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Abstract Frequency distribution is a vital factor in determining the contribution of whistler mode
chorus to radiation belt electron dynamics. Chorus is usually considered to occur in the frequency range
0.1–0.8fce_eq (with the equatorial electron gyrofrequency fce_eq ). We here report an event of intense
low-frequency chorus with nearly half of wave power distributed below 0.1fce_eq observed by Van Allen
Probe A on 27 August 2014. This emission propagated quasi-parallel to the magnetic ﬁeld and exhibited
hiss-like signatures most of the time. The low-frequency chorus can produce the rapid loss of low-energy
(∼0.1 MeV) electrons, diﬀerent from the normal chorus. For high-energy (≥0.5 MeV) electrons, the
low-frequency chorus can yield comparable momentum diﬀusion to that of the normal chorus but much
stronger (up to 2 orders of magnitude) pitch angle diﬀusion near the loss cone.

1. Introduction
Whistler mode emission is one of the most intense and widespread electromagnetic waves in the inner
magnetosphere. In the low-density plasmatrough, whistler mode chorus waves can be excited by the
substorm-injected anisotropic suprathermal electrons near the geomagnetic equator [Kennel and Petschek,
1966; Helliwell, 1967; Thorne and Kennel, 1967; Tsurutani and Smith, 1974; Li et al., 2009; Su et al., 2014a]. These
waves normally occur in the frequency range 0.1–0.8fce_eq with a gap around 0.5fce_eq (with the equatorial
electron gyrofrequency fce_eq ) [Tsurutani and Smith, 1974; Santolík et al., 2003a]. According to their appearance
in frequency-time spectrogram, they are divided into discrete and hiss-like emissions [Li et al., 2012]. The
former exhibits a series of coherent rising (or falling) tones, but the latter appears to be structureless
[Santolík et al., 2004, 2009]. These spectral characteristics of chorus waves may be controlled by the background magnetic ﬁeld inhomogeneity [Katoh and Omura, 2013]. Chorus waves can propagate toward higher
latitudes, refract into the high-density plasmasphere, experience the local ampliﬁcation by energetic electrons, and evolve into plasmaspheric hiss [Bortnik et al., 2008a, 2009, Chen et al., 2012; Li et al., 2015; Su
et al., 2015]. Plasmaspheric hiss is usually observed as a broadband, structureless, and incoherent whistler
mode emission in the frequency range from 100 Hz to several kilohertz [Russell et al., 1969; Thorne et al.,
1973; Hayakawa and Sazhin, 1992; Summers et al., 2008]. Interestingly, some plasmaspheric hiss can leak back
into the plasmatrough and transform into structureless exohiss [Thorne et al., 1973], as shown in previous
simulations [Bortnik et al., 2008a] and observations [Zhu et al., 2015]. Recently, the whistler waves with large
amplitudes have been reported [Cattell et al., 2008; Cully et al., 2008; Wilson et al., 2011; Kellogg et al., 2011].
Most of these waves are quasi-monochromatic and bursty and occur near or within the plasmasphere [Kellogg
et al., 2011], diﬀerent from the previously mentioned chorus/hiss/exohiss waves. A small part of these waves
with frequency drifting in time outside the plasmasphere are probably the chorus waves [Wilson et al., 2011].
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Quasi-linear diﬀusion theory is widely adopted to quantify the wave-particle interaction in the radiation belt
[e.g., Albert et al., 2009; Shprits et al., 2009; Su et al., 2010; Glauert et al., 2014; Tu et al., 2014]. The calculation of quasi-linear diﬀusion rates requires information about the time-averaged wave frequency distribution
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Figure 1. Low-frequency chorus event recorded by Van Allen Probe A on 27 August 2014: (a) geomagnetic indices Dst
(black) and AE (red), (b) electric power spectral density Ef2 in the frequency range of 10 to 500 kHz, (c) magnetic power
spectral density B2f in the frequency range of 0.01 to 10.0 kHz, and (d) observed (black) and modeled (red) wave
frequency distribution (with frequency scaled by fce_eq from the locally measured ﬁeld) during 18:00–20:00 UT. White
lines in Figure 1c mark 0.5fce_eq and 0.1fce_eq from the locally measured ﬁeld (solid) and the TS04D [Tsyganenko and
Sitnov, 2005] geomagnetic ﬁeld model (dashed). Note that the L values are determined in the TS04D model.

[Horne and Thorne, 1998; Summers et al., 1998]. In many previous statistical [e.g., Horne et al., 2005a, 2013] and
event [e.g., Summers et al., 2002; Horne et al., 2005b; Shprits et al., 2006; Thorne et al., 2013; Artemyev et al.,
2013a; Su et al., 2014a, 2014b, 2014c; Xiao et al., 2015] studies, the time-averaged wave power of chorus has
been considered to be distributed mainly in the frequency range above 0.1fce_eq .
Recently, the “low-frequency” (< 0.1fce_eq ) chorus has been found to commonly occur during intervals of high
AE and near the minimum Dst of geomagnetic storms [Cattell et al., 2015]. However, its ﬁne structure and role
in radiation belt electron dynamics still remain to be investigated in detail. In this letter, we focus on an event
of intense low-frequency chorus observed by Van Allen Probe A [Mauk et al., 2013] in the dawnside equatorial
region. In section 2, we adopt the onboard spectral matrix data to obtain the time-averaged frequency distribution of chorus. In section 3, we use the high-resolution waveform data to identify the ﬁne structures of
chorus. In section 4, we perform the quasi-linear calculations to evaluate its potential eﬀect on radiation belt
electrons. In section 5, we summarize the obtained results and discuss the limitations of this study.

2. Event Overview
Figure 1 shows an overview of this low-frequency chorus event observed by Van Allen Probe A on 27 August
2014. A moderate geomagnetic storm occurred with prolonged strong substorm activities (Figure 1a). The
wave power spectral density (PSD) was recorded by the High Frequency Receiver (Figure 1b) and Waveform
Receiver (Figure 1c) of the Electric and Magnetic Field Instrument and Integrated Science (EMFISIS) Waves
suite [Kletzing et al., 2013]. Around 16:45 UT, the probe A went through the plasmapause into the plasmatrough region, as indicated by the step variation of upper hybrid band in Figure 1b [Kurth et al., 2014]. Before
18:00 UT, the chorus wave power was restricted in the frequency range 0.15–0.5fce_eq , generally consistent
with the previous normal chorus wave model [e.g., Horne et al., 2005a, 2013]. Around 18:00 UT, the central
frequency of chorus band dropped abruptly. During the following 2 h, the probe A continuously detected
the chorus waves with power partially or even fully distributed below 0.1fce_eq in the dawnside (magnetic
local time (MLT) = 4.1–5.7) equatorial (magnetic latitude (MLAT) <5∘ ) region. After 20:00 UT, the wave central
frequency gradually rose up. The time-averaged wave spectrum of the low-frequency chorus is shown
in Figure 1d. We perform a linear interpolation of observation data (circles) to obtain the wave PSDs on
GAO ET AL.
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Figure 2. Waveforms for (a–f ) discrete and (g–l) hiss-like chorus emissions. Note that the strong impulses around
18:09:32 and 18:33:32 UT in Figures 2e, 2f, 2k, and 2l are not chorus waves.

25 frequency grids evenly spaced over the range 0.01–0.25fce_eq at every time point, average the interpolated
PSDs during the time range 18:00–20:00 UT, and ﬁt the averaged PSDs (red dots) by a Gaussian-type spectrum
(red line). The averaged wave spectrum had the amplitude Bt = 0.126 nT, the central frequency fm = 0.11fce_eq ,
and the half-width Δf = 0.034fce_eq . Clearly, in contrast to the normal chorus with wave power distributed
mainly above 0.1fce_eq [e.g., Horne et al., 2005a, 2013], the present low-frequency chorus possessed nearly half
of the wave power below 0.1fce_eq .

3. Fine Structures
During the time range 18:00–20:00 UT, there were 21 blocks of burst-mode waveform data with the clear
chorus signatures. Each waveform covered ∼6 s with a sampling rate of 35 kHz. The discrete rising-tone chorus
was recorded in 4 data blocks, and the hiss-like chorus was recorded in the other 17 data blocks.
Two examples of burst-mode chorus waveforms around 18:09:33 UT and 18:33:33 UT are exhibited in Figure 2.
These waveforms have been transformed from the spinning spacecraft system to the local magnetic ﬁeld
coordinate system. Z axis was parallel to the background magnetic ﬁeld, and X and Y axes were perpendicular
to the background magnetic ﬁeld. We perform the fast Fourier transform on waveforms to obtain the magnetic and electric PSDs of chorus and then adopt the singular value decomposition (SVD) method [Santolík
et al., 2003b] to estimate the wave normal angle, ellipticity, and planarity (Figure 3). For the discrete chorus
(Figures 3a and 3b), only a small part of wave power was distributed below 0.1fce_eq . These rising tones corresponded to those wave packets in Figures 2a–2f, which had the sweeping frequency at the rate of ∼6 kHz/s
and repeated with a period of ∼0.3–1.0 s. Such frequency sweeping rate and repetition period were comparable to those of normal chorus waves [Helliwell, 1967; Santolík et al., 2004]. The instantaneous wave amplitude
reached up to ∼1 nT, and the waveform appearance was similar to that of previously reported large-amplitude
chorus [Cattell et al., 2008; Santolík et al., 2014]. For the hiss-like chorus (Figures 3f and 3g), the majority of wave
power was distributed below 0.1fce_eq . It had comparable amplitude to that of discrete chorus but contained
GAO ET AL.
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Figure 3. Fine structures for (Figures 3a–3e) discrete and (Figures 3f–3j) hiss-like chorus emissions: (a, b, f, and g) power
spectral density, (c, h) wave normal angle, (d, i) ellipticity, and (e, j) planarity. Black lines in Figures 3a, 3b, 3f, and 3g mark
0.1fce_eq and lower hybrid frequency fLH from the locally measured ﬁeld (solid) and the TS04D geomagnetic ﬁeld model
(dashed). Wave normal angle, ellipticity, and planarity are only shown for the corresponding power spectral density
B2f > 1 × 10−4 nT2 ∕Hz.

no observable elements which can also be interpreted from the waveforms in Figure 2g–2l. For these waveforms, the planarity (Figures 3d and 3i) was high (close to 1), allowing the application of SVD method. The
estimated wave normal angles from SVD process were generally below 30∘ (Figures 3c and 3h), qualitatively
consistent with that the parallel perturbations were much smaller than their corresponding perpendicular
perturbations in Figure 2. The high ellipticity close to 1 (Figures 3d and 3i) indicates that these waves primarily
possessed the right-hand circular polarization.
In Figure 4, we show two more examples of wave spectral distributions for this event. These waves had much
weaker amplitude (0.05–0.20 nT), and their powers were almost fully distributed below 0.1fce_eq . The other
wave characteristics (normal angle, ellipticity, and planarity) were generally consistent with those in Figure 3.

4. Potential Eﬀect on Radiation Belt Electrons
In order to evaluate the eﬀect of low-frequency chorus on radiation belt electrons, we calculate the corresponding quasi-linear bounce-averaged diﬀusion rates using the storm-time evolution of electron radiation
belt code [Su et al., 2011]. The location is set as L = 6 in a dipole-like background magnetic ﬁeld with the
equatorial ﬁeld magnitude B = 100 nT. The upper hybrid frequency or the low-frequency cutoﬀ of continuum
radiation can be used to determine the cold electron density [Kurth et al., 2014]. Unfortunately, in the time
range of interest, both upper hybrid band and continuum radiation appeared to be quite noisy (Figure 1b). A
rough identiﬁcation of the low-frequency cutoﬀ (1.8 × 104 Hz) of continuum radiation during 18:00–20:00 UT
suggests a density upper limit ∼4 cm−3 . In this event, Van Allen Probe A was located at the equator and cannot
accurately determine the latitudinal distribution range of wave power. Considering the uncertainty of wave
latitudinal distribution and cold electron density, we perform a parametric study to evaluate the potential
eﬀect of low-frequency chorus waves on radiation belt electrons.
4.1. Dependence on Latitudinal Distribution
Figure 5 gives the bounce-averaged pitch angle and momentum diﬀusion rates under diﬀerent latitudinal
distribution conditions |𝜆| ≤ 15°, |𝜆| ≤ 20°, |𝜆| ≤ 25°, and |𝜆| ≤ 30°, respectively. Two wave frequency models
GAO ET AL.
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Figure 4. Same as Figure 3 except for another discrete and hiss-like chorus emissions. Wave normal angle, ellipticity, and
planarity are only shown for the corresponding power spectral density B2f > 1 × 10−5 nT2 ∕Hz.

are adopted for ease of comparison: (1) low-frequency chorus characterized in Figure 1d and (2) normal nightside chorus fm = 0.35fce_eq and Δf = 0.15fce_eq [Horne et al., 2005a]. Corresponding ratios of diﬀusion rates for
the two wave models are also exhibited in Figure 5. For both types of chorus emissions, the wave amplitudes
are set to be Bt = 0.126 nT, and the tangents of wave normal angles X = tan 𝜃 are assumed to obey the typical
Gaussian distribution [Horne et al., 2005a] with the center Xm = 0, the half-width Xw = 0.577, the lower cutoﬀ
X1 = 0, and the upper cutoﬀ X2 = 1. The cold electron density is set as 4 cm−3 in these calculations. The wave
amplitude, normal angle distribution, and cold electron density are simply assumed to be unchanged along
the magnetic ﬁeld line, which is an expedient approximation in the absence of accurate information about
the latitudinal distribution of these quantities [e.g., Horne et al., 2005a, 2013; Su et al., 2014c; Xiao et al., 2015].
At 0.1 MeV, diﬀusion rates for the low-frequency and normal chorus waves behave quite diﬀerently. For the
low-frequency chorus, N = 1 order cyclotron resonance dominates at small equatorial pitch angles 𝛼eq < 70°,
while Landau resonance dominates at large equatorial pitch angles 𝛼eq > 70° [Zhu et al., 2015], producing two
discrete diﬀusion peaks around 𝛼eq = 60° and 85∘ . Large pitch angle diﬀusion rates (⟨D𝛼𝛼 ⟩∕p2 > 10−3 – 10−2 s−1 )
can extend to the loss cone, relatively independent of the wave latitudinal distribution. For the normal chorus,
both pitch angle and momentum diﬀusion maximizes at large pitch angles because of the extension of N = 1
order cyclotron resonance to 𝛼eq = 70°. Near the loss cone, pitch angle diﬀusion rates of the normal chorus
are weaker than that of the low-frequency chorus by a factor of 3–50 (dependent on the wave latitudinal
distribution); At large pitch angles (30∘ < 𝛼eq < 70°), momentum diﬀusion rates for the normal chorus were up
to 20 times larger than that for the low-frequency chorus. Such behaviors of diﬀusion rates clearly illustrate
the strong loss eﬀect of low-frequency chorus on low-energy electrons.
At higher energies ≥ 0.5 MeV, diﬀusion rates for the two types of chorus waves show similar behaviors. Both
pitch angle and momentum diﬀusion rates maximize at large pitch angles and decrease with the pitch angle
decreasing. At small pitch angles, pitch angle diﬀusion rates for the low-frequency chorus are stronger than
that for the normal chorus by up to 20–40 times. At large pitch angles, momentum diﬀusion rates for both chorus waves are comparable (less than 2 times diﬀerence). At 5.0 MeV, the eﬀective pitch angle diﬀusion is always
restricted at large pitch angles, allowing the acceleration of trapped electrons. At 0.5 and 1 MeV, the chorus
waves distributed in the latitudinal region 𝜆 ≤ 20° have the weak pitch angle diﬀusion (⟨D𝛼𝛼 ⟩∕p2 < 10−6 s−1 )
near the loss cone, indicating the weak precipitation loss of electrons. Hence, the momentum diﬀusion at
GAO ET AL.
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Figure 5. (a, e, i, and m ) Bounce-averaged pitch angle ⟨D𝛼𝛼 ⟩∕p2 and (b, f, j, and n) momentum ⟨Dpp ⟩∕p2 diﬀusion rates for low-frequency (solid) and normal
(dashed) chorus waves with diﬀerent latitudinal distributions and corresponding ratio between diﬀusion rates ((c, g, k, and o) ⟨D𝛼𝛼 ⟩ and (d, h, l, and p) ⟨Dpp ⟩) of
low-frequency and normal chorus waves. These lines are color coded according to the energies of radiation belt electrons.

large pitch angles would still produce the eﬀective acceleration of electrons. With the latitudinal extension of
waves, the large pitch angle diﬀusion, especially for the low-frequency chorus, can extend to the loss cone.
The low-frequency chorus waves distributed in the latitudinal region |𝜆| ≤ 30° have the strongest pitch angle
diﬀusion (⟨D𝛼𝛼 ⟩∕p2 ∼ 10−4 – 10−3 s−1 ) near the loss cone, leading to the rapid precipitation loss of electrons.
4.2. Dependence on Density
Figure 6 compares the diﬀusion rates for the low-frequency chorus with electron densities of 4 cm−3 and
2 cm−3 . Clearly, there is some quantitative diﬀerence between the two sets of diﬀusion rates. Decrease of
cold electron density tends to increase both pitch angle and momentum diﬀusion rates. Near the loss cone,
pitch angle diﬀusion rates are enhanced by 3–8 times; At large pitch angles, momentum diﬀusion rates are
increased by 3–5 times. These results suggest that a smaller cold electron density allows the stronger loss or
acceleration eﬀect of low-frequency chorus waves on radiation belt electrons.
GAO ET AL.
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Figure 6. Comparison of diﬀusion rates for low-frequency chorus waves with diﬀerent electron densities of 4 cm−3
(solid lines) and 2 cm−3 (dashed lines). The other parameters are same as those used in Figure 5.

5. Discussion and Conclusion
Whistler mode chorus waves have been considered to contribute signiﬁcantly to the outer radiation belt
electron dynamics. Quantifying the eﬀect of chorus on radiation belt electrons requires the information on
wave frequency distributions. In early studies [e.g., Horne et al., 2005a, 2013], the normal chorus wave power
is predominantly distributed in the frequency range above 0.1fce_eq . Here we analyze an event of intense
low-frequency chorus waves (with nearly half power distributed below 0.1fce_eq ) observed by Van Allen Probe
A in the dawnside (MLT = 4.1–5.7) equatorial (MLAT < 5°) plasmatrough (L = 5.6–6.4) region on 27 August
2014. The 2 h averaged chorus wave spectrum had a magnetic amplitude Bt = 126 pT and centered at
fm = 0.11fce_eq with a half-width Δf = 0.034fce_eq . This emission is found to be nearly circularly polarized,
propagate quasi-parallel to the magnetic ﬁeld, and exhibit hiss-like signatures most of the time (17 of 21
samples).
Considering the high occurrence rate of low-frequency chorus during active times [Cattell et al., 2015],
we evaluate their potential eﬀect on radiation belt electrons through the calculation of the quasi-linear
bounce-averaged diﬀusion rates. The low-frequency chorus can cause the rapid loss of low-energy (∼0.1 MeV)
seed electrons with the pitch angle diﬀusion rates >10−3 s−1 near the loss cone, quite diﬀerent from the
normal chorus (producing the rapid loss of electrons with energies of keV to a few tens of keV [Horne
et al., 2005a; Su et al., 2009]). The eﬀect of low-frequency chorus on 0.5 and 1 MeV electrons depends
signiﬁcantly on the latitudinal distribution of wave power. The equatorial low-frequency chorus predominantly yields the acceleration of relativistic electrons with the momentum diﬀusion rates of ∼10−5 s−1
(comparable to that of the normal chorus). In contrast, the high-latitude low-frequency chorus has the
strong pitch angle diﬀusion rates of 10−4 – 10−3 s−1 (∼30 times larger than that of the normal chorus) near
the loss cone and produces the rapid loss of relativistic electrons. At highly relativistic energies (5.0 MeV),
GAO ET AL.
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Figure 7. Comparison of diﬀusion rates for quasi-parallel (solid) and highly oblique (dashed) low-frequency chorus
waves. Highly oblique chorus has the normal angle parameters Xm = 1, Xw = 0.268, X1 = 0.268, and X2 = 1.73, and the
other parameters are same as those used in Figure 5.

the low-frequency and normal chorus waves can produce the comparable acceleration rates. The decrease
in background electron density can promote both the pitch angle diﬀusion near the loss cone and the
momentum diﬀusion at large pitch angles. These results suggest that the intense low-frequency chorus could
potentially play an important role in the loss and acceleration of radiation belt electrons.
The deﬁnition of low-frequency chorus in this study is diﬀerent from that in the previous work [Meredith et al.,
2014]. Meredith et al. [2014] deﬁned the low-frequency chorus as chorus waves with frequencies below 0.1fce
(fce is the local electron gyrofrequency). The normal lower band (0.1–0.5fce_eq ) chorus propagating into the
high-latitude region may fall into the frequency range below 0.1fce . The low-frequency (< 0.1fce_eq ) chorus in
this study was observed at the equatorial region, which was probably generated through the local cyclotron
instability [Cattell et al., 2015].
Previous works have suggested that highly oblique chorus waves can occur in the radiation belt region
[Agapitov et al., 2013, 2014]. For the event investigated here, the low-frequency chorus appeared to be
quasi-parallel. Nevertheless, to provide a more comprehensive picture, we additionally calculate the diﬀusion
rates of an assumed highly oblique low-frequency chorus (Figure 7). Compared to the quasi-parallel chorus,
the highly oblique chorus produces larger pitch angle diﬀusion rates at small pitch angles but smaller momentum diﬀusion rates at large pitch angles, indicating that the low-frequency chorus with higher obliquity would
produce stronger loss eﬀect on radiation belt electrons.
In these quasi-linear calculations, we simply adopt a dipole geomagnetic ﬁeld model and ignore the latitudinal variation of wave parameters. More realistic magnetic ﬁeld model and latitudinal dependence of wave
parameters [Agapitov et al., 2013, 2014; Artemyev et al., 2013a, 2013b] should be taken into account to better
quantify the eﬀect of low-frequency chorus in future works. Besides, for this event, the low-frequency chorus
GAO ET AL.
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was occasionally observed with instantaneous amplitudes ∼1 nT, allowing the occurrence of nonlinear phase
bunching and trapping [Cattell et al., 2008; Cully et al., 2008; Bortnik et al., 2008b; Tsurutani et al., 2009; Kellogg
et al., 2010; Su et al., 2012, 2013, 2014d; Zhu et al., 2012]. The nonlinear process has been suggested to be able
to accelerate electrons from thermal to relativistic energies [Bortnik et al., 2008b; Osmane and Hamza, 2012]
and cause the precipitation of relativistic electrons [Kersten et al., 2011] on time scales of tens of milliseconds.
These nonlinear acceleration and/or loss of electrons by large-amplitude low-frequency chorus may also need
to be further investigated.
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