS waves were calculated using Equations (17), (18) from Mourenas et al. (2013) and Equation (29) from Glauert and Horne (2005), and are shown in Figure 7 panels a and b, respectively. In Figure 7, the magnetic wave amplitude was 25 pT, which is the averaged root-mean square MS amplitude around L = 4.5 calculated from THEMIS (Angelopoulos et al., 2008) data (Shprits et al., 2013). The horizontal dotted line in panels (a) and (b) corresponds to 10 days as an estimate of the electron lifetime, according to [image: image]. Horne et al. (2007) proposed MS wave as a potential mechanism for the 1 MeV electron acceleration at the plasma through ratio of Ωpe/Ωce ∼ 3, with acceleration timescale of a day. In addition, Mourenas et al. (2013) suggested that the MS wave impact on 1 MeV electron lifetime can be more significant than that caused on the low energy population when considering L-shell = 4.5 and high density. Later, Shprits et al. (2013) compared the 1 and 3 MeV electron accelerations in the plasmasphere and plasma trough due to MS waves. The authors showed that the time scales are comparable in both regions and, in general, are higher than 30 days. In this case study, Van Allen Probes A observed an averaged wave amplitude of about 100 pT for the highly oblique (WNA = 82°) MS waves at L-shell ∼4.5, which give an electron lifetime of about a day, i.e. around 105 s, however according to the diffusion coefficient rates, pitch angle diffusion is more efficient than the energy diffusion by less than one order of magnitude for electrons bouncing at 60° of pitch angle.
[image: Figure 7]FIGURE 7 | Bouncing-averaged (top panel) pitch angle and (bottom) energy diffusion coefficient for MS waves outside plasmasphere calculated for four wave frequencies multiples of the ion’s gyrofrequency ωci. The dotted horizontal line indicates 10 days.
Chorus emissions was observed in a frequency range of 0.3–0.6 Ωce during approximately 5.25 h (B) and 4.0 h (A), which corresponds to 4.2 < L* <5.0. The averaged chorus waves amplitude changed as the satellite travelled toward apogee, reaching the maximum value of about 100 pT, at both lower and upper bands. To estimate the wave-particle interaction efficiency related to the local acceleration produced by chorus waves, we calculated the energy diffusion coefficient rates considering the approach proposed by Artemyev et al. (2013) in Equations 4, 8, which are valid for quasi-parallel whistler mode chorus waves (small θ) interacting with electrons bouncing at low equatorial pitch (lower than 45°) and large equatorial pitch angle, respectively (According to the authors, the analytical solution of Equation 4 shows a significant difference from that obtained by numerical models for α > 40°). The bouncing averaged pitch angle [image: image] and energy diffusion [image: image] coefficients calculated for 1 MeV electrons bouncing at low pitch angles are shown in Figure 8 panels a and b, respectively. It was considered that the interaction occurs at the resonance condition for harmonic number n = −1, ambient magnetic field corresponding to L-shell = 4.5, and low plasma density conditions, i.e., Ωpe/Ωce ∼ 2.5. The average magnetic amplitude at dayside magnetosphere under disturbed conditions (Kp = 3) is around 100 pT (Shprits et al., 2007), however in this case study the upper band magnetic wave amplitude was 150 pT.
[image: Figure 8]FIGURE 8 | Bouncing-averaged (top panel) pitch angle and (bottom) energy diffusion coefficient for Chorus waves outside plasmasphere, calculated for parallel propagating waves resonantly interacting with 1 MeV electrons bouncing at lower pitch angles (θ < 40°). The dotted horizontal line indicates time scale of 1 h.
The results presented in Figure 8 and also for large pitch angles (figure not shown) show that the energy diffusion [image: image] via chorus wave interaction in this case study is more efficient than the diffusion via pitch angle [image: image], leading to the successful local acceleration of 1 MeV electrons bouncing with pitch angles in the range 10° < α < 55°. The time scale related to the electron energization occurs in a time scale of hours, as indicated by the horizontal line in the panels (a) and (b), which is correspondent to the observations shown in the PSD section.
Finally, the plasmaspheric hiss waves are whistler-mode emission in the 20 Hz - few kHz range, with the highest occurrence rates on the dayside (Meredith et al., 2004; Cao et al., 2005). Hiss waves were observed approximately at 22:00 UT on 4 August 2016 (Figures 5, 6), with ellipticity ≥0.5 and planarity ≥0.2 (e.g., Li et al. (2015), Da Silva et al. (2022)). Therefore, hiss waves can interact resonantly with the relativistic electrons through the pitch angle scattering mechanism, causing ultra-relativistic electron flux to decrease within the plasmasphere (Lyons et al., 1972; Abel and Thorne, 1998; Da Silva et al., 2023b; Da Silva et al., 2022) and, thus it is not related to the enhancement of ultra-relativistic electrons.
4.2 Role of ULF waves
Radial diffusion occurs when fluctuating magnetic and electric fields influence the radial location of an electron, initiating a random walk and diffusive movement similar to the way particles spread out due to Brownian motion in a gas. The equation governing radial diffusion is:
[image: image]
Equation 3 accounts for how the phase space density (f) evolves over time for a specific L* and places limits on the gradients caused by external sources of acceleration. The rate at which diffusion happens is determined by the coefficient DLL, which depends on L* and the levels of magnetic and electric field fluctuations and can manifest in different ways.
Various forms of quantifying the diffusion coefficients due to ULF waves power have been proposed. Here we are considering the model proposed by Fei et al. (2006). He assumed that the coefficients can be separated into magnetic and electric components, as shown is Equations 4, 5, with the total diffusion being the sum of it. Fei et al. (2006) compute the electric (DELL), and magnetic (DBLL) coefficients in the form:
[image: image]
[image: image]
Where, L is the McIlwian parameter, [image: image] represents the first adiabatic invariant and [image: image] the Lorentz factor. BE are the equatorial magnetic field strength at the surface of the Earth and RE the Earth’s radius; q is the electron charge. The total electron speed is represented by ve and the speed of light by c. The [image: image] are the power spectrum density of the electric and magnetic field disturbances integrated in the frequency band of ULF waves (0.1–10 mHz) which is the resonant drift frequency, and wave number m. We assume that ULF wave power is concentrated in the lowest mode (m = 1), this assumption is widely regarded as reasonable and is supported by several studies. These studies suggest that, especially during the storm recovery phase, the m = 1 mode predominantly contains the magnetic wave power. This perspective is backed by research from Elkington et al (2013), Olifer et al., (2019), and Tu et al (2012), indicating a significant concentration of wave power in this mode.
Figure 9 shows the ULF diffusion coefficients for azimuthal component of the electric field (top panel) and the compressional mode of the magnetic field (bottom panel). We can observe from Figure 9 that DLL was lower than 0.8 days-1 for the period of interest in the DELL for higher L* values. The DLL is a measure of the diffusion rate, in other words, how much diffusion occurs per day. The inward ULF-resonant diffusion time scale was estimated as τd ∼ 1 day for the 4 < L* <6. This indicates a relatively rapid diffusion process, that would occur in a time scale of day.
[image: Figure 9]FIGURE 9 | Top panel: the diffusion coefficient of the electric field (DLLE), and bottom panel: the diffusion coefficient of the magnetic field (DLLB). The coefficients were computed using the electric and magnetic fields recorded by the instruments EFW and EMFISIS onboard Van Allen Probes A and B.
4.3 Electron phase space density (PSD) analyses
We analyze the contribution of radial diffusion and local acceleration signatures in the relativistic and ultra-relativistic electron PSD to describe the role of ULF, chorus, and MS waves in the resonant wave-particle interaction that results in the ultra-relativistic electron enhancement. Figure 10 shows in panel (a) the power spectral density of whistler mode chorus and MS waves as measured by Van Allen Probe A, the lower-band chorus emission is between 0.1 fce and 0.5 fce, and the higher-band is between 0.5 fce and 0.9 fce, as indicated in the plot. According to the observations panel (b), the lower-band magnetic wave time-averaged amplitude increases from ∼50 pT at 16 UT (L ∼ 4.0) to ∼150 pT at 18–19 UT (L ∼ 5.7) as the satellite moves toward the apogee. The higher-band chorus waves follow the same increase as the lower-band, although the upper-band chorus wave time-averaged magnetic amplitude starts with a lower amplitude and a late emission ∼17 UT (L ∼ 5.3) when compared with the lower-band. The maximum time-average amplitude is 150 pT at 18:00 UT–18:30 UT (L ∼ 5.7) for both lower and upper bands. The calculated PSDs for two consecutive passages of Probe A (see red and blue lines in panels c–f) show that the ultra-relativistic energy electrons (panels c–e) increased by one order of magnitude in the L-shells 4.7–5.3, and the maximum increase of the PSD was observed in the L-shell >5. The magnetic latitude where chorus waves are observed in this case is consistent with the equatorial latitude. According to panel (b), as the satellite moves from L-shell 4.5 to 5, only the lower-band chorus wave has a significant amplitude (∼50 pT), thus it is likely that the lower-band chorus wave interacted with 1 MeV electrons inner radiation belt, resulting in the ultra-relativistic electron enhancement. Using Ωpe/Ωce = 2.45 and Bw = 50 pT, we found that the acceleration time scale 1/Dee was about 4 h, which matches the increase seen in the satellite’s speed during two consecutive passes. This was longer than the pitch angle scattering time scale 1/Daa, which was tens of hours, as shown in Figure 8.
[image: Figure 10]FIGURE 10 | Van Allen Probe A (A) power spectral density [nT2/Hz] of whistler-mode chorus waves, frequency emissions. The red, blue and green lines mark 0.1 fce, 0.5 fce, and 0.9 fce, respectively. (B) Time-averaged magnetic wave amplitude Bw [pT]. (C–F) Inbound and outbound time-evolution of PSD [(cm Mev)3sr−1] radial profiles at first adiabatic invariant (A–D) μ = 10,000, 8,000 and 6,000 MeVG-1, and (F) μ = 2,500 MeVG-1, second adiabatic invariant K = 0.1 G1/2RE. The additional parameters indicated at x-axis in panel b are provided by REPT dataset.
Furthermore, through the 18–19 UT time interval in panel (b), both lower and upper band chorus waves reach their maximum amplitude of ∼150 pT. The consecutive PSD plots show the highest enhancement, reaching more than 1 order of magnitude in several energy levels at L-shells >5.3. Regarding the efficiency of electron acceleration, we calculate the strength of the acceleration process by [image: image] (according to Agapitov et al. (2019), Mourenas, et al. (2014)), which is higher than 1 for pitch angles up to 55° which indicates the acceleration process is dominant in this event. Finally, the whistler mode chorus wave amplitude resumes to be lower than 100 pT, and a minor increase in L-shell >5 is measured by the consecutive (red to green) PSD plots.
Following previous results from Horne et al. (2005), Thorne et al. (2013), Allison et al. (2021), we found that the enhancement occurs under low plasma density conditions and a huge flux of 1 MeV relativistic electron that surpasses 106 cm-2 s-1 sr−1 MeV-1 spread out over several pitch angles, including those particles mirroring at the equatorial plane. According to Horne et al. (2005), the 1 MeV electron flux takes around 24 h to be enhanced by one order of magnitude due to whistler mode chorus wave-particle interaction. Finally, comparing the time lag between the magnetic storm onset on August 3 and the one order of magnitude increase in the ultrarelativistic flux, we observed that the enhancement of 5.2 MeV electrons occurred around 12 h after the 1.8 MeV electron enhancement (and 36 h after the onset of the storm). Accordingly, Shprits et al. (2022) observed a local acceleration of multi-MeV electrons 3 days after the storm’s onset, while Nasi et al. (2022) noted an increase of 4.2 MeV electrons approximately 18 h after the 1.8 MeV electrons. Thorne et al. (2013) observed that the enhancement of ultra-relativistic electrons happened around 10 h after the enhancement of 2.3 MeV electrons (and around 30 h after the sudden storm commencement).
5 CONCLUSION
In this case study, we describe an unusual increase of ultra-relativistic electrons (>3 MeV) in the heart of the outer radiation belt (4.5 < L* <5.5) during a prolonged high-speed stream (V = 600 km/s persistent for 72 h). The persistent HSS drives the generation of multiple waves in ultra-low and very low frequency ranges. Furthermore, it leads the magnetospheric trough density lower than 10 cm-3. The combination of ULF and VLF waves propagating in a low-density magnetospheric trough promote the relativistic electron flux to surpass 106 cm-2 s-1 sr−1 MeV-1. Under these conditions, both relativistic and ultra-relativistic electron populations reach their maximum at L* ∼5.5. The lower-density plasma trough together with the high level of the relativistic flux are suggested as important parameters for the enhancement of the ultra-relativistic electrons, in accordance with previous authors (see e.g., Shprits et al. (2022), Allison et al. (2021), Agapitov et al. (2019), Horne et al. (2003), Horne et al. (2005), Thorne et al. (2013)).
HSS is known to drive ULF waves in the magnetosphere; it is also related to the increase of lower-energy electrons, which in turn can be locally accelerated by whistler modes. Although ULF waves are observed in this event, the local acceleration is the dominant physical process, as shown by the energy diffusion coefficients calculation whose time scale is consistent with the phase space density plot analyses. This result agreed with previous studies e.g., Zhao et al., 2019b; Allison and Shprits (2020), Shprits et al. (2022); Guo et al., 2023. We measured the efficiency of local acceleration related to ultra-relativistic electron enhancement calculating the strength factor S between energy and pitch angle diffusion coefficients, for chorus waves observed at MLT ∼4.0–5.0 and L*∼ 4.5, after a geomagnetic storm. The results show that whistler-mode chorus wave energy diffusion is more efficient than pitch angle diffusion for electrons bouncing at equatorial pitch angles or even low pitch angles. Our results agree with the statistical survey in Agapitov et al., 2019. The time scale of energy diffusion is around 4 h for the lowest magnetic amplitude case. In addition, we obtained the ULF wave energy diffusion coefficient (in units of s-1) and the MS wave diffusion coefficient from analytical models. The time scales for the ULF and MS waves are around a day, indicating that these latter processes participate in this case study, but they are not the main process in the acceleration of ultra-relativistic. Since the observed enhancement occurs outside the plasmasphere, hiss waves do not participate in this process.
Regarding, the calculated PSD for two consecutive passages of Probe A confirms that local acceleration due to whistler mode chorus waves play critical role in the acceleration, while MS waves and ULF waves play less significant roles. The PSDs for electrons with energy higher than 3 MeV are increased by one order of magnitude in the L-shells 4.7–5.3, and the maximum increase in the PSD was observed in the L-shell >5. As the satellite moves from L-shell 4.5 to 5, only the lower-band chorus wave has a significant amplitude (∼50 pT) to likely interact with the relativistic electrons. Considering the ambient plasma conditions, the acceleration time scale was comparable to the time elapsed between two consecutive passages of the satellite, while the other acceleration process (ULF inward-driven and MS local acceleration) may take several satellite passages to be observed. After that, in the 18–19 UT time interval, both lower and upper band chorus waves reach their maximum amplitude. We observe a concurrent highest enhancement, reaching more than 1 order of magnitude in several energy levels during this time. However, the efficiency of local electron acceleration is evaluated by the strength parameter of acceleration, which was higher than 1 for pitch angles up to 55°, indicating the local acceleration process as dominant in this event.
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