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Abstract

In this paper, we present a two-step strategy to quantify

wave-particle interactions between chorus and radiation

belt electrons. The first step consists of 2-D self-consistent

simulations of whistler-mode wave excitation due to elec-

tron temperature anisotropy in the inner magnetosphere and

its propagation in a meridional plane. The second step con-

sists of test-particle simulations to characterize the interac-

tion between an individual chorus packet and radiation belt

electrons. Whistler waves at dawn are excited at the equa-

tor and propagate poleward, their wavenormal angle rotates

outward and the packets propagate to higher L-shells. Wave

interaction with ∼100 keV electrons caused concurrent ac-

celeration and increase of pitch-angle. The interaction with

∼1 MeV electrons causes pitch-angle scattering into the

loss cone in a manner that is not purely explained by a res-

onant interaction.

1 Introduction

Whistler-mode chorus is a discrete (narrowband) emis-

sion, typically observed in the inner magnetospheric re-

gion coincident with the outer radiation belt (i.e., between

4. L. 7) [1], and it is typically a dawn-sector phenom-

ena. They are excited by electron cyclotron resonance

of energetic electrons (from a few to tens of keVs) in-

jected from the plasmasheet and drifting through that region

[2]. Equatorial chorus (located within the magnetic lati-

tude range |λ |< 15◦) is typically observed between mid-

night and dawn, while higher-latitude chorus (|λ |> 15◦) is

mostly observed in the morning sector [1, 3].

Chorus is typically observed between 0.1 and 0.8 Ωe (where

Ωe corresponds to the equatorial gyrofrequency of elec-

trons), which is roughly equivalent to frequencies between

∼100 Hz to 5 kHz in the inner magnetosphere [4]. A

salient feature of whistler waves is their dispersive nature,

appearing as rising or falling tones in a spectrogram (i.e.,

dω/dt >0 or <0 where ω is the wave frequency) [5]. But

extensive measurements of individual narrowband chorus

elements indicate that they not only appear as rising or

falling tones, but also as a combination of both (so-called

hooks, regular and inverted, and constant tones), or struc-

tureless [6].

Whistler-mode chorus has been extensively studied to

quantify its role in the population balance of the Earth’s

radiation belts [2, 7]. Chorus waves can resonantly inter-

act with trapped radiation belt electrons leading to pitch-

angle scattering. For MeV electrons in the vicinity of the

loss cone, this interaction can lead to electron loss to the

atmosphere [8]. Indeed, chorus elements have been cor-

related both spatially and temporally with microburst-type

relativistic electron precipitation [9]. Depending on their

energy and pitch-angle, electrons interacting with a chorus

element might either gain or lose energy from the wave.

Therefore, besides driving pitch-angle scattering losses,

chorus waves can locally accelerate electrons to MeV en-

ergies, via doppler-shiftted cyclotron resonance [10].

In this paper, we present a two-step strategy to quan-

tify wave-particle interactions between chorus and radia-

tion belt electrons. The first step consists of 2-D self-

consistent simulations of whistler-mode wave excitation

due to electron temperature anisotropy in the inner magne-

tosphere. Our hybrid code is designed to capture the gener-

ation and propagation of discrete, high-amplitude whistler-

mode wave packets, inspired by observations of high am-

plitude chorus waves [11]. The second step consists of run-

ning test-particle simulations to characterize the interaction

of individual chorus packets with radiation belt electrons.

2 Model Formulation

Simulation results presented in this paper are obtained us-

ing a hybrid fluid/particle-in-cell computer model [12, 13,

14]. The model treats the hot, anisotropic (i.e., ring cur-

rent) electron population as particles and the background

(i.e., the cold, inertialess) electrons as a fluid. Since the hot

electrons are only a small fraction of the total population

and the cold electrons are assumed to be inertialess, warm

(and isotropic) particle electrons are added to the simula-

tion to increase the fraction of particles with mass. We are

interested in simulating time intervals up to ∼1000 Ω−1
e ,

which are less than 10% of the proton gyroperiod. There-

fore, we can treat ions as a fixed background of positive

charge density. The plasma transport equations are coupled

to Maxwell’s equations and solved in a (2-D) meridional

plane. The plasma initial conditions used in the simulation

are listed in Table 1.
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Figure 1. The simulated cartesian meridional plane (Y,Z) at dawn (a) and (X ,Z) at noon (b). Panels (a) and (b) are presented

in solar magnetic (SM) coordinates (X ,Y,Z) normalized to a distance L0RE, where L0 can represent any L-shell of interest (e.g.,

L0 ∼ 5.5 as discussed in the text) and RE is the Earth radius. Panel (c) shows how the SM coordinates map to the curvilinear

coordinates (q,r), with solid and dashed colored lines corresponding to constant r and q values, respectively. Panels (a) and

(b) are, respectively, the pure and compressed dipole cases referred to in the manuscript. The grey curve in panels (a) and (b)

shows a dipole field line that intercepts the equatorial plane at L0RE, just for reference.

Table 1. Simulation Initial Conditions

Electrons Positive

Parameters Hot Warm Cold Ions

Mass (me) 1 1 0 ∞

Density (cm−3) 0.23 0.38 3.19 3.8

T‖ (keV) 15 0.01 0 0

T⊥/T‖ (keV) 3 1 1 1

The formation and propagation of whistler-mode chorus

waves is heavily determined by the geometry of the back-

ground geomagnetic field. Additionally, chorus waves ob-

served at nightside vs. dayside appear to have a signifi-

cant difference in their latitudinal distribution, as discussed

in Section 1. Therefore, it is desirable to design a coor-

dinate system for whistler-mode wave simulation that can

follow the topological curvature of the Earth’s magnetic

field in both the nightside and dayside magnetosphere, i.e.,

with variable dipolar field curvature from stretched to com-

pressed field lines [15]. For the ease of computational im-

plementation we define our geomagnetic field in a given

meridional cross section according to the following analyt-

ical expression [16, 15]:

~B = R̂

(

−
2B0

R3
+ b1

)

sinλ + λ̂λλ

(

B0

R3
+ b1

)

cosλ , (1)

where R is the radius normalized to the central L-shell

L0RE, and λ is the latitude. The only differences between

equation (1) and the usual dipole field expression are the

terms proportional to the compression factor b1. By simply

tuning the value of b1, one can construct regular (b1 = 0),

compressed (b1 > 0), or stretched (b1 < 0) dipolar field ge-

ometries.

Figure 1a shows the simulated region corresponding to the

a pure dipolar field geometry representative of the dawn

sector. As an illustration we also show in Figure 1b the

compressed-dipole configuration that corresponds to local

noon (for more details see [14]). Figure 1c shows the corre-

sponding curvilinear coordinate system (q,r,φ) used in this

paper, where q is a measure of distance along the field lines,

r is the L shell (normalized to the central one L0), and φ is

the azimuthal angle.

3 Self-Consistent Simulation of Chorus Exci-

tation and Propagation

Figure 2 shows the wave development for the pure dipole

background field geometry, that best represents local dawn

(b1 = 0). The figure shows the Bφ component of the wave

magnetic field at three different times, t Ωe = 200, 300, and

400. The figure is shown in the coordinate system of Fig-

ure 1c. In Figure 2 we can see the wave development

starting at the equator and propagating towards the iono-

sphere (with a wave vector initially almost parallel to the

field lines), which is in agreement with the linear dispersion

analysis (see Figure 3 of [14]) and with the typical behav-

ior of midnight-to-dawn chorus as reported by a number of

observational investigations [17, 18].
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Figure 2. Evolution of out-of-plane magnetic field component Bφ . Different panels represent time instants tΩe = 200 (a), 300

(b), and 400 (c). The plots are shown in the computational space (q,r). On the right we show the latitude for the central L-shell,

λc, for reference.

We can also see that the wave packets start to deviate out-

wards (in the direction of increasing r) as they reach ∼5◦

latitude. This effect was previously discussed by [13, 14]

and is associated with wave refraction in a plasmatrough-

like cold electron density background (ncold(r)∝ L−4). The

direction of wave energy propagation, with respect to the

background magnetic field, is dictated by a balance between

the plasma density gradient and magnetic field curvature.

The former deflects waves inward, while the latter deflects

them outward [19]. A sharper density gradient would pro-

duce waves that tend to stay parallel to the field lines, while

a smoother gradient (e.g., ncold(r) = constant) would allow

waves to refract outward even more. For a comparison be-

tween these wave fields at dawn with a simulation at noon,

we guide the readers to a previous publication [14].

4 Characterizing Wave-Particle Interactions

We also ran test-particle simulations through the whistler-

mode wave fields shown in Figure 2. We selected only

the time interval of highest wave power between 200–

300 Ω−1
e (i.e., ∆t = 100 Ω−1

e ). The test particles were two

Maxwellian populations of average kinetic energy 100 keV

and 1 MeV, the so-called seed and relativistic radiation belt

electrons, respectively. We tracked the changes in energy

(E) and equatorial pitch-angle (αeq) from the beginning

to the end of the simulation. Aided of that information,

we calculated diffusion coefficients in the format DEE =

〈∆E2〉/2∆t and Dαα = 〈∆α2
eq〉/2∆t. The results are shown

in Figure 3.

The curves overlaid in the figure mark the rela-

tivistic resonance condition ω − k‖v‖ = nΩe/γ , where

n = 0,±1,±2, . . . . The resonance curves are calculated for

a parallel-propagating wave at the equator with a frequency

of ω = 0.4 Ωe, which is representative of the waves obtained

in our self-consistent simulation (see Figures 3d and 8a of

[14]). It can be seen from Figures 3a–3b that the n = 1 res-

onance explains very well the changes in energy and pitch-

angle for the 100 keV counterstreaming electrons (with ini-

tial αeq >90◦). The change in energy and pitch angle hap-

pens concurrently indicating a perpendicular acceleration.

For the MeV electrons (Figures 3c–3d), the diffusion co-

efficient maps also seem to follow the resonance curves,

with exception of the high diffusion rate at low anti-parallel

pitch-angles and high energies. This behavior is shown in

the upper-right corner of Figure 3d and it is indicative of

nonresonant wave-particle interactions.

Further work is required to fully characterize the reso-

nant and nonresonant wave-particle interactions between

whistler-mode chorus and radiation belt electrons.
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