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Abstract whistler mode chorus waves are responsible for electron acceleration in Earth's radiation belts.
It is unclear, however, whether the observed acceleration is still well described by quasi-linear theory, or if
this acceleration is due to intense waves that require nonlinear treatment. Here, we perform a
comprehensive statistical analysis of intense lower-band chorus wave packets to investigate the relationships
between wave frequency variations, packet length, and wave amplitude, and their temporal variability.
We find that 15% of the wave power is carried by long packets, with low frequency sweep rates (linear trend
in time) that agree with the nonlinear theory of chorus wave growth. Eighty-five percent of the wave power,
however, comes from short packets with large frequency variations around the linear trend. The
kappa-like probability distribution of these variations is consistent with random superposition of different
waves that could result in a destruction of nonlinear resonant interaction.

1. Introduction

Repeated interactions between relativistic electrons and intense whistler mode chorus waves are critical to
radiation belt dynamics (Millan & Baker, 2012; Shprits et al., 2008; Thorne, 2010). In several event studies,
the observed acceleration and loss of relativistic electrons, attributed to such interactions, have been success-
fully reproduced by quasi-linear diffusion codes (Li et al., 2014; Su et al., 2014; Thorne et al., 2013). But space-
craft observations have revealed that a significant fraction (up to 30%) of these chorus waves can reach
sufficiently high amplitudes to interact with electrons in the nonlinear regime (Cattell et al., 2008; Cully
et al., 2008; Tyler et al., 2019; Wilson et al., 2011; Zhang et al., 2018, 2019). Moreover, an important chorus
wave property, its frequency drift, is a direct manifestation of nonlinear wave-particle interaction as a key
process for wave generation (Demekhov et al., 2017; Nunn, 1974; Nunn et al., 2009; Omura et al., 2008).
Such nonlinear interactions (Albert et al., 2013; Artemyev et al., 2016; Bortnik et al., 2008; Demekhov et al.,
2006; Shklyar & Matsumoto, 2009) can cause the electron distribution to evolve much faster (Agapitov et al.,
2015; Foster et al., 2017; Gan et al., 2020; Kurita et al., 2018). This renders the efficacy of quasi-linear
diffusion theory for describing chorus interaction with electrons questionable, and its aforementioned suc-
cesses in case studies paradoxical. The relative importance of quasi-linear and nonlinear interactions in
radiation belt dynamics needs to be assessed using comprehensive statistics of all relevant characteristics
of chorus waves.

In a statistical study of chorus waves, Teng et al. (2017) analyzed Van Allen Probes data from 2014 through
2015, visually selecting 3,577 chorus elements with long wave packets of > 50 wave periods. They found that
the average duration of rising-tone chorus wave elements varies with magnetic local time (MLT) and AE and
that such elements become shorter during more active periods and in the night/dawn MLT sectors.
Shue et al. (2015, 2019) analyzed the 2008-2010 waveform data from the Time History of Events and
Macroscale Interactions during Substorms (THEMIS) spacecraft, examining different characteristics of
chorus elements as a function of background plasma and magnetic field. In particular, Shue et al. (2019)
examined characteristics of 1,329 rising-tone chorus elements, mostly long wave packets lasting > 50-100
wave periods. They found that wave packet duration and normalized bandwidth (i.e., final frequency minus
initial frequency) are well correlated with energetic electron temperature and density, respectively. These
results are consistent with the nonlinear theory of chorus wave generation: higher temperature, temperature
anisotropy, or density of energetic (3-50 keV) electrons, lead to larger wave amplitude and, therefore, a
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higher frequency sweep rate, which should in turn produce shorter wave packets and a wider frequency
range over a fixed period of time (Katoh & Omura, 2011; Omura & Nunn, 2011; Omura et al., 2008; Tao et al.,
2017; Titova et al., 2003).

Here we expand upon these earlier statistical results by comprehensively examining the characteristics of all
intense chorus wave packets, including both the relatively rare long wave packets and the much more com-
mon short wave packets (Zhang et al., 2018, 2019). Chorus wave data from the Van Allen Probes in the outer
radiation belt are complemented by THEMIS data from the outer part of the inner magnetosphere beyond
geostationary orbit. We analyze all waveform data and focus on the statistical distributions of frequency
sweep rate, wave packet length, wave amplitude, and frequency deviations away from the apparent sweep
rate. We explore the relationships between these different wave parameters in detail. The statistical distribu-
tions of wave packet characteristics that we obtain are key to an accurate assessment of wave-particle inter-
actions in the radiation belts and throughout the inner magnetosphere.

2. Data Set and Statistical Results

Adopting the full (2012-2018) waveform data set from the Van Allen Probes outside the plasmasphere, we
select all quasi-parallel (wave normal angle <25°) lower-band (in the 0.05-0.5Q,, frequency range, where
Q.. is the equatorial electron gyrofrequency) chorus wave packets, bounded by two consecutive minima
(<50 pT) of the wave magnetic field amplitude (see wave packet examples in Figure 1). To exclude intervals
within the plasmasphere, we use the same plasma density-based criteria as in Zhang et al. (2019) with
plasma density derived from upper hybrid resonance measurements (Kurth et al., 2015) by the
high-frequency receiver of the Electric and Magnetic Field Instrument Suite and Integrated Science
(EMFISIS) (Kletzing et al., 2013), or from spacecraft potential measurements by the Electric Field and
Waves instrument (Wygant et al., 2013). We use waveform data during the continuous burst mode of
EMFISIS, lasting 6 s during each capture (at a cadence of 35,000 samples/s).

The wave half periods inside each wave packet are calculated as the intervals between two consecutive zero
crossings of the wave field. Doubling these half periods, we obtain frequencies w,(t) that are then fitted
using a least squares method as wp(f) = (dw/0t) t+constant, with dw/dt the frequency sweep rate. We focus
on quasi-parallel waves due to their higher amplitudes as compared with oblique waves (Agapitov et al.,
2013; Li et al., 2016). Parallel waves are often considered as the simplest example for demonstrating non-
linear effects (Gan et al., 2020; Kurita et al., 2018; Kuzichev et al., 2019; Nunn et al., 2009; Vainchtein et al.,
2018). However, oblique waves also play an important role in radiation belt dynamics (Artemyev et al., 2016;
Hsieh et al., 2020; Nunn & Omura, 2015; Shklyar & Matsumoto, 2009) and their structure will be worth
investigating in future studies.

Statistical results are shown in Figure 2 for lower-band chorus waves: rising-tone (6w/dt > 0) waves and the
less common falling-tone (dw/dt < 0) waves (Burtis & Helliwell, 1976; Burton & Holzer, 1974; Goldstein &
Tsurutani, 1984; Hayakawa et al., 1990; Li et al., 2011; SantoliK et al., 2003). Figures 2a and 2b show the
chorus frequency sweep rate 0f/dt (in kHz/s) distribution as a function of wave packet length 5 (in number
of wave periods) and the peak amplitude B, peqr Of wave packets. Although we call for simplicity df/dt the
sweep rate for all B, the term sweep rate is strictly applicable only for sufficiently long packets with de/dt<cw?
(Demekhov, 2011; Katoh & Omura, 2016; Omura et al., 2008; Tao et al., 2020). For very short wave packets,
df/dt should be considered as the global rate of variation of the average frequencyover packet duration and can
be weaker than frequency fluctuations around the (9f/dt)~const linear trend.

Note that most wave packets in Figure 2, with peak amplitudes > 70-80 pT, are relatively well described
since their wave power decreases by a factor >2-2.5 from their peak down to the minimum threshold
level—fixed at 50 pT, a low level below which no nonlinear effects occur above the equator (Bortnik et al.,
2008; Zhang et al., 2019). Sweep rates are obtained by linear regression over at least ~6-8 half-wave periods
for most packets (with 8> 3-4, see Figures 2c and 2d), corresponding to at least ~6-8 frequency points.
Correlation coefficients for the large sweep rates of short packets (corresponding to a large global frequency
variation over 6-20 points) are generally of the same order as for the smaller sweep rates of long packets (cor-
responding to a smaller global frequency variation but over more points). We further checked that sweep
rates calculated over centered half packets have a similar distribution as for full packets in Figures 2a and
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Figure 1. Two typical examples of selected short (left) and long (right) chorus wave packets. (a, b) Wave perpendicular (blue and green), parallel (red), and total
magnetic field amplitude (original in black and smoothed in magenta); (c, d) observed (black) and fitted (red) wave frequency; (e, f) wave power; and
(g, h) wave normal angle as a function of wave frequency.

2b, demonstrating the weak dependence of our results on the portion of packet considered (see Figure S3 in
the supporting information). However, sweep rates of extremely short- (5 < 3) or low-amplitude ( < 70-80
pT) packets are likely less accurately determined.

For long wave packets (5> 50-100), the sweep rate 0f/0t generally increases with the wave amplitude from
~70 pT up to ~400-500 pT. For rising tones, df/dt reaches a plateau above 500 pT before increasing again
between 1 and 3 nT, whereas it decreases above 500 pT for falling tones (> 700 pT long falling tones are rare,
however). An increase of sweep rates with wave amplitude is expected from the nonlinear theory of chorus
wave generation (Demekhov, 2011; Omura et al., 2008, 2013; Tao et al., 2017; Titova et al., 2003;
Trakhtengerts et al., 2004) and was previously reported for rising-tone chorus packets with §> 100 (Teng
et al., 2017). For rising- and falling-tone packets with 8> 30-50 in our database, the measured sweep rates
are 0f/0t~0.1-10 kHz/s, with higher rates for rising tones than for falling tones, in agreement with theoreti-
cal estimates and previous studies (Cully et al., 2011; Macusova et al., 2010; Omura et al., 2008; Tao et al.,
2012; Titova et al., 2003, 2012; Trakhtengerts et al., 2004; Yamaguchi et al., 2013). For short wave packets
with 3 < 30, however, the sweep rate 9f/dt increases as wave amplitude decreases from ~1 nT to ~80 pT, con-
trary to theoretical expectations. Moreover, for both rising- and falling-tone packets, the measured frequency
sweep rates of short packets reach extremely high levels, df/dt~30-200 kHz/s around 100 pT. Such sweep
rates are much higher than for long wave packets in the present database, as well as in previous studies at
L >4 (Cully et al., 2011; Macusova et al., 2010; Titova et al., 2003, 2012), and much higher than theoretical
estimates (Omura et al., 2008; Tao et al., 2012; Trakhtengerts et al., 2004).

The contours in Figures 2a and 2b show the occurrence rate of wave packets (see caption for levels). These
contours indicate that most wave packets are short (8 < 30) and low amplitude (< 0.2 nT), as previously
noted (Zhang et al., 2018, 2019). This implies that most wave packets (with §< 30) have extremely high
sweep rates, which is inconsistent with theory. Even for long wave packets with f~50-200, in an intermedi-
ate range of amplitudes (0.25nT < B, peqk < 0.6,nT) 9f/dt is nearly independent of B, ,eqx, contrary to the-
oretical expectations. In this range of amplitudes, sweep rates of short packets, as well as of long packets, are
very similar for both rising and falling tones, which also contrasts with past observations and theory that
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Figure 2. (a, b) Distribution of chorus frequency sweep rate, 0f/dt (in kHz/s), as a function of wave packet length, § (in number of wave periods 1/( f) = 27/(w)),
and peak wave amplitude, By, peak, of lower-band chorus wave packets, for rising (6w/0¢>0) and falling (de/dt>0) tones. Solid black lines show contour levels of
the distribution of packet occurrences (0.0005, 0.005, and 0.01 in downward direction). (c, d) Distribution of B(8w/dt)/{(w)* = (df /{f))/27 as a function of
packet length () for rising and falling tones. ( ) and (w) denote the average wave frequency within the packet. Solid black lines show the typical

variations in different parameter domains. (e, f) Distribution of the relative standard deviation of the measured frequency compared with the

fitted frequency inside wave packets, Aw/(w), as a function of frequency sweep rate df/dt, for rising and falling tones. Solid black lines show

mean variations in different parameter ranges.

considered long, intense wave packets (Cully et al., 2011; Macusova et al., 2010; Nunn & Omura, 2012;
Trakhtengerts et al., 2004). Our observations suggest that the sweep rate of such short or
intermediate-amplitude long wave packets may not be related to the usual nonlinear evolution of the
electron distribution (hole or step formation) on which the classical theory of wave generation is based
(Omura et al., 2008, 2013; Titova et al., 2003; Trakhtengerts et al., 2004).

Figures 2c and 2d show the event distribution of the normalized parameter 8(3w/dt)/(w)> as a function of
packet length 8 (here (w) is the average wave frequency within the packet). The parameter S(0w/dt)/
(wY* = (df/{f))/27 is proportional to the relative variation of the wave frequency (df/(f)) over wave packet
duration 8/(f) due to the measured sweep rate f/dt. In Figures 2c and 2d, S(8w/df)/(w)* most often
decreases or remains constant as f increases. This indicates that wave packet length and sweep rate are
anticorrelated, as previously found by Teng et al. (2017) and Shue et al. (2019) based on limited statistics
of long packets (most with §>50-100) from measurements of the Van Allen Probes and THEMIS,
respectively.
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For long wave packets and/or small Jf/0t, the mean relative frequency variation (df/{ f)) over wave packet
duration increases linearly with § from low levels, which is indicative of a frequency sweep rate independent
of packet length . The variation of 8(8w/dt)/{w)* as a function of g, for a fixed sweep rate df/dt = 5 kHz/s
typical of nonlinear chorus wave growth theory (Cully et al., 2011; Tao et al., 2012; Titova et al., 2003), is
plotted in Figures 2c and 2d for (w)/Q.. = 0.4 at L =5 (lower black line). The figures show good agreement
between observations and theoretical expectations. For long rising-tone packets with 8> 100, B(8cw/dt)/(w)?
reaches an upper limit of ~0.12 that corresponds to a frequency variation df/{ f) < 0.75 over packet duration.
This is probably due to the limited frequency range of lower-band chorus waves (Teng et al., 2017). For rising
tones starting from w > 0.2Q,,, this upper limit indeed corresponds to the limit w < 0.45Q., imposed by
strong linear and nonlinear Landau damping near 0.5Q,, (Omura et al., 2009). Falling tones become rapidly
more rare than rising tones as 8 increases above 100 for |df/dt| > 5 kHz/s and, as a result, do not show a simi-
lar constant upper limit.

In addition, Figures 2c and 2d reveal an intriguing characteristic of short (3 < 20) wave packets. For most of
them, B(8w/dt)/{w)* decreases as 1/8 with increasing packet length (8 (see upper black lines). Such behavior
is not likely to be caused by the existence of a certain fixed range of wave frequency variation over packet
duration (Teng et al., 2017), because the corresponding frequency range is often df < 0.2( f') for f~5-20, that
is, lower than 6% of Q. and much lower than the typical frequency range of lower-band chorus waves.
Moreover, B(8w/dt)/(w)* reaches much higher values (2~ 0.25) for a number of (rising- and falling-tone) short
wave packets with §~ 3, corresponding to a very large df/{ f)~1.5 over the packet length.

How does one explain the characteristics of short wave packets? First, the frequency sweep rate of
moderate-amplitude (=~ 0.08-0.2nT) short packets shown in Figures 2a and 2b seems too high relative to
the classical sweep rate in the nonlinear theory of individual chorus wave growth (Omura et al., 2008,
2013; Tao et al., 2017; Trakhtengerts et al., 2004). Second, simulations have shown variations of wave ampli-
tude (and wave frequency) at the trapping period of electrons in the wave potential (Tao et al., 2017). But the
relativistic trapping period (Omura et al., 2008; Tao et al., 2017) should remain > 8/f, for the most abundant
packets with peak amplitudes <150 pT at L <5.5, assuming a reasonable resonant electron perpendicular
energy at <150keV, w/Q.~0.3, and plasma frequency to gyrofrequency ratio <5.5. This trapping period
is significantly longer than the typical wave packet duration of 3/f~ 3/f—5/f. Thus, variations driven by cur-
rents of trapped electrons seem an unlikely explanation for the observed high-frequency variations (the time
scales of trapping-driven variations should probably be at least approximately half of the trapping period,
still longer than the time scale of observed variations, and trapping-driven frequency variations (Tao et al.,
2017) should remain small at moderate amplitudes).

These inconsistencies with theory suggests that the observed strong amplitude modulation of short wave
packets could simply result from superposition of at least two coherent waves with a frequency difference,
Aw,—this frequency difference determining the packet duration 5/{f) = 27/Aw, = 1/Af, (Tao et al., 2013).
An average total frequency variation over packet length of the order of the frequency difference could lead
to a very high sweep rate, (|9f/t|,,) ~ Af./(B/{f)) ~ Af2 « 1/*. This would potentially explain the
observed variation of S(8w/dt)/{(w)* over 2 <8< 20 in Figures 2c and 2d, as well as very high sweep rates
in Figures 2a and 2b. This possibility is further explored in section 3.

Figures 2e and 2f show the statistical distribution of the relative deviation of the measured frequency (w,ps(t))
from the fitted frequency (w;(t)) inside each wave packet, Aw/(w), where Aw = ((wobs(t)—wﬁt(t))z)l/ 2 asa
function of fitted frequency sweep rate df/ot. The value of Aw/{w) often remains relatively small (< 0.05)
for wave packets with moderate sweep rates, df/0t < 10 kHz/s, which is consistent with nonlinear theory
(Omura et al., 2008, 2013; Trakhtengerts et al., 2004). However, the standard deviation Aw increases approxi-
mately as ~(0f/ 6[)1/ 2 (see black lines), reaching large values (Aw/(w) > 0.1) for higher sweep rates (3f/t > 10
kHz/s). This increase could be consistent with a sweep rate of dw/dt ~ Aw? ~ Aw? in the presence of super-
posed waves. It bespeaks of very fast, strong, random frequency changes inside most wave packets when df/9
t> 10 kHz/s, with similar Aw distributions for both rising- and falling-tone waves, implying random fvaria-
tions of the same magnitude for the two wave types.

For short wave packets (and those with df/dt > 10-20 kHz/s or Aw/{w) > 0.05), the above results imply super-
position of coherent waves with slowly varying amplitudes and a significant average frequency difference
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Figure 3. (a) Distribution of normalized individual deviations of measured frequency away from the fitted frequency inside chorus wave packets, dw/(w), for
packet lengths $<10 and 3>100 (in number of wave periods 1/(f)). The kappa distribution fit to the observed distributions is shown by a dashed magenta
curve. Red dots show the statistical distribution (five points per decade) obtained from a simple model of two superposed waves, with a frequency

difference Aw,./Q¢.~0.06. (b) Same as (a) but over a time interval centered at each packet, with half the packet duration, for §>10, 50, and 100.

(c) Average normalized wave intensity spectrum, Ig(f~faip)/Ip( faip), of 237 wave packets with main and secondary peaks (separated by a dip at fy;p),

among a total number of 300 long packets (8>50) examined where wg(t) ~ 0.3Q, varies by less than 0.015Q, (solid lines), and for 25% of such spectra with the

z z
5, < celocted (o) B/ @)/ T (BY)-B. /@), a5

function of 3, showing the fraction of wave power (relative to the total) with df/dt<10 kHz/s (red) or 20 kHz/s (black) and Aw/{(w) < 0.05 (thick curves) or <0.1
(thin curves), separately for rising and falling tones.

most similar main and secondary peaks (dashed lines). (d) Cumulative probability distributions, CDF =

Af.. Such superposition can indeed produce the observed packet modulation, loss of frequency coherence
near the packet edges (e.g., see Figure 1), and high sweep rate df/dt. For long wave packets, those with
B> 20-30 and for those with 0f/dt < 10-20 kHz/s, our observations agree with expectations from nonlinear
theory of individual chorus wave growth (Omura et al., 2008, 2013; Trakhtengerts et al., 2004).

3. Statistics of Individual Frequency Deviations Inside Wave Packets

To get a deeper understanding of these results, we further examine deviations 6w = lw{(t)—weps(t)! of the
measured frequency w,s(t) over each half wave period (i.e., black data points in Figures 1c and 1d), from
the linearly fitted frequency wg,(f) within the packet (i.e., red lines in Figures 1c and 1d). Each individual
deviation of frequency over a half-wave period constitutes one data point. Figure 3a shows the probabil-
ity distribution function (PDF) of these individual deviations normalized to the average wave frequency
over each packet, for packets with <10 and > 100. This PDF is approximately a kappa distribution,
P(x)=12.5-(14200-x*) "%, with x=6w/(w) (Livadiotis, 2015). This implies that frequency deviations are
not fully random, especially for dw/(w) > 0.1, where the long tail indicates correlations between wave fre-
quency deviations. Strikingly, in this figure the frequency deviation PDFs for short and long wave pack-
ets are nearly the same. Figure 3b confirms these results by showing similar dw/{w) distributions for all
packet lengths, over a time interval of half the packet duration centered in the middle of each packet.
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These results lend further credence to the idea that such frequency deviations could result from super-
position of waves of different frequencies, generally present inside most wave packets, whatever their
length.

To test this conjecture, we adopt a simple model of short packets (Tao et al., 2013) produced by random
superposition of two waves of slowly varying amplitudes, with a mean frequency (w) =0.31 Q. and a fre-
quency difference Aw,, (see model details in the supporting information). The PDF of dw/(w) from this model
is plotted in Figure 3a for Aw./Q. ~0.06, corresponding to §~5, a representative length for most short
packets in Figures 2c and 2d. The model PDF is close to the observed PDF, with a similar long tail up to
dw/{w)~1. In both the model and observations (see Figure 1), the largest Sw occurs near the edges of the
packet where the wave amplitude decreases strongly. The best agreement with the observed PDF at dw/
(w)> 0.5 is obtained for Aw,./Q., ~0.06 (smaller or larger Aw,, lead to smaller PDF). In the model, the sweep
rate (19f/0tl,,s) due to wave superposition varies approximately as (|9f /3t ) ~ Af2 =f* /B over 0.05 < Aw./
Q.. <0.08, in agreement with statistical data in Figures 2c-2f. The model sweep rate (I9f/0tl,,;) increases as 8
decreases and can exceed the usual nonlinear sweep rate (9f/0t~5-15 kHz/s) of individual waves (Omura
et al., 2008; Tao et al., 2012; Titova et al., 2012) for §< 20, as in Figures 2a and 2b. Moreover, (19f/0tl,,s)
reaches high values (~100 kHz/s) for S~ 5 and L ~ 5.5, which are similar to measured sweep rates.

Based on the above results, the large frequency variations observed inside short wave packets could actually
result from superposed waves with a mean frequency difference on the order of Aw../Q..~0.06, leading to a
mean packet length of §~ 5 (similarly for rising and falling tones). Figures 3a and 3b show that 40% of the
observed frequency deviations are significant (dw/(w)>0.1) and that 10% reach very high levels (Sw/
(w)> 0.3) for both short and long packets. This suggests that long packets with 3> 30-50 should exhibit a
fine structure resembling a succession of shorter packets with f~3-10, even though the wave envelope
between them never decreases to < 50 pT. Therefore, most long packets seem to also result from superposi-
tion of several waves with a mean frequency difference on the order of Aw.,./Q., ~ 0.06.

And, indeed, Figure 3c demonstrates that wave spectra well inside long packets (8 > 50) often possess a sig-
nificant secondary wave power peak at Aw,/Q..=~0.04-0.1 from the main peak. In agreement with these
results, a refined Bayesian spectral analysis of a single long wave packet (Crabtree et al., 2017) had also
revealed superposed waves with a frequency difference of Aw,./Q.. &~ 0.03-0.08. In the case of long packets,
however, a main wave dominates the spectrum, with a usually positive, moderate nonlinear frequency
sweep rate (Crabtree et al., 2017; Cully et al., 2011; Omura et al., 2013; Shue et al., 2019; Tao et al., 2012;
Titova et al., 2012). This nonlinear sweep rate is clearly revealed by linear regression inside long packets
in Figures 2a and 2b, because random deviations due to additional wave superposition are mostly filtered
out over such long time intervals.

In Figure 3d we estimate the fraction of time-integrated wave power, Py, with Aw/{(w) < 0.05 or 0.10 and of/
0t < 10 or 20 kHz/s (the expected range of nonlinear sweep rates based on theory and past observations). This
fraction of wave power should come from wave packets that are relatively less disturbed—on average—by
strong random frequency deviations preventing efficient electron acceleration by trapping. When long pack-
ets are taken into account, Py, can reach ~10-15%, whereas short packets satisfying these conditions are
rare. The complementary fraction of wave power, 1—Pn;~85-90%, should correspond to a seminonlinear
regime of more advective-like or diffusive-like particle scattering in energy/pitch angle, but still much faster
than quasi-linear diffusion (Mourenas et al., 2018).

4. Discussion and Conclusions

Because lower-frequency chorus waves propagate at a faster group velocity, two waves generated succes-
sively near the equator by hot (3-50 keV) electrons may overlap at relatively low latitudes. The generation
of two waves within the same source would require rapid variations of the unstable hot electron distribution
(which provides free energy for wave growth through cyclotron resonance and wave damping through
Landau resonance). Such variations could be produced by earlier interactions between previously generated
wave packets and electrons at all latitudes, because electrons in cyclotron resonance travel in the direction
opposite to the wave and come from higher latitudes where they have just bounced back. Electron-parallel
acceleration by oblique chorus waves (Agapitov et al., 2015, 2016) or by the electric field of kinetic Alfven
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waves or time domain structures (Artemyev, Rankin, & Blanco, 2015; Damiano et al., 2015; Mozer et al.,
2016) could also quickly increase Landau damping or reduce temperature anisotropy, because chorus waves
could overtake such Landau resonant bunches of accelerated electrons, which travel ~2(1—w/Q,,) times
more slowly. In agreement with this scenario, chorus wave packets become shorter on average at higher lati-
tudes (Zhang et al., 2018), during active (high AE > 500 nT) periods in the night/dawn sectors (Teng et al.,
2017; Zhang et al., 2018), and during periods of higher plasma beta and temperature (Shue et al., 2019;
Zhang et al., 2018). This could be due to an easier generation and local superposition of waves of different
frequencies during such active periods, which are characterized by strong injections of unstable hot electron
populations from the plasma sheet.

Van Allen Probes observations cover the outer radiation belt up to approximately geostationary orbit,
usually missing the plasma injection region at L~7-10 in the nightside magnetosphere, where the most
intense whistler mode waves are generated by highly anisotropic hot plasma sheet electrons. To generalize
the results shown in Figures 2 and 3 to the plasma injection region, we supplement Van Allen Probes obser-
vations with THEMIS (Angelopoulos, 2008) measurements of chorus wave packets (see details of statistical
results in the supporting information and in Zhang et al., 2018). We use magnetic field waveforms from the
Search Coil Magnetometer (SCM) (Le Contel et al., 2008; Roux et al., 2008) during wave burst mode (at a
cadence of 8,192 samples/s), triggered by magnetic field B, dipolarizations (plasma injections) or by whistler
wave power increases. We utilize background magnetic field data from the FGM instrument (Auster et al.,
2008) to estimate the electron gyrofrequency, and plasma density is inferred from the spacecraft potential
(Bonnell et al., 2008).

As shown by THEMIS measurements, distributions and model/observation comparisons from Figures 2 and
3 remain similar for L > 6 (see Figures S1 and S2 in the supporting information). Therefore, our results on
chorus wave frequency coherence are applicable to a wide range of L shells, covering the plasma injection
region and the outer radiation belt down to the plasmapause.

In summary, we have conducted comprehensive statistics of frequency variations inside lower-band chorus
wave packets of all lengths, based on 6 years of Van Allen Probes data. These statistics revealed the coexis-
tence of two populations: long wave packets with frequency sweep rate following expectations from the the-
ory of nonlinear chorus wave generation, and short wave packets with unexpectedly large frequency
variations. Most importantly, we showed that strong frequency deviations from the linear trend, larger than
one-tenth of the frequency over one wave period, which may result from local superposition of waves, are
ubiquitous inside wave packets of all lengths.

Note that although we required a gap of wave amplitude <50 pT to separate wave packets, this criterion
alone does not guarantee the destruction (or even significant reduction) of the efficiency of wave-particle
nonlinear interaction. Indeed, phase trapped particles can travel across several nearby wave packets
(Hsieh et al., 2020; Kubota & Omura, 2018). Only sufficiently large jumps of wave frequency or wave phase
can ensure a destruction of such trapping (Artemyev, Mourenas, et al., 2015; Brinca, 1978; Tao et al., 2013).
Although we did find significant frequency jumps inside most wave packets (often near short packets edges
but also well inside long packets), a detailed quantification of their effect on nonlinear wave-particle inter-
action is still needed.

A succession of isolated, short wave packets with 8 < 5-10, consisting of superposed waves of comparable
amplitudes, could lead to electron energization and scattering that resemble more quasi-linear diffusion
(Andronov & Trakhtengerts, 1964; Drummond & Pines, 1962; Kennel & Engelmann, 1966; Lyons et al.,
1971; Vedenov et al., 1962) than nonlinear trapping acceleration and scattering. Stochastization of relativis-
tic particle trajectories can result from cyclotron resonance overlap for waves that are sufficiently intense,
which means a wave amplitude to background magnetic field amplitude ratio B,,/By> (Qc./300wp)
for Aw,/Q~0.06 and w/Q..~0.3 (Chirikov, 1979; Shapiro & Sagdeev, 1997; Tao et al., 2013). Nonlinear
electron acceleration can also be hindered by the very limited trapping time available inside isolated, short
packets (Mourenas et al., 2018). Even with long wave packets, strong random frequency deviations
could still sometimes destroy nonlinear resonance and mitigate electron acceleration by trapping, as
compared with the ideal situation of electron interaction with a coherent, long packet of smoothly varying
frequency (Kubota & Omura, 2018; Vainchtein et al., 2018). This could explain the success of quasi-linear
diffusion codes in reproducing the observed multi-MeV electron energization during geomagnetic storms
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(Glauert et al., 2014; Li et al., 2014; Shprits et al., 2015; Su et al., 2014; Thorne et al., 2013), despite the high
amplitude of chorus wave packets (Zhang et al., 2019). Future test particle numerical simulations using the
measured statistical distributions of frequency variations inside both short and long wave packets
are required to assess actual consequences of these variations on wave-particle interactions in the
radiation belts.
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