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Microbursts, short-lived but intense electron precipitation observed by low-Earth-orbiting satellites, may contribute significantly to the losses of energetic electrons in the outer radiation belt. Their origin is likely due to whistler mode chorus waves, as evidenced by a strong overlap in spatial correlation of the two. Despite previous efforts on modeling bursty electron precipitation induced by chorus waves, most, if not all, rely on the assumption that chorus waves are ducted along the field line with zero wave normal angle. Such ducting is limited to cases when fine-scale plasma density irregularities are present. In contrast, chorus waves propagate in a nonducted way in plasmas with smoothly varying density, allowing wave normals to gradually refract away from the magnetic field line. In this study, the interaction of ducted and nonducted chorus waves with energetic electrons is investigated using test particle simulation. Substantial differences in electron transport are found between the two different scenarios, and resultant electron precipitation patterns are compared. Such a comparison is valuable for interpreting low Earth-orbiting satellite observations of electron flux variation in response to the interaction with magnetospheric chorus waves.
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1 INTRODUCTION
Microbursts are impulsive (typically lasting a few tenths of a second) precipitation of energetic electrons (∼30 keV to >1 MeV) from the magnetosphere into the atmosphere. They have been detected indirectly through X-ray counts on balloons (e.g., Anderson and Milton, 1964; Parks et al., 1979; Millan, 2011), and directly through particle detectors onboard rockets (e.g., Lampton, 1967) and low-Earth-orbiting satellites (e.g., Imhof et al., 1992; Douma et al., 2017). Their existence at <100 keV energies has been known for decades, and at higher energies is known only relatively recently. It has been suggested that microburst precipitation into the upper atmosphere may play an important role in radiation belt electron losses (Lorentzen et al., 2001; O’Brien et al., 2004; Millan and Thorne, 2007; Breneman et al., 2017). Recently, bouncing packets in an apparent form of microbursts have been reported by Shumko et al. (2018), suggesting a mixture of precipitating and trapped fluxes in the observation of microbursts (Chen et al., 2020). Blake and O’Brien (2016) discovered that microbursts might not just be temporal bursts of precipitation but may sometimes be very narrow curtain structures of precipitation.
Whistler-mode chorus waves in the Earth’s magnetosphere have received great attention because of their dual role in energizing electrons and precipitating them into the lower atmosphere (Horne et al., 2003; Katoh and Omura, 2007; Ni et al., 2011; Reeves et al., 2013; Thorne et al., 2013). Whistler mode waves originate around the magnetic equator, often with nearly field-aligned propagation (e.g., LeDocq et al., 1998; Lauben et al., 2002; Santolík et al., 2005; Li et al., 2009) and they are excited by energetic electrons with anisotropic velocity distribution injected from the magnetotail (e.g., Kennel and Petschek, 1966; Tsurutani and Smith, 1974). Chorus waves often exhibit unique time-frequency spectrograms consisting of discrete rising (or sometimes falling) tones (e.g., Burtis and Helliwell, 1969; Burton and Holzer, 1974; Li et al., 2011a). Numerical theory and simulation studies have demonstrated that nonlinear resonant interactions with a coherent whistler mode wave leads to electron phase trapping, resulting in wave frequency chirping when the background magnetic field is inhomogeneous (Omura and Matsumoto, 1982; Nunn et al., 1997; Katoh and Omura, 2006; Omura and Summers, 2006; Omura et al., 2009; Tao, 2014; Gao et al., 2016). Chorus waves typically occur in the frequency range 0.1–0.8 fce (fce is the equatorial electron cyclotron frequency), often separated into distinct lower and upper bands with a wave power gap near fce/2 (e.g., Tsurutani and Smith, 1974; Li et al., 2016a). Statistically, the duration of individual chorus element spectra varies from 0.1 to 1 s, with peak occurrence at ∼0.4 s at dayside and ∼0.12 s at nightside (Teng et al., 2017). The spatial scales of individual chorus waves have been unavailable until recently when wave measurements over multiple nearby satellites are present. The estimate of the transverse spatial scale, based on individual event studies, ranges from 7–100 km at L ∼4.5 (Santolík and Gurnett, 2003), ∼500 km at L ∼ 4.7 (Shumko et al., 2018), 600–800 km at L ∼ 6 (Agapitov et al., 2017), to ∼3,000 km in the outer magnetosphere (L ∼ 10) (Agapitov et al., 2010). The statistical analysis based on 11-years THEMIS wave measurement shows the transverse scale is mostly in the range of ∼250–800 km over 2 < L < 10 (Agapitov O. et al., 2018), which is consistent with Shen et al. (2019) results from Van Allen Probes and THEMIS, where the averaged transverse size is ∼315 km over 5 < L < 6. These new observational features more thoroughly characterize the temporal and spatial scales of these individual elements, allowing for better modeling of the interaction of chorus waves with energetic electrons.
Whistler-mode chorus waves in the Earth’s magnetosphere are suggested to be the primary drivers of relativistic microbursts, creating them by resonant scattering into the loss cone. This association comes from numerous observational and theoretical studies that focus on spatial (L, MLT) (Oliven and Gurnett, 1968; Lam et al., 2010) and temporal similarities (e.g., Lorentzen et al., 2001; Kersten et al., 2011), as well as plausibility of scattering mechanism (to name a few, Chang and Inan, 1983; Rosenberg et al., 1990; Saito et al., 2012; Chen et al., 2020). Statistically, whistler-mode chorus waves are a potential driver of relativistic microbursts (Douma et al., 2017) and the majority of microbursts are shown to have sizes consistent with the sizes of chorus waves (Shumko et al., 2020). Previous simulation with self-consistent chorus waves (Hikishima et al., 2010) has demonstrated a one-to-one correspondence between microbursts of precipitating electrons and chorus elements. Due to finite transverse scale, individual chorus element will illuminate an area of electron precipitation in the lower atmosphere. Statistically, electron microburst size distribution ranges from 2 to 100 km (Shumko et al., 2020), which is consistent with the size estimate for individual microbursts (Blake et al., 1996; Crew et al., 2016; Shumko et al., 2018), and most occurrences are over a few tens of km, which is about 200 km in size when mapped to the magnetic equator. Such size is comparable to the size of chorus wave packets mentioned above.
The most intense chorus waves are typically confined to within 10–20° of their source near the magnetic equator (e.g., Meredith et al., 2012; Agapitov et al., 2013), while relativistic microbursts (>100 keV) are observed at much higher latitudes (Breneman et al., 2017). Therefore, chorus wave properties at higher latitudes are critically important for modeling microbursts. Depending on wave propagation, the chorus wave intensity off the equator will differ. In the presence of fine-scale density irregularities, chorus waves can be ducted along the field line, with much less attenuated wave intensity away from the equator when compared with the nonducted case in a medium with smoothly varying plasma density. A schematic picture of ducted and nonducted propagation is shown in Figure 1. There exists a number of studies on microburst modeling due to the ducted waves (e.g., Hikishima et al., 2010; Saito et al., 2012; Chen et al., 2020), while few focus on the case of nonducted chorus waves. Colpitts et al. (2020) recently showed the first direct observations of individual chorus elements propagating from the equatorial source to higher latitudes, and confirmed with ray tracing that the waves propagated in the nonducted mode. As nonducted chorus waves propagate away from the equator, three important physical processes occur when compared with ducted waves. First, waves experience refraction in the inhomogeneous magnetosphere with wave normal becoming increasingly oblique along the propagation path (e.g., Chen et al., 2013a; Lu et al., 2019; Colpitts et al., 2020). Therefore, oblique whistler-mode mode waves propagate not only along, but also across magnetic field lines. This means that chorus waves at a given field line at high latitude may originate from a different field line at the equator, and thus chorus wave modeling requires the knowledge of their transverse sizes at the equator. Unlike ducted chorus waves, nonducted chorus waves may induce electron precipitation over a broader range of field lines than the range at the equator. Second, chorus waves experience Landau damping as their wave normal angles increase, which will limit the wave intensity at middle latitudes, and high latitudes if accessible (e.g., Chen et al., 2013b; Watt et al., 2013; Colpitts et al., 2020). Third, multiple-harmonics resonances (whose resonance condition is ω−kzvz = nΩ/γ with n being an integer) become effective, when waves becomes oblique and field polarization becomes elliptical (instead of circular), while only the principal resonance (n = −1) is effective for ducted waves. Here ω and kz are wave angular frequency and parallel component of the wavenumber vector respectively, vz, Ω and γ are electron parallel velocity, non-relativistic gyrofrequency and Lorentz factor respectively. Thus for northward propagation (as shown in Figure 1), nonducted chorus waves could induce electron precipitation in the northern hemisphere (through the resonances with, e.g., n = 0 and +1) and the southern hemisphere (through the resonance with n = −1) while ducted chorus waves could only induce precipitation in the southern hemisphere (through the resonance with n = −1). The three physics processes are important for modeling relativistic microbursts due to nonducted chorus waves with oblique wave normal angles (e.g., Artemyev et al., 2016).
[image: Figure 1]FIGURE 1 | Schematic illumination regions of electron precipitation due to interaction with ducted (shaded by red color) and nonducted (shaded by blue color) chorus waves that propagate northward. Dashed lines denotes the dipole magnetic field lines. The schematic diagram is not scaled. Ducted chorus waves here only induce electron precipitation in the southern hemisphere while nonducted chorus waves induce electron precipitation in both hemispheres.
In this study, a nonducted chorus wave model is developed as an extension of the ducted chorus wave model (Chen et al., 2020). We will look into the characteristics of electron precipitation due to a nonducted chorus element seen by virtual LEO satellites, which will be compared with that due to a ducted chorus element. In addition to temporal structures, spatial structures of microburst due to the nonducted chorus element will be revealed.
2 TEST PARTICLE MODEL
The dynamics of electrons in a dipole magnetic field with prescribed chorus wave fields is modeled by the following test particle equations along a dipole field line with a given L value (Chen et al., 2020):
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where B is the background dipole magnetic field strength, nonrelativistic electron gyrofrequency [image: image], magnetic moment [image: image], and q, m, v, P, and γ are electron charge (q < 0 for electrons), static mass, velocity, momentum, and Lorentz factor, respectively. The first terms on the right side of Eqs. 1, 2 represent adiabatic changes due to the background magnetic field, which lead to bounce motion. z, denoting the location of the guiding center along the field line, represents dipole field line arc length with z = 0 defined at the equator. The subscripts z and ⊥ denote directions parallel and perpendicular to the background magnetic field, respectively, while the subscripts x and y denote the radially outward direction and azimuthal direction toward the east, respectively. The set of [image: image], [image: image] and [image: image] axes constitute the field-aligned coordinate system, a local right-handed Cartesian coordinate system. θg is the gyrophase denoting the direction of v⊥ with the respect to the x axis. The subscript j denotes the jth chorus element with wave electric field ej and magnetic field bj at the electron’s actual location r. ej, and bj can be represented as [image: image] and [image: image], respectively, where [image: image] denotes the real part, and [image: image] and [image: image] are complex amplitudes. These six-component complex amplitudes, which are linearly related, will be scaled by the magnetic field wave amplitude Aw, and the ratio of any two of the six is determined by the linear whistler mode dispersion relation (e.g., Tao and Bortnik, 2010).
Eqs. 1–4 are integrated over a time scale of several electron bounce periods (on the order of 1 s), which is sufficient to describe the interaction between chorus waves and electron gyromotion and to model electron precipitation induced by the chorus waves. Therefore it is safe to neglect drift motion of electrons across magnetic field lines. That is, electrons are trapped by the same field line (with constant L and magnetic local time). Hereafter, we investigate the effect of a single chorus element, either ducted or nonducted, on electron dynamics, and therefore the subscript j and the summation over j will be dropped. For the equations above, gyrophase-averaging on the wave force is not performed, and nonlinear wave particle interaction is included (as the wave phase ϕ depends on z). When test particles reach the atmospheric loss boundary, which is set to an altitude of 100 km, they are considered as lost (precipitated into the upper atmosphere) and no longer traced afterward.
To solve the test particle Eqs. 1–4 and examine the effect of chorus waves, either ducted or nonducted, on the dynamics of particles at a given field line, it is necessary to find a solution of chorus wave field along that field line (that is, for a given L value in the case of dipole magnetic field). The solution should describe wave phase ϕ and wave amplitude as a function of z and t.
The derivatives of ϕ(r, t) provide definition of wave angular frequency ω and wave normal vector k through:
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Given ω(r, t) and k (r, t), the two equations above can be solved for ϕ(r, t).
ϕ(r, t) can be conveniently rewritten in terms of the guiding center location rc as
[image: image]
where ϕ(rc, t) is the wave phase at the guiding center rc along the field line and the second term on the right denotes the wave phase variation experienced due to the test particle’s gyromotion. Oscillatory gyro-radius vector rg⊥, defined as r−rc, can be written as [image: image]. The term k⊥⋅rg⊥ here is known as the finite Larmor radius effect, which gives rise to harmonic resonances other than n = −1. When k⊥ = 0 (e.g., for ducted waves), this term vanishes, so do multiple harmonic resonances except n = −1.
Initially, test particles are launched at a given L with Ng (= 120) different gyrophases of equal spacing Δθg = 2π/Ng, Nb(= 120) bounce phases of equal spacing Δϕb = 2π/Nb, NE (=51) energies of equal logarithmic spacing Δ ln E from 50 keV to 1 MeV, and [image: image] equatorial pitch angles from the equatorial loss cone αLC, which for example is 3.3° at L = 5.5, to ∼ 10° with a non-equal spacing Δαeq (See further explanation below). In total, 4.8 × 107 electrons are traced. For minimizing the discrete nature of the test particle simulation, and thus modeling continuously varying electron flux, each test particle represents a group of ΔN particles located inside the magnetic flux tube of interest and with a range of Δθg, Δϕb, Δαeq, and ΔE. Given the initial flux distribution F0 (αeq, E), ΔN = F0ΔtΔAΔEΔΩ′, where ΔΩ′ = sin αΔαΔθg (α is the local pitch angle), ΔA = ΔAΦ/cos α, Δt = Δϕb/ωb (ωb is electron bounce angular frequency), and ΔE = EΔ ln E. The cross section area of the magnetic flux tube (a constant magnetic flux ΔΦm) ΔAΦ = ΔΦm/B. Virtual LEO satellites are placed at the southern and northern footpoints of the field line L at a given altitude of 650 km. Electron fluxes at these footpoints as a function of pitch angle, energy and time t are reconstructed from the test particle results of those 4.8 × 107 electrons. To better model the electron flux variations at the LEO satellite locations as a function of pitch angles, a non-equal spacing Δαeq is used so that sufficient number of αeq grids covers both the following two αeq ranges, one from the equatorial loss cone αLC to the value of αeq,mirror corresponding to the mirroring location at the LEO altitude and the other one from αeq,mirror to ∼ 10°. Following Chen et al. (2020), we adopt an anisotropic initial distribution as [image: image], where the energy dependent F0E(E) is obtained from the Van Allen Probes flux observation at pitch angle 90° shown in Figure 2 of Breneman et al. (2017). Such simplified adoption of the electron anisotropy may affect the magnitude of electron fluxes, but is not critical for addressing general characteristics of electron flux variations.
[image: Figure 2]FIGURE 2 | Solution of a ducted chorus element along a dipole magnetic field at L = 5.5. (A) wave frequency f(B) wave phase ϕ, (C) wave magnetic amplitude Bw, and (D) wave normal angle θ as a function of time t and magnetic latitude λ.
3 DUCTED CHORUS WAVES
Ducted chorus waves are guided along a field line, say Lc, by keeping wavevector parallel or antiparallel to the field line. During ducted propagation, chorus waves follow:
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where the first equation describes the constraint of parallel propagation, the second equation describes the local dispersion relation D, which adopts one for whistler mode in the cold plasma at the location z, and the third and fourth equations state the conservation of wave frequency and wave amplitude along the propagation path. The parallel component of group velocity vgz = − (∂D/∂kz)/(∂D/∂ω). These equations, assuming parallel propagation, have been widely used for chorus wave modeling (e.g., Furuya et al., 2008; Tao et al., 2012; Chen et al., 2020). For such “ideally” ducted propagation (k⊥ = 0), it is implicitly assumed that there exists a density duct with density gradients that perfectly overcome wave refraction due to magnetic field inhomogeneity. This implicit assumption places a constraint on the density gradients of the duct, whose solution, fortunately, is not required for modeling the ideally ducted propagation. For a more realistic ducted propagation (a non-ideal case, e.g., Liu et al., 2021), wave normal direction would experience oscillation near the parallel direction and so do ducted ray paths.
Let ω0(t) be the prescribed chorus wave frequency-time profile in the equatorial source region. Then the one-sided boundary condition at the equator can be provided as
[image: image]
Equations 10–12 can be solved for ω(z, t) using the method of characteristics (e.g., Furuya et al., 2008; Tao et al., 2012). With ω(z, t) solved, Eq. 9 yields the solution of kz (z, t). Then the solution of wave phase ϕ(z, t) can be numerically integrated by the following two constituent equations:
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For the calculation of the dispersion relation (D in Eq. 9), background plasma density is required. We adopt the modified diffusive equilibrium density model (Bortnik et al., 2011). The same initial condition ω0(t) as Chen et al. (2020) is used, with the wave frequency f rising from 550 to 1,400 Hz over an interval of 0.2 s. The solution of wave frequency and wave phase is shown in Figures 3A,B. At λ = 0, wave frequency chirps over a duration of 0.2 s, while as λ increases, the wave duration becomes shorter due to frequency dispersion. In Figure 3B, wave phase ϕ increases with λ and decreases with t, as shown by Eqs. 13, 14. The wave normal angle θ is zero, as expected (Figure 3D).
[image: Figure 3]FIGURE 3 | Modeled electron fluxes at virtual northern (left column) and southern (right column) LEO satellites due to the presence of the ducted wave shown in Figure 3. (A, B) omni-directional differential flux over the energy range from 50 keV to 1 MeV. (C, D) the ratio of precipitating and trapped electron fluxes over the energy range from 50 keV to 1 MeV. Local pitch angle distribution of electron fluxes at three selected electron kinetic energies (E, F) 70 keV, (G, H) 100 keV and (I, J) 300 keV. The three energies are also marked by the horizontal white dashed lines in panels c-d.
To represent a chorus element of a flexible amplitude, the initial amplitude profile is implemented as Aw0 (f, λ) = Aw,maxG ( f; f1, f2, δf1, δf2), where λ is magnetic latitude and Aw,max is the maximum wave amplitude. The function G has a Gaussian-like profile with a flat-top and four control parameters (x1, x2, δx1, δx2). Specifically, G (x; x1, x2, δx1, δx2) is defined as [image: image] for x < x1, [image: image] for x > x2, with values equal to unity for x1 ≤ x ≤ x2. Further explanation on the G function can be found in the Supplementary Material. We set Aw,max = 300 pT (corresponds to intense chorus waves in the radiation belts (e.g., Agapitov O. V. et al., 2018; Zhang et al., 2018; Tyler et al., 2019)), f1 = 600 Hz, f2 = 1,350 Hz, δf1 = 10 Hz, and δf2 = 10 Hz. With Aw0 given, Eq. 11 is solved for Aw. To represent latitudinal characteristics for field-aligned propagating chorus waves, an additional factor of a latitudinal profile of the wave amplitude is added as G (λ; λ1, λ2, δλ1, δλ2), with λ1 = 1°, λ2 = 28°, δλ1 = 0.1°, and δλ2 = 0.1°. Using the prescribed amplitude profile and the obtained wave phases, complex amplitudes of the six electromagnetic components can be obtained and then test particle equations above can be solved.
Figure 3C shows the solution for the ducted chorus wave amplitude. The wave amplitude Bw is nearly constant in the z−t regime of the chorus wave field, expect the lower and higher latitude boundaries due to the introduced latitude-dependence term G (λ; λ1, λ2, δλ1, δλ2) and the lower and higher time boundaries due to the frequency-dependence term G (f; f1, f2, δf1, δf2). The introduction of the latitude-dependence term mimics the chorus growth near the equator and ensures the test particles are launched before the chorus wave field perturbation occurs, and the test particles, if not reaching the atmospheric loss boundary, are terminated after the chorus wave field perturbation ends. By doing so, the effect of chorus wave field perturbation on electron flux can be evaluated.
Figure 2 shows modeled electron distribution at two virtual LEO satellites, which are placed at northern and southern foot points of L = 5.5 at 500 km altitude. The electrons accessing these locations are reorganized to obtain the full velocity distribution as a function of t at the two locations, respectively. The distribution is then used to calculate derived quantities, such as omni-directional differential flux, precipitating flux (the averaged flux over the solid angle within the loss cone), and trapped flux (the averaged flux over the solid angle beyond the loss cone). Figures 2A,B shows the omni-directional differential flux at the two, northern and southern, LEO satellite locations. One can see flux enhancement with energy from 50 up to 400 keV. The flux enhancement first appears 0.5–1 s at the southern location (Figure 2B), then over 1.2–1.7 s at the northern location (Figure 2A), and then again near 1.7 s at the southern location (Figure 2B). Such a series have been identified previously (e.g., Chen et al., 2020) as bouncing microburst packet. The initial flux enhancement is caused by cyclotron resonance of southward moving electrons with a northward propagating chorus element, which leads to a net transport towards smaller pitch angle. To resonate with the northward propagating chorus wave, electrons must be counter-moving to the south in order to satisfy the Doppler-shifted resonance condition with n = −1. Such initial flux enhancement occurs for both precipitating flux and trapped flux near 0.5–1 s in the southern hemisphere (Figure 2D). The subsequent flux enhancements, which corresponds to enhanced trapped flux only (Figures 2C,D), is caused by bounce motions of the enhanced trapped flux in the initial flux enhancement (See more detailed explanation on electron bouncing packets in Chen et al. (2020)). The ratio of precipitating to trapped flux is only significant in the southern location during the initial enhancement. The ratio decreases for higher energy, from as high as 2 at 50 keV, near 1 at 100 keV, and to a fraction near 300 keV (Figure 2D). The ratio exceeding unity at the low energy demonstrates nondiffusive transport in pitch angle, as a signature of nonlinear wave-particle interaction (Chen et al., 2020). Figures 2E–J shows the pitch angle distribution of electron unidirectional different flux at 70 keV, 100 and 300 keV. One can see full loss cone distribution (at electron energy, e.g., 70 keV in Figure 2F and 100 keV in 3 h) when the ratio of precipitating to trapped flux is 1 and above while partial loss cone corresponds to the case with the ratio being a fraction (at electron energy, e.g., 300 keV in Figure 2J). As expected, the ratio is zero for a completely empty loss cone. The simultaneous enhancement of trapped flux and precipitating flux (Figures 2F,H,J) is caused by the induced transport from the larger αeq into the loss cone. Although short-lived, the chorus element can produce the permanent change to trapped electron distribution via bouncing packets, in addition to impulsive precipitation.
4 NONDUCTED CHORUS WAVES
An extension is made from the ducted chorus wave case to the case allowing nonducted propagation of chorus waves across magnetic field lines. Nonducted propagation is modeled by solving the following ray tracing equations (e.g., Horne, 1989):
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where D (k, ω, r) = 0 is the local dispersion relation, the right-handed side of the first equation is the general definition of the wave group velocity vg, and the fourth equation for wave amplitude Aw takes into account wave attenuation as a result of Landau damping due to the suprathermal electron population during oblique propagation. The suprathermal electron model used is based on THEMIS statistical observations of electron distribution over the energy range from ∼0.1 to 26 keV (see detail in Section 3 of Chen et al., 2013a). The ray tracing HOTRAY code (Horne, 1989) is used to calculate the nonducted propagation paths of whistler mode waves in a smoothly-varying plasma, and to evaluate the path integrated gain, which represents the relative change of wave amplitude. The ray tracing method assumes that the spatial scales of the medium, notably the plasma density and magnetic field, are large compared to the wavelength, and that their spatial gradients remain continuous. Like Section 3, the diffusive equilibrium density model (Bortnik et al., 2011) is used.
Say a ray with frequency ω0 is launched at a source location r0 and initial wave vector k0 at time t0. The ray is labeled by the set of initial parameters (ω0, t0, r0, k0), subject to two constraints. First, the launch time t0 depends on ω0 according to the prescribed chorus frequency-time profile at the source location r0. Second, the local dispersion relation is satisfied initially, D (k0, ω0, r0) = 0. The ray tracing equations are solved numerically; the solution can be obtained: ω = ω0, and symbolically r = r (t; ω0, t0, r0, k0), k = k (t; ω0, t0, r0, k0), and Aw = Aw (t; ω0, t0, r0, k0), subject to the constraint D (k, ω, r) = 0.
It should be noted that the solution of r = r (t; ω0, t0, r0, k0) provides characteristic curves (ray paths) for the following two equations for ω and Aw
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The two equations are equivalent to Eqs. 17, 18, with the directive derivative [image: image]. With the aid of Eqs. 5, 6, ϕ along the ray path r = r (t; ω0, t0, r0, k0) can be obtained as
[image: image]
where ϕ0 = ϕ0 (t0, r0) is the initial phase at r0 and at t = t0. The solution of Aw can be written in an alternative fashion as
[image: image]
where Aw0 = Aw0 (t0, r0) is the initial amplitude at r0 and at t = t0.
For 3D space in r, the initial conditions Aw0 and ϕ0 over a 2D spatial area (spanned by r0) of the wave source are needed as input. For a simpler case of 2D propagation on the meridian plane at a fixed local time, the initial conditions over a 1D curve (spanned by r0) of the wave source are needed. Hereafter we will limit the nonducted propagation on a meridian plane. Let us consider a chorus element at the equator at magnetic local time (MLT) of 6 h with wave amplitude peak at a L-shell value of Lc = 5.5 and a Gaussian width of δL = 0.05 RE (corresponding to 320 km). The chosen location is consistent with the location of the microburst occurrence rate peak during geomagnetic active conditions (Douma et al., 2017) and the choice of the δL value is consistent with the mean spatial width of chorus wave elements (Shen et al., 2019). The source wave amplitude Aw0 ( f, L0) = Aw,max × G ( f; f1, f2, δf1, δf2) × G (L0; Lc, Lc, δL, δL). Without the loss of generality, the initial wave phase ϕ0 is set to 0. To ensure sufficient chorus rays, we use 51 launch locations with L0 from 5.25 to 5.75 in the spacing of 0.01 and 81 frequencies f from 600 to 1,400 Hz with spacing of 10 Hz. In total, 4,131 ray paths (characteristic curves) are traced. ϕ, Aw, and k along those paths are interpolated to reconstruct the corresponding 3D distributions in time t and position r (on the meridian plane), which are then fed into the test particle Eqs. 1–4.
Figure 4 shows examples of three rays launched at the equator on different field lines. As the rays propagate away from the equator, wave normals refract outward due to the dipole magnetic field (Figure 4C), i.e., k⊥ is pointed outward during wave propagation. Whether whistler-mode ray paths bend outward or inward depends on perpendicular wave group velocity (vg⊥) direction (e.g., Smith et al., 1960), which depends on wave frequency and wave normal angle. For ω > Ω/2, vg⊥ is always anti-parallel to k⊥ and thus is pointed inward. For ω < Ω/2, when the wave normal angle is smaller (larger) than the Gendrin angle, the vg⊥ direction is parallel (anti-parallel) with k⊥, which corresponds to outward (inward) bending of ray paths. Therefore, ray paths of the lower band chorus waves with initially parallel wave normal at the equator generally bend outward and toward larger L (as shown in Figures 4A–D). As wave normal increases, so does Landau damping. At the latitude of 20°, wave normal angles reach above 50° and path-integrated gain reaches below −20 dB. The same features can be also seen in the solution of nonducted chorus wave amplitude and wave normal angles as shown in Figure 5. In addition, chorus wave intensity is maximized at L = 5.5 near the equator, as chorus wave propagates outward, wave intensity peak is weakened and shifts toward higher latitude with more oblique wave normal angles. During wave propagation away from the equator, the nonducted chorus wave can extend to a higher L-shell, beyond the transverse range at the equator, and consequently is capable of interacting with electrons over a larger L range than the ducted chorus wave. However, due to Landau damping, the nonducted chorus wave intensity is mostly confined over λ < 20° and L < 5.8. It is also noted that the chorus wave above λ ∼ 10° is available only beyond L = 5.5 because of the outward propagation of wave energy and the limited chorus transverse size, while the chorus wave is confined near the equator near L ∼ 5.5. Bottom panels of Figure 5 show the corresponding solution for wave frequency. One can see frequency chirping evolve as chorus waves propagate away from the equator.
[image: Figure 4]FIGURE 4 | Examples of ray tracing simulation for rays with 700 Hz. (A) ray paths of rays launched at the equator with initial L = 4.45 (blue), 5.5 (green) and 5.55 (red). (B) wave gain, (C) wave normal angle and (D) L-shell as a function of magnetic latitude λ.
[image: Figure 5]FIGURE 5 | Solution of nonducted chorus elements, wave amplitude Bw(top panels), wave normal angles (middle panels), and wave frequency (bottom panels) as a function of t and λ, along selected field lines with L values from 5.42 to 5.80 (A–J).
Figure 6 shows the response of electron omni-directional fluxes at the two LEO satellite locations along different L values (represented by different columns). Due to the tendency of outward propagation of nonducted chorus waves, the responses are asymmetric with respect to the central location Lc of the equatorial chorus wave source, with more pronounced flux enhancement over a broader energy range outside Lc than inside Lc. The chorus waves are capable of inducing electron responses at the southern footpoints over a L range from 5.45 to 5.7, a factor of 5 greater than the transverse size δL (= 0.05) of the equatorial chorus waves. The perturbation of the omni-directional flux is hardly visible in the northern footpoints. The corresponding ratios of precipitating to trapped electron fluxes are shown in Figure 7. The ratios at the southern footpoints can be on the order of 1 over the energy range of 50–70 keV over the L range from 5.45 to 5.6. For higher energy range, the ratios becomes smaller and the corresponding L range becomes narrower. Such enhancement in electron precipitation at the southern hemisphere is induced by the principal cyclotron resonance (n = −1) with the chorus waves. At the northern footpoints, the enhanced electron precipitating-to-trapped flux ratios are on the order of 0.01–0.1 at the outer L-shell with L > 5.5, which was caused by anomalous cyclotron resonance with n = +1 (requiring northward moving electrons). The anomalous cyclotron resonance requires significant wave intensity at oblique angles, and therefore favors the outer L shells. These ratios are lower than those associated with the n = −1 resonance because the intensity of the oblique waves is less than that of the equatorial waves. Figure 8 shows pitch angle distribution of electron fluxes at a selected energy 70 keV. One can see partial and full loss cone (over the local pitch angle range from 118° to 180°) at the southern footpoints over the L range where chorus wave intensity remains strong, while at the northern footpoints, the loss cone in the pitch angle range below 62° is only slightly filled. The comparison of those pitch angle distributions is consistent with the precipitating-to-trapped flux ratio values shown in Figure 7.
[image: Figure 6]FIGURE 6 | Modeled electron fluxes at virtual northern (top panels) and southern (bottom panels) LEO satellites due to the presence of the nonducted wave shown in Figure 5 at selected field lines with L values from 5.42 to 5.80 (A–J).
[image: Figure 7]FIGURE 7 | Modeled ratio of precipitating to trapped electron fluxes at virtual northern (top panels) and southern (bottom panels) LEO satellites due to the presence of the nonducted wave shown in Figure 5 at selected field lines with L values from 5.42 to 5.80 (A–J).
[image: Figure 8]FIGURE 8 | Modeled pitch angle distribution of electron fluxes for a fixed energy 70 keV at virtual northern (top panels) and southern (bottom panels) LEO satellites due to the presence of the nonducted wave shown in Figure 5 at selected field lines with L values from 5.42 to 5.80 (A–J).
The following four points are worth-noting when making comparison between ducted chorus waves and nonducted chorus waves. First, ducted chorus waves are capable of reaching higher latitude than nonducted chorus waves, and therefore are capable of inducing the electron precipitation at higher energy. Second, nonducted chorus waves can spread wave energy toward outer L-shell and becomes more oblique, Therefore, the electron precipitation, although at lower energy, will be induced over a spatial region a factor of several larger than the size of source chorus waves at the equator. Third, because of obliqueness, nonducted chorus waves introduce additional anomalous cyclotron resonance, as well as many higher order resonances that are generally less effective in electron scattering for moderately oblique waves (e.g., Shprits and Ni, 2009). The degree of outward propagation and wave obliqueness depends on the strength of Landau damping, which increases with L and Kp index and which is greater at nightside than dayside (Chen et al., 2013b). For a strong Landau damping case (such as nightside), one may expect more confinement of chorus waves at the equator, narrower L-shell spreading, less anomalous cyclotron resonance effect, and electron precipitation at lower energy. On the other hand, for a weak Landau damping case (such as morning side), one may expect more wave energy at higher latitudes, and spreaded wave intensity over a broader L range, electron precipitation at higher energy, and more significant anomalous cyclotron resonance effect. One can see the effects of the reduced Landau damping by comparing Figure 7 with Supplementary Figure S2 of Supplementary Material, where the Landau damping rate γL is halved. Fourth, for a given energy, nonducted chorus waves tend to introduce a narrower microburst duration compared with the ducted waves. That is because nonducted chorus waves at any given frequency only retain wave energy at a given L over a latitudinal range much narrower than the ducted waves along the same field. This reason also explains the difference in the energy dispersion of electron microbursts due to the ducted (Figure 2B) and nonducted chorus waves (Figure 6).
5 CONCLUSION AND DISCUSSION
We model electron flux response (including trapped and precipitating electrons) due to ducted and nonducted chorus elements and make comparison of the induced electron precipitation between the two cases. Our principal conclusions are summarized as follows:
• A dynamic model of nonducted chorus propagation is developed. In comparison with ducted chorus, nonducted chorus tends to be more confined near the equator, with wave energy decaying and propagating outward while propagating away from the equator.
• A numerical model of electron flux variation to nonducted chorus elements is developed. Such a model is valuable when interpreting the cause of microburst flux and predicting electron flux variation at a virtual observation.
• Distinct electron precipitation patterns due to the nonducted chorus waves are identified. Comparing with ducted chorus waves, nonducted waves tend to produce electron microbursts at lower energy, over a shorter duration, and over a broader L-shell region, and can trigger different resonance mechanisms (in additional to the principal resonance with n = −1).
There exist three factors that affect nonducted wave propagation and wave intensity. First, Landau damping shows strong dependence on L and MLT and Kp (Chen et al., 2012). Severe Landau damping limits the chorus wave intensity at high latitude and reduces the obliqueness of chorus waves. Second, wave propagation depends on the background plasma density variation, such as strong density gradient near the plasmapause. Third, the transverse size δL of equatorial chorus waves is another important factor. For a larger size, the off-equatorial chorus waves can obtain higher intensity. One can see the effects of increased δL by comparing Figure 7 with Supplementary Figure S3 of Supplementary Material, where δL is doubled.
Our study is limited to the case of nonducted propagation on the meridian plane here. Whistler waves have been shown to be confined near a meridian plane except there exists strong azimuthal density gradient such as near the plasmapause or near the plume region. When needed for those cases, our model is capable of extending to a more general three spatial-dimension case. The presented comparison of microburst characteristics due to ducted and nonducted chorus waves will be valuable when interpreting the LEO observation of microburst structures. Our model is capable of revealing both temporal and spatial structures of induced electron precipitation.
The Landau damping can be significantly reduced by field-aligned electron beams or plateaus (see Ma et al., 2017) that are frequently observed around chorus generation regions (probably as an ionospheric response to electron precipitation by whistler waves, see Nishimura et al. (2015); Artemyev and Mourenas (2020)). Such reduced damping is associated with observations of very oblique chorus waves around the equatorial plane (e.g., Agapitov et al., 2016; Li et al., 2016b) and at middle latitudes Agapitov et al. (2013). The presented model results suggest that very oblique wave generation and propagation without significant damping also may generate microburst precipitation. Further simulations and model comparison with low-altitude spacecraft measurements will be required to reveal relative contributions of electron losses by different chorus wave modes (ducted waves, nonducted moderately and strongly oblique waves) for different electron energy ranges and geomagnetic conditions. To assess overall contribution of chorus waves to the radiation belt losses, relative occurrences of different chorus wave modes should be quantified separately, which is left for future exploration.
Finally, the development of nonducted chorus wave model, which is based on the solution of ray tracing, can be applied to model other coherent plasma waves, such as whistler waves due to lightning activities and from ground transmitter signals. The wave model allows flexible input on initial wave properties, and therefore is ideal for modeling a specific event with constraint by the observation. The general test particle equations can be used for modeling the effect of nonlinear wave particle interaction over a time scale of bounce periods. Results of such short-term simulation can be generalized for a long-term evolution due to nonlinear wave-particle interaction, by including test particle results into the modified Fokker-Planck equation describing phase trapping as a probabilistic process through the Green function approach (e.g., Omura et al., 2015), nonlocal transport operator (e.g., Artemyev et al., 2018), or the Markov chain method (e.g., Zheng et al., 2019).
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