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Since the discovery of the Earth’s radiation belts in 1958, it has always been a challenge to determine the dominant physical mechanisms, whether local acceleration by chorus or inward radial diffusion, that leads to outer radiation belt relativistic electron flux enhancements. In this study, we test a chain of processes with several potential successive steps that is believed to accelerate outer belt relativistic electrons. By performing correlation analysis of different part of this chain, including the geomagnetic condition, evolution of source and seed electron fluxes, chorus wave activity, and maximum fluxes (jmax) of relativistic electrons, we aim to identify the critical steps that lead to acceleration of MeV electrons. Based on 5-years of Van Allen Probes observations, our results confirm the repeatable response of both source and seed electrons to the storms, showing a significant flux enhancement during the main phase of storms, followed by either a gradual decay or flux persistence at a stable level. However, it is the intense and prolonged occurrence of substorms that contributes to the long-lasting existence of both source and seed electrons, which is also strongly associated with the jmax of relativistic electrons. The significant correlation (Correlation Coefficient, CC∼0.8) between the seed electron fluxes and jmax reveal that the prolonged and pronounced seed electrons are the prerequisite for the significant flux enhancement of relativistic electrons regardless of the acceleration mechanism. The slightly smaller CC (∼0.5–0.7) between source electron fluxes and jmax of relativistic electrons indicates that while local acceleration by chorus wave plays an important role to accelerate relativistic electrons to jmax, other mechanisms such as inward radial diffusion are still needed in this process. The CC between the source electrons and the chorus wave amplitude increases with increasing levels of substorms, showing (CC)max of ∼0.8, which further supports the crucial role of chorus waves in accelerating the relativistic electrons during intense substroms.
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1 INTRODUCTION
Understanding the main processes that control the dynamics of the outer radiation belt relativistic electrons has been a fundamental question in space physics since the discovery of the Earth’s radiation belts in 1958. The fluxes of these relativistic electrons, also known as “killer electrons” (Reeves, 1997), can vary by several orders of magnitude on timescales of hours to days, especially during geomagnetically active times (Baker et al., 2004; Baker et al., 2019; Reeves et al., 2016; Turner et al., 2019). It is fundamentally important to understand the underlying physical mechanisms that control these relativistic electrons, which can pose a hazard to operating satellites in geospace as well as to modern society that strongly relies on the space-based communications, navigation, commerce, and other functions (Baker et al., 1998; Baker, 2001; Horne et al., 2013; Horne et al., 2021).
Several recent studies have been dedicated to understanding the upper limit of radiation belt electron fluxes during geomagnetic storms based on Van Allen Probes (Mauk et al., 2013) observations (Olifer et al., 2021; Olifer et al., 2022; Zhang et al., 2021; Hua et al., 2022a; Hua et al., 2022b; Mourenas et al., 2022). Zhang et al. (2021) reported the energy spectrum of maximum fluxes observed by the DEMETER and Van Allen Probes, with the maximum fluxes at 100 keV—1 MeV roughly varying inversely proportional to the kinetic energy in the outer belt, which is consistent with the Kennel-Petschek (KP) theory of self-limited electron fluxes through the generation of whistler-mode chorus waves that can further cause electron precipitations (Kennel and Petschek, 1966; Summers and Shi, 2014). In the KP theory, the maximum electron fluxes are controlled by a self-limited process. The pitch-angle diffusion due to wave-particle interactions causes electron precipitations into the ionosphere, leading to anisotropic trapped electron populations. These anisotropic electrons can give free energies to the excitation of whistler-mode waves, which results in further precipitation. Meanwhile, the wave growth rate is limited by the wave damping. In the KP theory, the wave-driven energy diffusion is assumed to be negligible compared to the pitch-angle diffusion. Furthermore, a recent statistical study showed that electron fluxes below ∼850 keV can quickly reach the KP limit (Olifer et al., 2021), while the relativistic electron fluxes below ∼2.6 MeV can only approach the KP limit during the strongest enhancement events (Olifer et al., 2022). Nevertheless, the observed upper limit of multi-MeV electron fluxes in all of these studies was not well captured by the KP limit. The study of Hua et al. (2022a) provided a different paradigm and revealed for the first time the natural upper limit of electron acceleration by chorus waves, which explained the observed maximum fluxes from ∼0.1 to ∼10 MeV during the storm that produced almost the highest upper limit during the Van Allen Probe era. In addition, they clearly demonstrated that such a natural upper limit strongly depends on the substorm injected electrons from a simulation perspective, which still needs statistical observational evidence. Mourenas et al. (2022) further developed an analytical steady-state solution of electron fluxes due to scattering effects by chorus waves, which produced similar energy spectra as the numerical simulation results from Hua et al. (2022a). Moreover, the study of Hua et al. (2022b) reported that the radial profiles of both maximum fluxes of relativistic electrons and chorus wave amplitude peak at the heart of the outer belt at L ∼ 4.7, further supporting the potentially important role of chorus waves in producing the maximum fluxes. In addition, they unraveled the crucial impact of time-integrated AL index, which acts as a proxy for the accumulation of substorm activities, on producing the upper limit of relativistic electron fluxes, whose acceleration process can take several hours to several days (e.g., Thorne et al., 2013; Tu et al., 2014; Li et al., 2016; Ma et al., 2018; Agapitov et al., 2019).
There are two primary mechanisms that are believed to accelerate outer belt relativistic electrons: local heating by chorus waves and inward radial diffusion by Ultra-Low-Frequency (ULF) waves (Hudson et al., 2008; Reeves et al., 2013; Thorne et al., 2013; Tu et al., 2013; Li et al., 2016a; Ma et al., 2018; Zhao et al., 2018; Li and Hudson, 2019; Ozeke et al., 2020; Lejosne et al., 2022). However, it is still a challenge to determine which mechanism is primarily responsible for the observed maximum fluxes of relativistic electrons, especially as this may vary from storm to storm (Ma et al., 2018).
Figure 1 schematically illustrates the potential key processes that are believed to be responsible for relativistic electrons to reach their maximum fluxes, and will serve as a convenient framework for organizing the results in this study. The different steps include: (1) the continuous substorm injections that provide (2) a sustained source of electrons (tens of keV) that provide a source of free energy for the (4) excitation of chorus waves (Li et al., 2010), and (3) seed (hundreds of keV) electrons that can be accelerated to higher energies (∼1 MeV) (Miyoshi et al., 2013; Turner et al., 2015; Boyd et al., 2016; Tang et al., 2017; Bingham et al., 2018; Jaynes et al., 2018; Ripoll et al., 2020); (5) Then, the outer belt relativistic electrons are continuously locally accelerated by chorus waves through energy diffusion (e.g., Summers et al., 1998; Thorne et al., 2013); (6) Finally, the relativistic electrons reach their maximum fluxes either when their acceleration by chorus waves reaches its natural upper limit or when the source or seed electrons are no longer present due to the cessation of substorm injections, or removal of the source electrons by precipitation (due to chorus waves) into the upper atmosphere (Hua et al., 2022a). At the same time, (7) the enhanced inward radial diffusion during geomagnetically active times can contribute to electron flux enhancement of both source and seed electrons and relativistic electrons.
[image: Figure 1]FIGURE 1 | Schematic illustration of the key processes believed to be responsible for the acceleration of relativistic electrons and their ability to reach their maximum fluxes.
In this letter, we examine the chain of events illustrated in Figure 1 in order to test which mechanism is primarily responsible for the outer belt relativistic electrons to reach their maximum fluxes during geomagnetic storms. Especially, we will focus on the region at L = 4.5–5.0, which is close to the peak of the radial profile of the maximum fluxes of relativistic electron at L ∼ 4.7 (Hua et al., 2022b). To determine whether the local acceleration by chorus waves or inward radial diffusion plays a more important role, we investigate the correlation among different parts of the chain of relativistic electron acceleration displayed in Figure 1, including the necessary geomagnetic conditions, the evolution of source and seed electrons, chorus wave activity, and maximum fluxes of relativistic electrons. If the prolonged substorm injections play a key role in providing continuous source and seed electrons, a high correlation between substorm activity and the evolution of both source and seed electron fluxes would be expected. If the local acceleration by chorus waves dominantly contributes to the maximum fluxes of relativistic electrons, we would expect the correlation between the maximum fluxes of relativistic electrons and the sustained source and seed electrons to be high, with chorus acting as the intermediary energy transfer mechanism. Recent studies have found a strong correlation between seed electron dynamics and the acceleration of relativistic electrons (Boyd et al., 2016; Tang et al., 2017; Tang et al., 2023; Bingham et al., 2018; Jaynes et al., 2018). Similarly, we would expect the correlation between the source electrons and whistler-mode chorus wave activity to increase with the increasing level of substorm activity. Previous statistical studies have reported the strong correlation between source electron fluxes and chorus wave activities (Li et al., 2010; Li et al., 2012; Simms et al., 2019). On the contrary, if inward radial diffusion plays a more important role in producing the maximum fluxes of relativistic electrons, there would be a small correlation between the maximum fluxes of relativistic electrons and the source electron fluxes. Comprehensively investigating the correlation of different parts of this chain enables us to develop a deeper understanding of what mechanisms dominates the outer belt relativistic electron acceleration.
2 SUPERPOSED EPOCH ANALYSIS OF SOURCE AND SEED ELECTRON FLUXES DURING GEOMAGNETIC STORMS
In the present study, we utilize the electron flux data from the Energetic Particle Composition and Thermal Plasma suite (ECT; Spence et al., 2013) onboard both Van Allen Probes (Mauk et al., 2013). We use the ECT combined spin-averaged cross-calibrated fitting data with 127 energy channels logarithmically spaced over 10 eV—20 MeV (Boyd et al., 2019). The L-shell used in this study is the McIlwain L calculated in the T89D model (Tsyganenko, 1989). OMNI data are used to provide various geomagnetic indices, including SYM-H, AE, and AL indices at 1-min resolution.
To examine the evolution of both the source and seed electron fluxes during geomagnetic storms in a statistical sense, we select 110 storm events with (SYM-H)min < −50 nT during 2013—2017 when the observations of both SYM-H and AL indices are available, which are the same events as those used in Hua et al. (2022b). In the present study, we focus on the region close to the peak of the radial profile of the maximum fluxes of relativistic electron at L ∼ 4.7 (Hua et al., 2022b). The electron fluxes are binned into a 0.1 L [image: image] 6 h UT grid. Since Van Allen Probes had a highly elliptical orbit period of ∼9 h, the time bin size of 6 h here ensures that there is at least one available measurement in each bin for most of the time. This bin size has also been used in previous studies (e.g., Turner et al., 2015; Turner et al., 2019; Hua et al., 2022a; Hua et al., 2022b). Although both time scale of whistler-mode chorus wave activities and inward radial diffusion can vary significantly in different storm events (e.g., Ma et al., 2018; Ozeke et al., 2020; Hua et al., 2023), the time bin size of 6 h is usually smaller than the time scale of the relativistic electron acceleration processes during the storm recovery phase that takes several hours to several days (e.g., Thorne et al., 2013; Tu et al., 2014; Li et al., 2016a; Ma et al., 2018). Figure 2 presents the superposed epoch analysis of the source and seed electron fluxes in the heart of the radiation belt acceleration region at L = 4.5, for various energies from ∼30 to 300 keV spanning the source-seed energy range (shown in different columns), color-coded by the corresponding geomagnetic index shown in rows, which includes (panels A–D) (SYM-H)min, (panels E–H) Int(SYM-H), (panels I–L) |(AL)min|, and (panels M–P) Int(AL) of all the selected storms during 2013—2017. In the present study, the time of (SYM-H)min, i.e., t0 defined below, is taken as the epoch 0. Similar to those in Hua et al. (2022b), the Int(SYM-H) is the time-integral of the absolute value of SYM-H when it remained below −50 nT during the time interval of [image: image] (in units of days), where t0 corresponds to (SYM-H)min in each storm. Therefore, Int(SYM-H) represents continuous periods of high geomagnetic storm activity. While |(AL)min| is the absolute value of the minimum AL during [image: image] in each storm to represent the strongest substorm activities, the Int(AL) is the time-integral of absolute value of AL index during the same time interval to represent the continuous substorm activities. Note that t0 is not necessarily associated with (AL)min.
[image: Figure 2]FIGURE 2 | Superposed epoch analysis of source and seed electron fluxes at L = 4.5 at indicated energies, from left to right: 32 keV, 50 keV, 100 keV, and 316 keV, for all the geomagnetic storms with (SYM-H)min below −50 nT during the years 2013–2017. Each storm is color-coded by the corresponding geomagnetic index, shown in each of the rows, including (A–D) (SYM-H)min, (E–H) Int(SYM-H), (I–L) |(AL)min|, and (M–P) Int(AL) in each storm.
Overall, the behavior of both source and seed electrons strongly depends on the storm activity, showing a significant flux enhancement during the main phase of the storm at tepoch ∼0 day, after which, electron fluxes either remain at that level or gradually decrease. This is the typical repeatable response of the outer belt electrons during storms (Murphy et al., 2018). Although both source and seed electron fluxes tend to decrease faster during weaker storms as shown by the dark blue lines in Figures 2A–D, the persistently enduring fluxes at a high level show a smaller dependence on the magnitude of the storm as indicated by the (SYM-H)min. Although the both source and seed electron fluxes remain at a high level during large (SYM-H)min events, some events with small and medium (SYM-H)min (shown in dark blue and green colors) can also remain at a high level. Therefore, the sustained and intense source and seed electron fluxes are not necessarily associated with a large (SYM-H)min.The trend is even worse when the results are sorted by the Int(SYM-H) (Figures 2E–H) or by the |(AL)min| (Figures 2I–L). However, the evolution of electron fluxes seems to be best organized by the Int(AL) (Figures 2M–P) compared to the (SYM-H)min, Int(SYM-H), and |(AL)min|. Both source and seed electron fluxes remain at a high level for several days after the sudden flux enhancements due to consecutive substorm injections that occur during larger Int(AL) events, while the flux decay of these electrons reaches up to several orders of magnitude within ∼4 days after tepoch = 0 during smaller Int(AL) events. Consequently, during the larger Int(AL) events, the persistent high intensity of the source electrons at tens of keV that can potentially contribute to the generation of chorus waves, accompanied by the continuously guaranteed seed electrons at hundreds of keV, are more favorable to accelerate relativistic electrons to a higher upper limit (Hua et al., 2022b). In addition, the intensified inward radial diffusion during more active time can further enhance the fluxes (Ozeke et al., 2014).
In order to provide further evidence that links the source and seed electron fluxes with the upper limit of relativistic electron fluxes, Figure 3 is similar as Figure 2 but for the results color-coded by the corresponding maximum fluxes of relativistic electrons at various energies (shown in different rows). Here, we employ the same method to obtain the maximum fluxes (jmax) of relativistic electrons as Hua et al. (2022b), which is the maximum value for each energy at different times during the interval of [image: image] (in units of days). Since it typically takes several hours to several days for the relativistic electron fluxes to reach their maximum values during the storm recovery phase, jmax usually does not correspond to t0. The results indicated that jmax significantly depends on the overall evolution of the source and seed electron fluxes, showing a similar trend from 1.0 to 3.5 MeV. Both source and seed electron fluxes persist at a stable high level after the sudden flux jump at tepoch ∼0 day during the storm events associated with larger jmax as shown by the red lines, comparing to the quick flux drop of source and seed electrons during the storm events that produce smaller jmax as shown by the dark blue lines. The persistent and intense source electron fluxes are more favorable to provide free energy for the generation of whistler-mode chorus waves comparing to the events that source electron fluxes decay significantly after tepoch ∼0 day. In addition, previous study has demonstrated that local acceleration by chorus waves can produce a larger jmax of relativistic electrons when the seed electrons at hundreds of keV are continuously provided (Hua et al., 2022a). Considering all these factors, this linkage between the overall evolution of both source and seed electrons and jmax indicates the potentially important role of local heating by chorus waves in producing the upper limit of relativistic electron fluxes during storms.
[image: Figure 3]FIGURE 3 | Similar to Figure 2 but for the results color-coded by the corresponding maximum fluxes of relativistic electrons at energies of (A–D) 1.0 MeV, (E–H) 2.2 MeV, and (I–L) 3.5 MeV in each storm.
3 CORRELATION ANALYSIS RESULTS
3.1 Correlations between time-integrated source and seed electron fluxes and time-integrated geomagnetic activities
To quantitatively analyze the significance of cumulative substorm activities on providing the prolonged source and seed electrons, Figures 4A–D show the time-integrated source and seed electron fluxes (Int(Flux)) during 6 days of each storm over the time interval [image: image] at various energies, observed near the heart of the outer belt, versus the corresponding Int(AL). Overall, a significant correlation exists between the Int(Flux) of both source and seed electrons and Int(AL) as suggested by the correlation coefficients (CC) reaching ∼0.8, confirming the essential role of time-integrated substorm activities in providing the persistent supply of source and seed electrons. Nevertheless, we note that the smaller CC of ∼0.6–0.7 between Int(Flux) at 32 keV and Int(AL) compared to other energies indicating that other sources apart from direct injections may be present, such as transport of electrons due to enhanced magnetospheric convection (Lyons et al., 2005; Rodger et al., 2022) and inward radial diffusion caused by ULF waves (Tang et al., 2018). For comparison of the major dependence of the integrated fluxes, Figures 4E–H present the correlation between the Int(Flux) and Int(SYM-H). The significantly reduced CC between them indicates that the long-lasting source and seed electrons are only weakly dependent on the magnitude of storms.
[image: Figure 4]FIGURE 4 | Time-integrated electron fluxes at L = 4.5 (black) and L = 5.0 (red) at different energies, from left to right: 32, 50, 100, and 316 keV, versus the corresponding integrated geomagnetic indices including (A–D) Int(AL) and (E–H) Int(SYM-H) in each storm, with the correlation coefficients marked on the bottom. Each plus symbol represents an individual storm event.
3.2 Correlations between time-integrated source and seed electron fluxes and maximum fluxes of relativistic electrons
Figure 5 shows the Int(Flux) of both source and seed electrons at different energies corresponding to the different rows, plotted against the jmax of relativistic electrons at various energies shown in different columns. Although the larger Int(Flux) of source electrons tends to be related to a higher jmax of relativistic electrons (Figures 5A–F), the correlation between them is less significant as indicated by the CC varying from ∼0.5 to ∼0.7 compared to the much stronger correlation between Int(Flux) of seed electrons and jmax (Figures 5G–L). Since these source electrons are primarily responsible for the excitation of chorus waves, stronger chorus waves are more likely to occur during the storms with larger Int(Flux) at tens of keV, which contribute to locally accelerated relativistic electron to a higher jmax. Nevertheless, this less significant CC between Int(Flux) of source electrons and jmax indicates that other mechanisms such as inward radial diffusion driven by ULF waves still play an important role in outer belt relativistic electron acceleration. In contrast, the Int(Flux) of seed electrons are strongly related to the jmax, with the highest CC reaching 0.91, indicating the prolonged and pronounced seed electrons are the prerequisite for the significant flux enhancement of relativistic electrons despite the acceleration mechanism. Such a strong correlation also supports idea that the Int(Flux) of seed electrons can be regarded as a proxy for the jmax of relativistic electrons (Li et al., 2005; Nasi et al., 2020).
[image: Figure 5]FIGURE 5 | Time-integrated electron fluxes at L = 4.5 (black) and L = 5.0 (red) at different energies, from top to bottom: (A-C) 32 keV, (D-F) 50 keV, (G-I) 100 keV, and (J-L) 316 keV, versus the corresponding maximum fluxes of relativistic electrons at various energies, from left to right: 1.0, 2.2, and 3.5 MeV, with the correlation coefficients marked at the bottom right of each panel. Each plus symbol represents an individual storm event.
3.3 Correlations between source electron fluxes and whistler-mode chorus wave activity
To directly demonstrate the correlation between the source electron fluxes and chorus wave activity, the simultaneously observed lower band whistler-mode chorus wave amplitude integrated over 0.05 fce—0.5 fce (where fce is the equatorial electron gyrofrequency) versus the source electron fluxes at 32 keV during different levels of AL* index near the equator (|MLAT| [image: image]) at L = 4.5 and L = 5.0 are shown in Figures 6A, D, respectively. Due to the less significant role of upper-band chorus waves comparing to the lower-band chorus waves in local acceleration of relativistic electrons (Hua et al., 2022a), we limit our analysis to the lower-band chorus waves in the current study. The wave measurements by Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS; Kletzing et al., 2013) instrument are used, with the same chorus identification criteria as Li et al. (2016b). Here, each plus symbol represents one 6-h averaged result when measurements of both chorus waves and electron fluxes at 32 keV are available, and the AL* represents the minimum AL in the corresponding 6-h time bin. We exclude observations over the interval 15–21 MLT since this region is known for its weak intensity of chorus waves (e.g., Li et al., 2016b; Meredith et al., 2020). Clearly, the more intense chorus waves tend to be associated with larger source electron fluxes though there is a large amount of scatter in the data, with the CC between them when considering observations during all levels of AL* reaching ∼0.6. During weak substorm activity as indicated by the black and blue colors, the majority of the observed chorus wave amplitude is only several pT, which is seen to be almost independent of the source electron fluxes, and has low CC values varying from 0.13 to 0.46. However, chorus wave amplitude significantly increases with increasing source electron fluxes during strong substorm activity as indicated by the green and purple color, showing a much stronger CC of >0.7 during the most intense substorms. Figure 6G presents the time-integrated chorus wave amplitude (Int(Bw)) plotted against the time-integrated source electron fluxes based on 6-h averaged results shown in Figures 6A, D. The strong CC reaching 0.7–0.8 confirms the strong correlation between the continuously replenished source electrons by substorm injections and the prolonged and pronounced chorus waves. This is consistent with the most recent study of Tang et al. (2023) that revealed the dominant role of local acceleration in causing the relativistic electron flux enhancements during the continuous intense substorms comparing to the non-continuous intense substorms.
[image: Figure 6]FIGURE 6 | (A) Simultaneously observed whistler-mode chorus wave amplitudes versus the source electron fluxes at 32 keV near the equator (|MLAT| [image: image]) at L = 4.5 during different levels of AL* index as shown by different colors, with the corresponding correlation coefficients marked on the top left. The correlation coefficient calculated using observations during all levels of AL* is marked in red in bold font. Here, each plus symbol corresponds to one 6-h averaged result when measurements of both chorus waves and electron fluxes at 32 keV are available. The measurements over 15—21 MLT are excluded. (B) Similar format to (A) except for the cold plasma density shown on the vertical axis. (C) Similar format to (B) except for the whistler-mode chorus wave amplitude shown on the x-axis. The orange dashed line represents the electron density at L = 4.5 from the empirical model of Sheeley et al. (2001) without considering the MLT factor. The black dotted line marks Bw = 10 pT. (D–F) Similar to (A–C) but for the results at L = 5.0. (G) Time-integrated chorus wave amplitude at L = 4.5 (black) and L = 5.0 (red) versus time-integrated electron fluxes at 32 keV, with the correlation coefficients marked on the bottom. Each plus symbol represents one storm event. (H) Similar to (G) except for the time-integrated cold plasma density shown on the vertical axis. (I) Similar to (H) except for the time-integrated chorus wave amplitude shown on the horizontal axis.
Since the variation of the total electron density (ne) significantly influences the acceleration of relativistic electron by chorus waves (Thorne et al., 2013; Agapitov et al., 2019; Allison et al., 2021; Hua et al., 2023), we further investigate the distribution of electron density in relation with source electron fluxes (Figures 6B, E, H) and with chorus wave amplitude (Figures 6C, F, I). The electron density inferred from the upper hybrid resonance frequency (Kurth et al., 2015) is adopted whenever it is available, otherwise, the electron density estimated by the Electric Fields and Waves (EFW; Breneman and Wygant, 2022; Wygant et al., 2013) instrument is adopted. Due to the fact that the total electron density is related to the cold plasma (few eV; Lemaire and Gringauz, 1998), there is no clear dependence of electron density on the source electron fluxes at 32 keV for either instantaneous values or the time-integrated values. Thus, there is no strong correlation that can be detected between electron density and chorus wave amplitude, consistent with the small correlation shown in Hua et al. (2023). Nevertheless, the majority of the intense chorus waves (e.g., with Bw > 10 pT) are mostly associated with the extremely low electron density, which is much lower than the results from the empirical density model shown as the orange dashed lines (Sheeley et al., 2001) that gives ne = 24.5 cm-3 at L = 4.5, and ne = 16.1 cm-3 at L = 5.0 without considering the MLT factor, respectively. The changing electron density strongly affects the fpe/fce ratio (electron plasma frequency to electron gyrofrequency ratio), which control the efficiency of resonance conditions for wave-particle interactions between relativistic electrons and chorus waves. Multiple previous studies have demonstrated that very low (∼10 cm-3) electron density creates preferential conditions for local heating of relativistic electrons by resonant interacting with whistler-mode chorus waves (Thorne et al., 2013; Agapitov et al., 2019; Allison et al., 2021; Camporeale et al., 2016; Hua et al., 2023) Such events with extremely low density and intense chorus waves are favorable to locally accelerate relativistic electrons by chorus waves.
As we have determined the strong correlation between the source electrons and chorus wave activity, we aim to identify the energy channel of source electrons that gives the highest CC with chorus wave amplitude. Similar as the calculation of CC shown in Figures 6A, D, we further calculate the CC with electron fluxes at various energies that can potentially contribute to the excitation of lower-band chorus waves (e.g., Li et al., 2010), which is displayed in Figure 7. Under weak substorm conditions (shown in black and blue colors), the noise-like distributions of the CC with energies suggest a weak correlation between the chorus wave activity and the source electrons. However, the CC at energies below ∼40 keV overall increases with the increasing substorm intensity (from green to purple colors). The maximum of CC reaching ∼0.8 during the most intense substorms indicates that more intense substorms are more favorable to provide long-lasting source electrons, which in turn significantly contribute to the excitation of chorus waves. Moreover, the CC slightly increases from several keV to ∼30 keV, peaking at 20–30 keV, and then sharply drops at energies above ∼30–40 keV, demonstrating that source electrons from several keV up to ∼30 keV compared to the higher energies play a more important role in the generation of chorus waves.
[image: Figure 7]FIGURE 7 | The correlation coefficients (CC) between the simultaneously observed whistler-mode chorus wave amplitude and the source electron fluxes at various energies at (A) L = 4.5, and (B) L = 5.0 at different levels of AL* index as shown by different colors, with the diamond symbols marking the maximum CC, whose values and the corresponding energies are given in each panel.
4 CONCLUSIONS AND DISCUSSIONS
In this study, we systematically investigate the linkage between different parts of the chain, that is believed to accelerate outer radiation belt relativistic electrons to their maximum fluxes as shown graphically in Figure 1, which enables us to determine the crucial elements during this process. Based on 5-year Van Allen Probes observations during geomagnetic storms we investigated the correlation among the background geomagnetic conditions, the evolution of the source and seed electrons, the corresponding chorus wave activity, and the resulting maximum fluxes of relativistic electrons. Our principal conclusions are as follows:
1. Although both source and seed electrons demonstrate a repeatable response to the storms, showing a significant flux enhancement at tepoch ∼0 day followed by either a gradual decay or long-lasting existence at a stable level, the evolutions of these electrons demonstrate stronger dependence on the Int(AL) than the Int(SYM-H). This dependence on the integrated AL history suggests that stronger cumulative substorm activities comparing to the weaker substorms are more favorable for providing both sustained source and seed electron fluxes.
2. The CC between the Int(Flux) of source electrons at tens of keV and jmax of relativistic electrons varies from ∼0.5 to ∼0.7 which is relatively modest. Therefore, while local acceleration by chorus wave plays an important role in accelerating relativistic electrons to their saturation level jmax, other mechanisms such as inward radial diffusion are still needed in this process.
3. The significant correlation between the Int(Flux) of seed electrons (hundreds of keV) and jmax of relativistic electrons indicates that the prolonged and pronounced seed electrons are the prerequisite for significant flux enhancement of relativistic electrons regardless of the acceleration mechanism, and these ∼100 keV electron fluxes can also serve as a proxy for jmax of MeV electrons.
4. The CC between chorus waves and source electrons increases with increasing levels of substorm activity, with (CC)max reaching ∼0.8 at 20—30 keV during the most intense substorms, when it is favorable to observe intense chorus waves. The strong correlation between Int(Bw) and Int(Flux) of source electrons confirms the strong correlation between the continuously replenished source electrons by substorm injections and the prolonged and pronounced chorus waves.
Although it has been well acknowledged that local acceleration by chorus waves and inward radial diffusion due to ULF waves are the two major processes responsible for outer belt electron flux enhancements, other mechanisms such as time domain structures (Mozer et al., 2015), direct injections deep in to the inner magnetosphere (Reeves et al., 2016), and non-linear acceleration processes (e.g., Kubota & Omura, 2018; Artemyev et al., 2022; Foster and Erickson, 2022) can also play an important role in the outer belt electron acceleration. Furthermore, the present study focuses on the region near the heart of the outer belt (L = 4.5–5.0), which is close to the peak of the radial profile of the maximum fluxes of relativistic electrons at L ∼ 4.7. It is worth noting that the electric radial diffusion coefficients at L = 4.5 can be about one-tenth of that at L = 6.0 (Liu et al., 2016). Therefore, the inward radial diffusion can contribute significantly to the relativistic electron acceleration at higher L-shells. Nevertheless, since both L = 4.5 and L = 5.0 are very close to the heart of the outer belt, and the chorus wave amplitudes at these two L-shells are also similar based on previous statistical study using Van Allen Probes data (Aryan et al., 2021), the dominant acceleration mechanism could be similar at these two L-shells. Moreover, we analyze the correlation of the source electrons with the chorus wave activity whenever the observations were available, which means these chorus waves can be observed near or away from their source region. Therefore, the analysis of the correlation of the anisotropy of the source electron and the locally generated chorus waves near the source region will be needed in future studies. In addition, the electron kinetic energy range analyzed in the present study are also usually regarded as the lower energy boundary in the quasi-linear diffusion simulation to reproduce the observed electron acceleration by chorus (e.g., Xiao et al., 2009; Thorne et al., 2013; Glauert et al., 2014; Li et al., 2014; Su et al., 2015; Hua et al., 2018; Hua et al., 2023; Ma et al., 2018). The superposed epoch analysis of the evolution of both source and seed electron fluxes in the present study help us to systematically understand how long their fluxes can be elevated and sustain at that high level, which is fundamentally important for the estimation of the upper limit of outer belt electron acceleration (Hua et al., 2022a).
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