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Abstract Three lower‐band (f < 0.5 fce) chorus riser elements detected in the dayside generation region
were studied in detail using the Van Allen Probe data. Two subelements/wave packets within each riser
were examined for their wave “frequency” constancy within seven consecutive wave cycles. The seven wave
cycles contained the maximum amplitudes of the subelements/packets. Maximum variance B1 zero
crossings were used for the identification of wave cycle start and stop times. It is found that the frequency is
constant to within ~3% (one standard deviation), with no evidence of upward frequency sweeping over
the seven cycles. Continuous wavelet power spectra for the duration of the seven cycles confirm this
conclusion. The implication is that a chorus riser element is composed of coherent approximately
“monochromatic” steps instead of a gradual sweep in frequency over the whole element. There was no
upward frequency stepping where the wave amplitude was the largest, contrary to the sideband theory
prediction. It is shown that © 2020 California Institute of Technology a chorus riser involves instability
of cyclotron resonant energetic electrons from ~6 to ~40 keV at L = 5.8, that is, essentially the whole
substorm electron energy spectrum. The above findings may have important consequences for possible wave
generation mechanisms. Some new ideas for mechanisms are suggested in conclusion.

1. Introduction

An electromagnetic whistler mode plasma wave was named “chorus” because when it was initially detected
on the ground, it sounded like a “chorus” of birds chirping (Isted & Millington, 1957; Storey, 1953). This
name remains in use today. Chorus is generated in the Earth's outer zone (5 < L < 10) low‐plasma
β (<<1) portion of the magnetosphere, at and near the magnetic equator (Lauben et al., 2002; LeDocq
et al., 1998; Li, Bortnik, et al., 2011; Meredith et al., 2001, 2003; Tsurutani & Smith, 1974, 1977) associated
with the electron loss cone/temperature anisotropy plasma instability (Kennel & Petschek, 1966). In the
above, L corresponds to a dipole magnetic field line that crosses the Earth's magnetic equator at an Earth
radii (Re = 6,378 km) distance equal to the L value. Plasma β is defined as the plasma thermal pressure
divided by the magnetic pressure. The chorus plasma waves can propagate through the magnetosphere to
the ionosphere and to ground (Helliwell, 1965).

The overall scenario for the generation of these waves is thus southward interplanetary magnetic fields
(IMFs) lead to reconnection with the Earth's dayside magnetopause fields and resultant nightside reconnec-
tion of magnetotail magnetic fields (Dungey, 1961) creates substorms (Akasofu, 1964; Tsurutani &
Meng, 1972). This reconnection process is the prime mechanism of solar wind energy transfer to the
Earth's magnetosphere (Tsurutani et al., 2006, 2020). The magnetotail reconnection during substorms leads
to the energization of ~100 eV to 1 keV plasma sheet plasma to energies of ~10 to 100 keV (DeForest &
McIlwain, 1971) by compression, as the inner edge of the plasma sheet is injected into the nightside magne-
tosphere to distances as close as L = 4 (Soraas et al., 2004). The plasma injection conserves the particles' first
two adiabatic invariants which leads to a temperature anisotropy of both energetic electrons and protons.
The T┴//T|| > 1 anisotropy of the ~10 to 100 keV electrons causes the loss cone/temperature anisotropy
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instability and the generation of the chorus waves as the electrons gradient and curvature drift from the mid-
night sector through dawn to local noon (Li, Bortnik, et al., 2011; Meredith et al., 2001, 2003; Tsurutani &
Smith, 1977; Tsurutani et al., 1979). In the above T┴ and T||are the electron temperatures perpendicular
and parallel to the ambient magnetic field, respectively.

There are similar magnetohydrodynamic (MHD) wave modes (McGuire et al., 1983; Nave et al., 1991) and
“beam modes” (Heidbrink, 1995) named “chirps” detected in plasma devices. More recently, electromag-
netic whistler mode “chirping” has been studied as well (Compernolle et al., 2015). As the name implies,
these short duration bursts seem similar to chorus. Although it is suspected that the general mechanism
might be the same for chirps and magnetospheric chorus, the exact relationship is still not well understood
(Compernolle et al., 2015). In this paper, we will focus only on magnetospheric chorus waves.

For magnetospheric chorus, the wave “chirping” has to do with each ~0.1 to 1.0 s chorus “element” or
“chirp” starting at an onset frequency and then rising to a higher frequency within a fraction of a second
(see examples of chorus elements in Goldstein & Tsurutani, 1984; Helliwell, 1965; Tsurutani et al., 2009,
2013). It was shown by Santolik et al. (2003, 2004) that each element is composed of a number of “subele-
ments” or “packets.” Tsurutani et al. (2009) showed that each chorus subelement was coherent when exam-
ined in the chorus generation region close to themagnetic equator. Later, Tsurutani et al. (2011) showed that
chorus becomes incoherent as the waves propagate further away from the magnetic equator.

The level of wave coherency is of interest not only in an abstract theoretical sense. It was shown by
Bellan (2013), Lakhina et al. (2010), Mourenas et al. (2018), and Yoon and Bellan (2020) that wave‐particle
interactions involving coherent whistler mode waves will diffuse particle pitch angles at a considerably
higher rate than predicted by the incoherent waves assumed by Kennel and Petschek (1966). Tsurutani
et al. (2013) have argued that auroral zone bremsstrahlung consisting of ~0.1 to 1.0 s “microbursts”
(Anderson & Milton, 1964) can only be accounted for by pitch angle scattering of energetic electrons with
coherent or quasi‐coherent cyclotron resonant waves.

The question of what the microstructure of chorus subelements looks like has arisen. This could help deter-
mine if the underlying assumptions in existing theories of the frequency increases in the chorus risers are
correct or not. As one example, chorus riser elements have been nicely modeled by Demekhov et al. (2017),
Lu et al. (2019), and Omura et al. (2008). The amplitude of the waves increases when they leave the equator-
ial generation region and propagate toward higher magnetic latitudes in a dipole magnetic field where the
local cyclotron frequency is higher. The frequency sweep of a chorus element occurs as a result of nonlinear
wave growth due to the formation of an electromagnetic electron hole in phase space by wave trapping of
resonant electrons. This mechanismwill predict a smooth and gradual increase in chorus element frequency
with time. It however does not address the issue of the occurrence of subelements within the chorus risers.

Another prominent chorus generation theory is that of sideband formation (Nunn, 1986; Trakhengerts
et al., 2004). For the latter mechanism, wave upward stepping occurs with strong wave amplitudes at about
the trapping frequency of the resonant electrons. Both of these two general mechanisms can be tested by a
detailed examination of chorus subelements.

The purpose of this paper is to examine isolated lower‐band (f < 0.5 fce) intense chorus riser elements from
the Van Allen Probe data. In the above, f is the wave frequency and fce is the electron cyclotron frequency. In
particular, we will be asking the question of how the chorus riser increases in frequency. Does the frequency
increase slowly across each and every subelement within the element? Or does it increase just at the begin-
nings and ends of the subelements? Is there any evidence that the wave frequency increases with higher
amplitude chorus waves, as implied by sideband theory? We will use a new and simple technique to attempt
to answer the above questions. The implication of the results will be discussed in detail.

2. Method of Data Analyses

Triaxial search coil magnetic field measurements of outer zone chorus were made by the Van Allen Probes
satellite A. Specifically, the measurements were obtained from the Electric and Magnetic Field Instrument
Suite and Integrated Science (EMFISIS) wave instrument (Kletzing et al., 2013). In this study the burst wave-
form data with a sampling rate of 35 kHz from the Waveform Receiver (WFR) of EMFISIS were used. The
triaxial fluxgate magnetometer (MAG) was used to obtain the direction and magnitude of the ambient
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magnetospheric magnetic field. MAG was part of the EMFISIS instrument suite. The EMFISIS data can be
obtained from the https://spdf.gsfc.nasa.gov/pub/data/rbsp/ website.

For the analyses of the high time resolution triaxial search coil magnetometer data, we use the Sonnerup and
Cahill (1967) minimum variance technique applied to the electromagnetic plasma waves (Smith &
Tsurutani, 1976). The three mutually orthogonal components of the wave field are used to compute the nine
elements of the zero‐lag covariance matrix. This matrix is diagonalized and then the magnetic field wave
components rotated into the new coordinate system. The magnetic field wave component along the maxi-
mum variance direction is called the B1 component, the one along the intermediate variance direction is
called B2, and the one along the minimum variance direction is called B3. It has been shown by
Verkhoglyadova et al. (2010) that the minimum variance direction of the magnetic component of whistler
mode electromagnetic waves as chorus is the direction of wave propagation k. However, in general this is
not true for the electric component of electromagnetic waves.

A continuous wavelet transform using a Morlet mother wavelet function was applied to the magnetic com-
ponents of chorus subelements. TheMorlet wavelet consists of a plane wave modified by a Gaussian. It has a
zero mean value, is localized in both time and frequency space, has several smooth oscillations, and its per-
iod is a well‐defined quantity that approximates the period of a signal obtained through Fourier analysis. The
wavelet power spectrum (the sum of the three orthogonal components) has a time resolution of 2.9 × 10−5 s.
It should be noted that the intensity legend in the various wavelet power spectra that are displayed in the
paper varies from one spectrum to the next. Each spectrum was adjusted separately so that the frequency
with maximum power (shown in dark red) would be visible and noticeable to the reader.

Three intervals of chorus riser elements were selected for this study. We selected chorus intervals using four
criteria. Criterion (1), the waves were detected within ±10° of the magnetic equator (MLAT ≤ |10°|) or the
wave generation region (Lauben et al., 2002; LeDocq et al., 1998; Taubenschuss et al., 2016). Criterion (2) is
that the waves are detected within the local time of approximately dawn to midmorning (~06 ≤MLT ≤ 09),
where MLT is the magnetic local time. This criterion was chosen because chorus is most intense in the post
dawn sector, but at greater MLT the distribution of intense chorus extends to higher absolute magnetic lati-
tudes (|MLAT|) (Li, Bortnik, et al., 2011; Meredith et al., 2001, 2003; Tsurutani & Smith, 1977). There are two
possibilities for this latter observation. One is that the wave generation region is extended to high |MLAT|
values due to the flattening of the ambient dayside magnetic fields by the solar wind. However, another pos-
sible explanation is that chorus is also being generated within high‐latitude minimum B pockets with
consequential wave propagation down toward the magnetic equator (Tsurutani et al., 2009). Because of
the latter possibility of wave source region contamination, we have excluded chorus detected in the
~10 ≤MLT ≤ 14 region for this study. Criterion (3) is that the waves are detected far from the magnetopause
location of 10 to 13 Re, where the wave amplitudes are relatively weak (Li, Bortnik, et al., 2011). Criterion (4)
is that the chorus risers be in the lower‐band chorus frequency range (f≤ 0.5 fce: Tsurutani & Smith, 1974). It
has been shown that upper band chorus is not only statistically weaker in amplitude but may have a different
generation mechanism (Li, Thorne, et al., 2011; Schriver et al., 2010; Taubenschuss et al., 2016). The reasons
for the above four criteria were to select high‐intensity dayside chorus typical of their general properties
(Goldstein & Tsurutani, 1984; Li, Bortnik, et al., 2011; Meredith et al., 2003; Tsurutani & Smith, 1977).

Lower‐band, rising tone dayside chorus is the most common type of emission detected and thus is the
focus of this study. Falling tone or flat frequency‐time chorus has been observed (Agapitov et al., 2013;
Aryan et al., 2014; Breuillard et al., 2014; Li, Thorne, et al., 2011; Taubenschuss et al., 2014, 2015, 2016;
Tsurutani & Smith, 1974; Tsurutani et al., 2013), but these types of chorus occur less frequently and with less
intensity, so will be excluded from this study.

3. Results
3.1. Riser 1

Figure 1 shows some Van Allen Probe A chorus riser elements taken when the spacecraft was near local
dawn (MLT = 5.8), at L = 5.8 and a MLAT of 3.1°. Panel (a) shows the wave magnetic field intensity, and
panel (b) shows the wave electric field intensity of the electromagnetic waves. The wave intensities are given
by the color code legends on the right of the two panels. Panel (c) gives the wave normal angle (WNA). This
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is the angle between the wave vector k and the ambient magnetic field, Bo. Panel (d) shows a slightly
different parameter than given in panel (c). It is the ratio S/Sz where S is the Poynting Flux and Sz is the
component along Bo.

The top two panels of the figure show a number of chorus rising elements. The risers all have a similar shape.
They start out of a hiss‐like band near f ~ 600 Hz and rise to f ~ 1300 Hz. The risers lie between f = ~0.2 and
~0.4 fce. The risers are lower‐band chorus (f≤ 0.5 fce). These elements rise with a near‐linear frequency‐time

Figure 1. An interval of chorus rising tone elements taken at ~02:11 UT on 30 August 2014. This was generated from the continuous burst waveform data with
high time resolution (~30 μs). The large horizontal time tick marks are at 2 s intervals. From top to bottom are (a) the wave magnetic field intensity, (b) the
wave electric field intensity, (c) the wave normal angle relative to the ambient dc magnetic field Bo, and (d) the ratio S/Sz. S is the Poynting Flux intensity and Sz is
its component along Bo. The local value of 0.1 fce is shown by a horizontal solid line, and 0.5 fce is indicated by a horizontal dashed line. The latter two
values are indicated in all four panels and are reiterated for reference.
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profile. The time durations of the events are typical of chorus, ~0.2 s for each element. Some of the risers at
the beginning of the interval near ~2011:42 UT and also near ~2011:46 UT overlap with each other. The over-
lap time is as close as ~0.1 to 0.2 s. An isolated riser element occurs near the end of the interval displayed.
This latter event was selected for detailed analysis. This chorus element is indicated by a white dashed
box around the element in the top panel (a).

The third panel indicates that the wave vector k is directed fairly along the magnetic field direction Bo. This
is indicated by the blue coloring at times when chorus risers are present. The fourth panel indicates that S/Sz
is close to unity by the red coloration at times when chorus risers are present.

It is useful to briefly examine what electron energies are involved in the generation of the chorus elements.
The wave‐particle cyclotron resonance condition for the nonrelativistic case is given by:

f–k‖V‖=2π ¼ nfce (1)

where f is the wave frequency, k|| is the wave k component along the ambient magnetic field direction Bo,
V|| is the particle velocity parallel to the magnetic field, and n is the harmonic number (0, ±1, ±2, …). For
positive values of n, Equation 1 represents the normal cyclotron resonant condition where the waves and
particles are traveling in opposite directions to each other. The waves will be Doppler shifted up to the
electron cyclotron frequency or its harmonics. The less energetic the electrons, the higher the frequency
of the waves needed for resonance.

For the fundamental normal electron cyclotron resonance (n= 1) and wave parallel propagation, the expres-
sion in 1 can be divided by k = k|| and thus be written as follows:

V ¼ Vph 1‐fce=fð Þ (2)

Here Vph = 2πf/k is the parallel wave phase speed. The resonant parallel kinetic energy is thus given by:

E ¼ mVph
2 1‐fce=fð Þ2=2 (3)

If one assumes that the wave phase speed Vph is c/10, where c is the speed of light, for cyclotron resonance
the parallel kinetic energy of resonant electrons for the ~600 Hz (~0.2 fce) lower frequency end of the chorus
riser element will be E ~ 40 keV at L = 5.8. For the higher‐frequency end of the chorus riser element of
f ~ 1300 Hz (~0.4 fce), the resonant kinetic energy of the electrons will be E ~ 6 keV.

It is generally assumed that the energy range of substorm‐injected electrons is ~10 to 100 keV. If one slightly
lowered the estimated wave phase velocity Vph to ~c/7, then the ~10 to 100 keV energy range would be
matched almost perfectly. Unfortunately, it is not possible to measure the thermal plasma densities accu-
rately at such low values, and our calculation cannot be done with greater uncertainty. However, it can be
said that the results of the above back‐of‐the‐envelope calculation indicate that essentially the whole energy
range of the substorm magnetospheric electrons is involved in a single riser element. On the other hand, the
rough estimate of the energy range of ~6 to 40 keV for resonant electrons with the chorus element is intri-
guing. Since the electron spectrum has a power law dependence, there are far fewer particles at higher ener-
gies than at lower energies. Thus, the loss cone/temperature anisotropy instability of electrons with energies
of ~40 to 100 keV may not be involved with chorus element generation. This speculation can be tested using
in situ measurements of waves and particles on a spacecraft like the Van Allen Probes. However, this task is
beyond the scope of the present paper.

A detailed view of a large portion of the chorus riser selected in Figure 1 is shown in Figure 2. The top panel
indicates the presence of five subelements within the riser element. Each subelement has the form of a wave
packet with the packet starting with a small amplitude, growing with time to a large amplitude and then
decreasing to a negligible amplitude. In between the packets/subelements there is only a very small wave
amplitude present. At time 0.930 s, the wave amplitude is <0.1 nT.

The similarity in amplitudes of the minimum variance B1 and B2 components indicates that these subele-
ments are circularly polarized waves. Two subelements, the second and fourth, are highlighted by red boxes
in the B1 panel. These are marked “Subelement 1” and “Subelement 2” and will be studied later.
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The B1‐B2 hodogram on the bottom left illustrates the circular polarization of the waves. The ambient mag-
netic field direction Bo is out‐of‐the‐plane (indicated by the tip of the arrow in the panel) indicating that the
waves are right‐hand polarized or waves propagating in the whistler mode. The average angle of wave pro-
pagation to the magnetic field Bo is ~4°.

The B1‐B3 hodogram on the bottom right is shown to illustrate that the waves are planar.

Subelement 1 from Figure 2 is shown in high time resolution in Figure 3. The minimum variance analysis
was done separately for this interval. The average angle of k relative to the ambient magnetic field Bo is
~1.1°. The top panel shows the B1, B2, and B3 wave components, and the bottom panel gives the B1‐B2
and B1‐B3 hodograms. The start of the interval is indicated by a red arrow in both hodograms. The waves
are right‐hand circularly polarized and planar.

We use the B1 component zero crossings to identify the start and stop times of the wave cycles. The zero
value of B1 is indicated by a dashed horizontal red line. The zero crossings of B1 are indicated by vertical
dashed blue lines. Other parts of the wave phase could be used, but this method is simple and easy to
visualize.

The time interval between the top times of seven wave cycles has been measured and then converted into a
“frequency” value. These frequency values are given at the top of the B1 panel. The first frequency is
849.2 Hz, and the last is 967.3 Hz. This might suggest an upward trend in frequency from the beginning
to the end, but it should be noted that Cycles 3 and 4 are constant at ~893 Hz and Cycles 5 and 6 are con-
stant at 916.2 Hz. These latter wave cycles occur when the wave amplitudes in the subelement are largest,
between ~±0.8 and ±1.1 nT. The last cycle with frequency at 967.3 Hz occurs as the wave amplitude
decreases to ~±0.6 nT.

Figure 2. An ~0.08 s portion of the selected chorus riser (Riser 1) identified by the white dashed box in Figure 1. The top
panel gives the three orthogonal wave magnetic field components in minimum variance coordinates B1, B2, and B3,
respectively. The bottom left panel shows the B1‐B2 hodogram and the bottom right panel the B1‐B3 hodogram.
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The mean frequency for the seven cycles is 900.7 Hz with a standard deviation of 35.1 Hz. This standard
deviation is 3.9% of the mean frequency.

The continuous wavelet power spectrum given in panel (d) shows the slight rise in the frequency across the
subelement. If one focusses on the darkest portion of the spectrum (dark red), this tendency can be noted.
The legend for the color is given on the right of the panel. The wavelet power spectrum also indicates wave
power present at frequencies both above and below the main (dark red) band. However, the power given in
nT2 for the lighter red colorations is ~102 to 103 times less intense. The dark area corresponds well to the
highest intensities shown in the B1 and B2 waveforms in panels (a) and (b).

There are some low intensity (blue) oscillations at high frequencies near 2 kHz that the reader should ignore.
These may be harmonic waves that can be noted in the FFT spectrum in Figure 1.

Figure 4 gives the details of the wave minimum variance components of Subelement 2 identified in Figure 2.
The wave is right‐hand circularly polarized and planar. The average k is oriented at an angle ~9.5° from the
ambient magnetic field direction Bo.

The zero crossings of the B1 values are again indicated by blue vertical lines. Seven wave cycles are analyzed.
Cycles 2 through 4 have relatively constant frequency of ~1055 Hz. These three cycles have the largest ampli-
tudes of ~±0.8 to ±1.2 nT. Cycle 5 with a decreased frequency of ~1024 Hz has a similar amplitude of

Figure 3. (a–c) Subelement 1 in high time resolution. The general format is the same as in Figure 2. Panel (d) shows the continuous wavelet power spectrum.
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±1.1 nT, and Cycles 6 and 7 have lower frequencies of ~994 Hz as the wave amplitudes decreased to ~±0.6 to
0.8 nT. The ending of Subelement 2 is different from Subelement 1 where the frequency rose slightly near the
end of the subelement. The ending of Subelement 2 decreased in frequency.

The mean frequency of the seven cycles of subelement 2 is 1029.0 Hz with a standard deviation of 25.2 Hz.
This standard deviation is 2.4% of the mean frequency.

For the wavelet power spectrum in panel (d), the reader should again focus on the dark red portion of the
plot where the wave intensities are highest. The slight decrease in frequency at the end of the subelement
can be noted.

Subelement 2 occurred later in time than that of Subelement 1. Thus, since the two subelements were part of
a chorus riser element, the frequency of Subelement 2 is expected to be higher than that of Subelement 1.
Subelement 2 has a mean frequency of ~1029.0 Hz compared with ~900.7 Hz for Subelement 1.

3.2. Riser 2

Figure 5 gives another example of rising tone chorus detected at a MLT of 5.8, L = 5.7, and MLAT = −1.3°.
These chorus rising tones have a slightly different frequency extent, frequency‐time shape, and duration
than the chorus elements in Figure 1. The elements extend in frequency from ~400–500 to ~1900 Hz or from
f ~ 0.15 to 0.45 fce. This is again lower‐band chorus. The element durations are variable, and some cases can

Figure 4. Subelement 2 shown in high time resolution. The format is the same as in Figure 3.
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be as long as ~1.0 s. The frequency‐time shape is similar to a lazy “s,” barely rising in frequency at first, then
more rapidly upward and then ending with an asymptotic shape near ~0.5 fce. Almost all of the elements in
this interval have this shape.

In the first half of the figure interval, there are multiple rising tones that are overlapping each other. The
overlap time can be as short as ~0.1 to 0.2 s, similar to risers shown in Figure 1. The average angle of wave
propagation relative to the ambient magnetic field is ~17.2°. The third panel from the top shows that the
waves are nearly parallel propagating relative to Bo, and the fourth panel indicates that the wave S/Sz ratio
is again close to −1.0 (negative unity).

Figure 5. An interval of chorus “S‐shaped” rising elements taken at ~23:06 UT on 3 September 2014. The format is the same as in Figure 1.
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We have selected one isolated element for more detailed analyses. This is indicated by a dashed white box in
panel (a) and is called Element 2. Note that there is a weak chorus element at high frequencies inside the
box, so this riser is not totally isolated.

Figure 6 shows some of the subelements for the chorus riser/Element 2 indicated in Figure 5. The subele-
ment shapes are similar to those in Figures 3 and 4. However, now there are two large amplitude subele-
ments and a number of smaller amplitude, short duration subelements. The B1‐B2 hodogram in the
bottom left panel indicates that the waves are circularly polarized. The B1‐B3 hodogram in the bottom right
panel indicates that the wave subelements are planar, but the shift in some of the planes indicates that some
of the subelements may be coming from different directions.

Figure 7 shows a high‐resolution view of Subelement 3, identified in Figure 6. The wave interval had a wave
k direction angle of ~26.7° relative to Bo. The hodograms indicate that the waves were right‐hand circularly
polarized and planar.

The top panel of Figure 7 shows the “frequency” variability of the wave cycles of Subelement 3. Seven wave
cycles were examined. The first cycle had f = 725.3 Hz with an amplitude of ±0.10 nT. The next five cycles
had the largest amplitudes, all with B1 > ±0.20 nT. The frequency of these cycles had a narrow range from
696 to 710 Hz. In these six cycles the frequency of the first cycle was the largest and the following
five cycles had smaller frequencies. The seventh cycle had a frequency of 696 Hz with a decreased amplitude
of ~±0.16 nT. If there is a trend, it would be a decrease in frequency with time. However, it is safe to say that
any trend is not strong nor obvious. The mean frequency was 704.5 Hz with a standard deviation of 10.5 Hz.
This standard deviation is 1.4% of the mean frequency.

The wavelet power spectral peak power (dark red) indicates a more or less constant frequency across the
entire subelement/packet (note that the intensity scale is different from that shown in Figure 3. The scale
was adjusted so that the dark red peak power is distinguishable from lesser intensity frequencies). The
decrease in frequency at the beginning and end of the seven cycles analyzed is difficult to see. This is, in gen-
eral, consistent with the above single wave cycle analyses.

Figure 6. Element 2 shown in high resolution. The format is the same as in Figure 2. Subelements 3 and 4 are selected
here for further analysis.
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Figure 8 shows the high‐resolution plot for Subelement 4, identified in Figure 6. The waves are propagat-
ing at ~17.0° relative to the ambient magnetic field Bo and are right‐hand circularly polarized and planar.
This subelement is a bit unique in that it contains many cycles. We again examine seven wave cycles near
where the amplitude of the waves is the largest. Since this subelement occurred later in time than
Subelement 3, both of which were part of chorus riser Element 2, one expects the wave frequencies to
be higher.

The first measured cycle had a frequency of 791 Hz. This was the cycle with the smallest amplitude of
±0.16 nT. The next five wave cycles have larger amplitudes, ranging from ±0.19 to ±0.23 nT and have a fre-
quency range between ~809 and 829 Hz. The last cycle had a slightly lower amplitude than Cycle 6, with a
value of ±0.21 nT and a higher frequency of 849 Hz. The wave packet had a frequency profile of an increase
in frequency at the beginning, a flat constant frequency where the wave amplitudes peaked and an increase
in frequency as the packet amplitude decreased. The wavelet power spectra frequency profile is consistent
with that observed from the single cycle analyses.

Note that this subelement is at higher frequencies than that of Subelement 3 which were from ~696 to
710 Hz. The average frequency of the seven cycles of Subelement 4 was 818.2 Hz with a standard deviation
of 17.5 Hz. This standard deviation is 2.1% of the mean frequency.

Figure 7. Detailed examination of subelement 3. The format is the same is in Figure 3.
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3.3. Riser 3

A third intense chorus riser element (Element 3) and two of its subelements (Subelements 5 and 6) were
selected and analyzed. To save space, the figures, the description of the data, and the results of analyses have
been placed in the appendix (Appendix A). This third chorus riser extended from f = ~0.2 to ~0.6 fce with a
well‐known gap at ~0.5 fce (Tsurutani & Smith, 1974). Only the low‐frequency chorus portion was analyzed.
A summary of the results of all three risers is given in Table 1.

The columns of Table 1, from left to right, are the chorus riser element number, the date and UT of the event,
the MLT, L, andMLAT of the riser event. Columns 6 through 9 pertain to the subelements which are parts of

Figure 8. Subelement 4, identified in Figure 6. The format is the same as in Figure 3.

Table 1
Summary of Three Chorus Riser Elements and Two of Their Subelements

Chorus riser element Subelement

No. Date and time MLT L MLAT (°) No. Frequency (Hz) Wave amplitude (nT) k direction angle (°)

1 30 Aug 2014, 02:11 UT 5.8 5.8 3.1 1 900.7 ± 35.1 (3.9%) ±0.6 to ±1.1 1.1
2 1029.0 ± 25.2 (2.4%) ±0.6 to ±1.2 9.5

2 3 Sep 2014, 23:06 UT 5.8 5.7 −1.3 3 704.5 ± 10.5 (1.4%) ±0.1 to ±0.2 26.7
4 818.2 ± 17.5 (2.1%) ±0.16 to ±0.23 17.0

3 12 May 2014, 10:30 UT 8.9 5.8 8.1 5 1037.5 ± 22.0 (2.1%) ±0.3 to ±0.6 16.9
6 1123.7 ± 27.5 (2.4%) ±0.3 to ±0.5 7.4
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the chorus elements. Column 6 is the subelement numbers (Subelements 1 and 2 are part of Riser 1, etc.).
Column 7 gives the mean frequency of the seven wave cycles of the subelement. In parentheses are the
one standard deviation values. Column 8 is the peak wave amplitude in the subelement. Column 9 is the
wave direction of propagation relative to the ambient magnetic field direction.

Details of chorus riser Elements 1 and 2 (and Subelements 1 and 2 and 3 and 4, respectively) were given pre-
viously. They are repeated here for intercomparison to the other events. Details of chorus riser Element 3
(and Subelements 5 and 6) are given in the supporting information.

4. Summary

The three low‐frequency (f < 0.5 fce) chorus riser element events selected for analyses were intense, isolated
events, occurring within ±10° (−1.3° to 8.1°) of the magnetic equator, the wave generation region. The riser
events occurred in the inner parts of outer magnetosphere (L = 5.7 to 5.8), distances far away from the mag-
netopause. The local time of the events was from dawn (MLT = 5.8) to local morning (MLT = 8.9). These
were “typical” intense chorus events (low‐frequency, dayside risers).

From each of the three chorus elements, two subelements were selected for more detailed study. These were
selected for their large amplitudes. The subelements within each element were selected so that they were not
adjacent to each other but separated by one ormore other subelements. The selected subelements were num-
bered from 1 to 6 and were shown in detail in Figures 3, 4, 7, 8, A3, and A4, respectively. To examine the
constancy in frequency of the subelements, minimum variance analyses (Sonnerup & Cahill, 1967) were
performed for each subelement and the zero crossings of the B1 component (maximum variance direction)
were used to identify the start and stop times of each wave cycle. The cycle duration was converted to a “fre-
quency” so that the frequencies of the cycles could be intercompared. A continuous wavelet power spectrum
was also created for the subelement intervals.

Our study has found that:

1. The frequencies were most constant where the wave amplitudes within the subelement were the most
intense (the central portions of the subelements analyzed).

2. All of the chorus subelements exhibited essentially the same features. There were no obvious continuous
frequency upward ramping throughout any of the six subelements analyzed. The frequencies of the wave
cycles were constant within 2.1% to 3.9% of the mean value (± one standard deviation).

3. The greatest frequency deviations within a subelement occurred near the edges where the wave ampli-
tudes were either increasing or decreasing, leading to the start or end of the “packets.” Both increase
and decrease of frequency were noted at both ends of the packets.

One referee has requested that we expand our comments in the Summary and Item 3 in specific. In looking
at both the beginning and end of each of the six subelements, we find for Subelement 1 rising and rising,
Subelement 2 rising and falling, Subelement 3 falling and falling, Subelement 4 rising and rising,
Subelement 5 constant and constant, and Subelement 6 rising and falling. For a constant upward sweep
in a chorus element, one would expect that rising frequency should occur at both ends of the subelement.
What we find from the six subelements are six risings, four fallings, and two constant. Based on this and
Item 1 above, we have concluded that our results imply Item 2, that “there were no obvious continuous fre-
quency upward ramping”.

Theory (Nunn, 1986; Omura et al., 2008; Trakhengerts et al., 2004) and observations (Cully et al., 2011) have
found sweep rates of 3–10 kHz/s on average corresponding to a 20–50 Hz rise over a seven cycle period. The
referee has pointed out that Subelements 1, 2, and 4 show frequency increases of 20–30 Hz over their full
seven cycle duration. However, one should point out that Subelements 3 and 6 did not show such frequency
rises.

There is a clear and fast frequency decrease of ~50 Hz with Subelement 6. The referee points out that with
our standard deviation of 3% implying uncertainty of ~30 Hz, one cannot say for certainty that this is incon-
sistent with nonlinear theory of Omura et al. (2008) and Trakhengerts et al. (2004). We agree with the
referee. In doing this analyses we are up against the uncertainty principle and cannot delve further in fre-
quency resolution. However, in all fairness we have to say that this same argument holds for the
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discussion for all subelements as well. All we can say is by examining these six subelements, the conclusion
that we can gather is that they are on average monochromatic.

The referee also points out that the theoretical frequency sweep rate can become smaller with smaller wave
amplitudes. This may possibly explain the constant frequency of Subelement 3.

4.1. Final Comments and Conclusions

The approximate monochromaticity of the wave frequencies within the chorus subelements is somewhat
different than the smoothly increasing frequency variations obtained from simulation works by Omura
et al. (2008), Omura (private communication, 2019), and Lu et al. (2019). The constancy of wave frequency
in the center of the wave packets/subelements where the wave amplitudes were largest was different than
that expected by sideband emission generation (Nunn, 1986; Trakhengerts et al., 2004). However, one should
add if one considers the uncertainty of frequency determination, the results presented here are not inconsis-
tent with the models of nonlinear chorus generation presented by Nunn (1986), Nunn et al. (2005), and
Omura and Nunn (2011). Their simulation results often show a near‐constant frequency inside subelements.

Nunn et al. (2005) have provided an explanation for rising tones with upper sideband instability allowiing
successive jumps to the next upper sideband through the establishment of a spatial frequency gradient by
the out‐of‐phase portion of the resonant current. Hanzelka et al. (2020) have derived a new model for the
formation of subelements. The latter authors assume that the resonant current is released and propagates
upstream to generate a new whistler wave with increased frequency. This wave then triggers a new
subelement.

This leaves a fundamental question of how and why chorus elements are structured the way they are. We
think that some modifications of nonlinear theories will be needed to explain the approximately monochro-
matic chorus subelement structure.

The approximate monochromaticity of each of the subelements indicates that the subelement waves are
most likely generated by a narrow energy range of energetic electrons. Phase bunching of the electrons
would be one way of generating the coherent waves. Each higher‐frequency subelement in a chorus riser ele-
ment would involve a lower energy range of cyclotron resonant energetic electrons. Thus, the sweeping of
the chorus riser could first involve instability of ~40 keV electrons at the beginning and then ~6 keV elec-
trons at the end, giving the general structure of the rising frequency chorus element. A revised model will
have to explain why the phase bunching of the ~40 keV electrons occurs first and the ~6 keV electrons last.
Another, related difficulty is how each subelement stimulates the next one at a slightly higher frequency,
and so on. This latter issue has been addressed by several models referred to earlier.

The referee has asked us to mention that “Artemyev et al. (2015), Kubota and Omura (2018), Mourenas
et al. (2018), and Tao et al. (2013) have shown that the efficiency of nonlinear electron interaction with
coherent chorus can be strongly altered.” As shown in this paper if one simply assumes the cyclotron reso-
nance condition, the first, lowest frequency subelement in a chorus riser will scatter ~40 keV electrons and
then lower and lower energies. Now, with the establishment that chorus subelements are nearly monochro-
matic, the electron energy bands being scattered will be even tighter. The effect of these interactions should
be observed in the ionosphere as energy dispersion of the arriving electrons. A seminal rocket experiment
performed by Lampton (1967) studying microbursts did not find the expected electron dispersion. Thus,
further studies on this topic are needed.

One fundamental difficulty of chorus generation that theories have not addressed yet is if one has an exten-
sive cloud of energetic electrons drifting from midnight through dawn to local noon (see Tsurutani &
Smith, 1977), why is chorus observed to be generated for hours? Where is all the free energy for chorus com-
ing from?Why are there overlapping rising tones as shown here in this paper and elsewhere? One thought is
that free energy must be continuously being pumped into the electron cloud. One possibility is to have
energy dispersion created by the gradient drift of the energetic electrons supply the free energy. In the day-
side magnetosphere where the solar wind has compressed the magnetic fields, drift shell splitting will take
place allowing a further separation of more energetic electrons from those of lesser energies. These two fac-
tors may be able to provide the free energy needed.
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Appendix A: An Additional Chorus Element Examination
We examine one more intense chorus riser interval. The same format for Figures 1 to 4 are used here

We show a different type of a chorus riser element in Figure A1. These, like the previous two elements of
Figures 1 and 5, were selected with the criteria indicated in section 2. This chorus event occurred on 12
May 2014 at ~10:30 UT. The event occurred at a L = 5.8, the inner part of the outer radiation belt, at a
MLT of 8.9 in local morning and at a MLAT of 8.1°. The waves were propagating at an angle ~16.2° relative
to Bo.

Figure A1. Several chorus rising elements taken on 12 May 2014 at ~10:30 UT. The format is the same as in Figure 1 in the main body of the text. Chorus riser
Element 3 is indicated by a white dashed box.
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The chorus riser elements started near a low‐frequency portion of a hiss band at ~650 Hz and rose to
~2500 Hz or from ~0.2 to ~0.6 fce. What is different about this particular event is that the chorus elements
sometimes crossed the ~0.5 fce “gap.” It is noted that the amplitude of the two most intense elements at
~1032:30 and 1032:34 UT showed a reduction in intensity as the riser approached ~0.45 fce. The wave inten-
sity was diminished from ~0.45 to 0.6 fce. At ~1032:32 UT there are three less intense riser elements which
maintain their low intensities from ~1800 to ~2300 Hz across the ~0.5 fce gap. The hypothesis of Landau
damping causing the ~0.5 fce gap might be the correct mechanism (Omura et al., 2009; Taubenschuss
et al., 2015; Tsurutani & Smith, 1974). However, Li, Thorne, et al. (2011) and Li et al. (2016) have indicated
that the upper band of chorus might have a different source of generation. Thus, only the lower frequency
band (f < 0.5 fce) portion of the chorus riser has been selected for study.

Panels (c) and (d) indicate that the waves are traveling parallel to Bo. The quantity Sz/S ~ 1.0.

The isolated riser at ~1032:34 UT was selected for detailed analyses. A white dashed box surrounds the riser
in panel (a). This is Element 3.

Figure A2 shows that chorus riser Element 3 is composed of many subelements. In this 0.08 s display there
are 12 distinct subelements. Each subelement has only approximately three to five or six wave cycles at the
highest amplitudes. None of the subelements have steady constant amplitudes like those displayed in
Elements 1 and 2. The waves in Figure A2 are right‐hand circularly polarized and planar. The waves are pro-
pagating at ~8.3° relative to Bo. Two intervals have been selected for further analyses indicated by the red
boxes in the top panel. These are Subelements 5 and 6.

Figure A3 shows that Subelement 5 is right‐hand circularly polarized. The waves are propagating at ~16.9°
relative to the ambient magnetic field Bo and are plane polarized.

The wave amplitude shown in the figure starts with two cycles of amplitude ~±0.3 nT and frequency of
1024 Hz. In Cycles 3 and 4, the amplitude increases to ~±0.5 nT by Cycles 4 and 5 as the frequency rises

Figure A2. A high‐resolution display of Element 3 taken at ~1030:34 UT 12 May 2014. The format is the same as in
Figure 2.
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to 1055 Hz. Cycle 5 contains the peak packet amplitude of ~±0.6 nT. Cycle 5 has the minimum frequency of
995 Hz. As the waves in the packet decrease in amplitude (Cycles 6 and 7), the frequency increases back to
1024 Hz. Cycle 7 has an amplitude of ~±0.4 nT. There is no obvious frequency trend seen in these results.
The wavelet power spectrogram shows the same feature of no obvious frequency trend with time.

The mean frequency for the seven cycles is 1037.5 Hz with a standard deviation of 22.0 Hz. This standard
deviation is 2.1% of the mean frequency.

Subelement 6 is shown in Figure A4. Again, the waves are right‐hand polarized and planar, as expected. The
waves are propagating at ~7.4° relative to Bo. Seven wave cycles have been analyzed for their frequencies.
Here it is noted that the first cycle starts at 1123 Hz with an amplitude of ~±0.3 nT. Cycles 3 and 4 have
the same frequency at a slightly higher amplitude of ~±0.4 nT. Cycles 6 and 7 have the highest amplitudes
of ±0.5 nT with a frequency of 1087.7 Hz. Thus, in this case the frequency seemed to decrease with time even
though the amplitude increased. There is no obvious strong frequency trend with time.

The wavelet power spectral peak shows a slight decrease in frequency across the subelement. This is consis-
tent with the single cycle wave analyses.

The mean frequency for the seven cycles of Subelement 6 was 1123.7 Hz with a standard deviation of
27.5 Hz. This standard deviation is 2.4% of the mean frequency.

Figure A3. (a–d) Subelement 5 shown in high resolution. This is part of Element 3 identified in Figures A1 and A2.
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The mean frequency for Subelement 6 was 1123.7 Hz compared to the mean frequency for Subelement 5 of
1037.5 Hz. The higher frequency of Subelement 6 is expected for a rising tone element since Subelement 6
occurred later in time.

Data Availability Statement

The Van Allen Probes plasma wave and magnetic field data can be obtained from the https://spdf.gsfc.nasa.
gov/pub/data/rbsp/ website. Portions of this research was carried out at the Jet Propulsion Laboratory,
California Institute of Technology under contract with NASA.
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