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Abstract Intense, midnight-to-dawn sector, near-equatorial, chorus rising tones which cross frequencies of
~0.5 f.. have been analyzed to determine their structures and possible substructures. Upper band (f > 0.5 fc.)
chorus and “gap” (f ~ 0.5 f) chorus are examined in detail for the first time. It is found that upper band chorus
and gap chorus are composed of the same structure as lower band (f < 0.5 f..) chorus: they are composed of
short-duration subelements, which are monochromatic with ¢ < 1%. These findings have strong implications
for the chorus element generation mechanism. Following Kennel and Petschek (1966, https://doi.org/10.1029/
JZ071i001p00001) the overall chorus riser is most likely generated by anisotropic (7', /T > 1) ~10-100 keV
substorm-injected electrons. Assuming cyclotron resonance, the upper band chorus is generated by the low
energy portion of the electron spectrum. The often-present gap at ~0.5 f. is related to Landau/cyclotron
damping. This however is not the end of the story. There is another type of two-frequency chorus (called Type
2) for which the lower band is not well connected to the upper band. A Type 2 chorus reported previously by
Fu et al. (2014, https://doi.org/10.1002/2014JA020364) has also been studied in detail. Both the lower band
and upper band are composed of subelements which are monochromatic. Such a similar fine structure for the
different type of chorus may imply a similar generation mechanism, for which the difference between them

is just the energy range of resonant energetic electrons. One mechanism discussed here, generation by phase
bunched electrons, will be tested in the near future.

Plain Language Summary Understanding chorus structure and microstructure is essential toward
understanding the wave generation mechanisms and wave-particle interaction consequences. In this paper

we show that upper band (f > 0.5 fc.) chorus and gap chorus (f ~ 0.5 f..) are composed of substructures
(subelements) which are monochromatic with ¢ < 1%. These are the same features of lower band (f < 0.5 f.)
chorus. The Kennel-Petschek theory therefore needs to be enlarged such that phase-bunching of ~10-100 keV
substorm injected anisotropic electrons occur, which then “lase” to yield the monochromatic wave subelements.
Coherent and monochromatic chorus can explain the rapid burstiness of ionospheric microburst X-ray
structures. There is another type of upper band chorus, called Type 2 upper band chorus, where the lower band
chorus elements are not clearly connected to the upper band chorus. A Type 2 chorus reported previously by Fu
et al. (2014, https://doi.org/10.1002/2014JA020364) has been examined in this paper. The apparently unrelated
upper band has been found to be composed of subelements which are monochromatic in nature. Thus the
different type of chorus may be excited by a similar generation mechanism, for which the difference between
them is only the energy interval of the resonant energetic electrons.

1. Introduction

Electromagnetic whistler-mode chorus was first observed in space by Russell et al. (1969) using Orbiting
Geophysical Observatory-3 (OGO-3) triaxial search coil spectrum channel data. Burtis and Helliwell (1969)
using single aircore loop antennas placed on both OGO-1 and -3 discovered that chorus in space often had two
frequency bands. Tsurutani and Smith (1974) supplementing the OGO-5 triaxial search coil wideband data with
dc magnetometer data showed that the two-frequency chorus bands were separated by a gap at ~0.5 f.., where
feeis the electron cyclotron frequency. In this paper, we will hereafter refer to these two parts of chorus as “lower
band chorus” (f < 0.5 fc.) and “upper band chorus” (f > 0.5 f.), respectively. Occasionally chorus is detected at
f ~ 0.5 fe.. This will be called “gap” chorus.
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Several mechanisms explaining the generation of upper band chorus and the power gap at f ~ 0.5 f.. have been
developed in the past decades (Bell et al., 2009; Chen et al., 2021; Coroniti et al., 1984; Fu et al., 2014; Gao
et al., 2016, 2019; Kurita et al., 2012; Li et al., 2019; Liu et al., 2011; Maeda, 1976; Omura, 2021; Omura
et al., 2009; Ratcliffe & Watt, 2017; Schriver et al., 2010; Teng et al., 2019; Tsurutani & Smith, 1974). Tsurutani
and Smith (1974), Coroniti et al. (1984) and Omura et al. (2009) have argued that the rising tone emissions are
all connected (across the 0.5 f.. gap) to upper band chorus elements with the waves around 0.5 f.. experiencing
severe damping. Santolik et al. (2003) and Li et al. (2011) have indicated that upper band chorus propagates at
slightly oblique angles to the ambient magnetic field. This is in agreement with the Omura et al. (2009) nonlinear
Landau damping mechanism away from the equator. In a slight variation of the above scenarios, Fu et al. (2014)
believe that two distinct anisotropic electron components with significantly different temperatures are generating
the two bands of chorus. For this case, there should not be a relationship between the lower band chorus and the
upper band chorus. Chen et al. (2021, 2022a) have suggested that the Landau accelerated low energy electron
beam causes further cyclotron damping of the ~0.5 f.. waves at the equator, so both Landau and cyclotron damp-
ing are involved.

On the other hand, others have argued that the upper band chorus is generated by a different mechanism than
lower band chorus. Maeda (1976) believe that the lower band chorus is not connected to upper band chorus and
instead the upper band emissions are electrostatic modes generated by ~1-5 keV magnetic storm injected elec-
trons. Gao et al. (2016, 2019) reported a type of two frequency chorus where the lower band was electromagnetic
and the upper band was electrostatic, in partial agreement with Maeda (1976). Gao et al. (2016) believe that
the upper band is generated by wave-wave coupling between lower band chorus and a density mode creating an
upper band of chorus at twice the frequency of the lower band. They also noted that the gap was not always at
~0.5 fee. Liu et al. (2011) have argued that “both the lower and the upper bands can be generated simultaneously
by the whistler anisotropy instability driven by two bi-Maxwellian electron components.” “The upper band can
be excited by anisotropic electrons below ~1 keV.” Teng et al. (2019) dispute the Liu et al. mechanism because
they note for this to work there should be a gap in the anisotropy of intermediate energy (~1 keV) hot electron
population. Teng et al. observed magnetic local time (MLT) distributions of banded and no-gap chorus are oppo-
site to what is expected from the Liu et al. (2011) model. Li et al. (2019) have a different model still. They believe
that the anisotropic electrons generate a broad frequency range of chorus and through Landau resonance electrons
are accelerated. The electrons create new chorus waves in both the upper band and lower band ranges. Tsurutani
and Smith (1974) in their Figure 3 showed an extended chorus example where the upper band chorus was only
loosely related to lower band chorus and the simple explanation of cyclotron or Landau damping cannot be used
(to emphasize this point the figure is reproduced in Figure 2). For this case there must be a separate generation
mechanism for the upper band chorus.

Tsurutani et al. (1979), Meredith et al. (2001) and Kurita et al. (2012) showed that the free energy associated
with chorus generation was substorm injection of anisotropic (7. /Tj > 1) energetic substorm electrons. T, and
T, are the perpendicular and parallel electron temperatures with respect to the ambient magnetic field, following
the Quasi-Linear theory of Kennel and Petschek (1966). See also Liu et al. (2011) and Fu et al. (2014). In the
intervening years, focus has been primarily put on the lower band emissions since they resonate with the highest
energy electrons and cause the diffuse aurora (Thorne et al., 2010).

Santolik et al. (2003) showed that low frequency chorus riser elements were composed of “packets” or subele-
ments. Tsurutani et al. (2009) showed that the chorus subelements were coherent and significant modifications
of Quasi-Linear theory were needed to explain microburst precipitation (Bellan, 2013; Hosokawa et al., 2020;
Lakhina et al., 2010; Tsurutani et al., 2013).

Part of the problem for understanding the source of upper band chorus is that many researchers have not under-
stood that there are at least two possible types of upper band chorus. Figures 1 and 2 presents two chorus events
with both upper and lower bands. The inset in Figure 1 shows rising tone elements with a gap and then dot-like
emissions at higher frequencies. The dot-like emissions seem to be connected to the lower frequency rising tone
emissions but with a gap near 0.5 f.. This data was taken on 15 August 1968 at a L = 5.9 and magnetic latitude
(MLAT) = —4.2°. The local time was 1.3 hr. We will call these events “Type 1 upper band chorus” in this paper.

The data in Figure 2 was taken on 10 August 1968 at a MLAT = —0.2°, L = 7.6 and a local time of 1.1 hr. This
is an example of lower-band structureless chorus (hiss-like emissions) separated by ~10-30 s (quasi-periods).
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Figure 1. An example of “Type 1” two frequency chorus. From the inset, the lower band emission rises from ~700 to
~1,000 Hz and the upper band is at ~1,150 Hz, consisting of ~0.1 s duration dot-like emissions. There is a strong extinction
in the frequency range from ~1,000 to 1,100 Hz. The extinction occurs at f =~ 0.5 f... The lower frequency rising tones

in the inset appear to connected to the upper band dots but with a gap at ~0.5 f... Taken from Tsurutani and Smith (1974,
Figure 6).

Each of the hiss-like emissions were followed by upper-band falling tone emissions. In the inset, the falling tones
were delayed by several seconds. The two bands were separated by f ~ 0.5 f... The structure of the upper band
chorus is obviously different than that of the lower band chorus/hiss. We will call these types of events “Type 2
upper band chorus.”

It is a strong possibility that the Type 2 events are caused by a different mechanism than Type 1 events. We have
performed an extensive search for both Type 1 and Type 2 upper band chorus in the Van Allen Probes plasma
wave data. Type 1 upper band chorus is quite common and is the typical case of two-frequency chorus. However
a similar case of Type 2 chorus as in Figure 2 was not found in the Van Allen Probes plasma wave data. We there-
fore will reanalyze the Fu et al. (2014) Type 2 chorus.

2. Data Source and Analysis Method

The OGO-5 satellite was placed in a highly eccentric orbit with a period of ~62 hr, a geocentric apogee of 24 Ry
and an inclination of ~30° relative to the geographic equator. The instrument was a triaxial search coil magneto-
meter where the sensors were located on a boom ~7 m from the spacecraft body. The data were taken in analog
format. The broadband analog voltages with frequencies from 1 to 1,500 Hz modulated standard Inter Range
Instrumentation Group (IRIG) wide band subcarrier oscillators which were then multiplexed and transmitted by
special purpose telemetry. A more complete instrument description can be found in Frandsen et al. (1969).

Van Allen Probes (also known as the Radiation Belt Storm Probes/RBSP) were operating in a near-equatorial,
highly elliptical, and low-inclination orbit with a perigee of ~1.1 R; and apogee of ~5.8 Ry. The Electric and
Magnetic Field Instrument Suite and Integrated Science (EMFISIS) wave instrument (Kletzing et al., 2013)
onboard the satellite provides high-resolution, continuous burst waveform data (35,000 samples/sec) which are
analyzed to obtain wave polarization information (such as the wave normal angle and Poynting flux) and wave
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Figure 2. An example of “Type 2” two-frequency chorus. The lower band emissions (~300-500 Hz) presented as hiss-like
nature occur at quasi-periodic intervals of ~10-30 s. The upper band chorus (~675-850 Hz) occurs following the lower band
chorus with a delay of several seconds. The gap between the two bands from ~500 to 675 Hz is at f ~ 0.5 fc.. This is an
example of Type 2 upper band chorus. The figure is taken from Tsurutani and Smith (1974, Figure 3).

structure (subelement property) information. The triaxial fluxgate magnetometer (MAG, a part of the EMFI-
SIS instrument suite) was used to obtain the direction and magnitude of the local background magnetospheric
magnetic field. We use the d.c. magnetic field in two different ways in this paper. The d.c. field direction is used
to determine the obliqueness of wave propagation relative to the ambient field. The d.c. field magnitude is also
used to determine the equatorial electron cyclotron frequency, fc.. This method is described below.

In all of our chorus cases studied, we first note the measured magnetic field magnitude and the location of
the spacecraft in MLAT. Based on a dipole magnetic field model, the magnitude of the magnetic field at
equator (B.g) can be estimated using the local magnetic field (Bj,.) and MLAT (4) of the satellite, that is,
Beq = Bioccos® 4/ 1 + 3sin? 1. We then determine the equatorial electron cyclotron frequency fe. by this simple
extrapolation (Gao et al., 2016; Li et al., 2019). This technique combines both measurement and modeling so it
will be described as “measured/modeled” in this paper.

We have selected chorus riser elements located between local midnight and 06 MLT. This is the region where
the substorm injected energetic electron cloud will gradient and curvature drift from midnight to dawn in the
magnetosphere. We have also restricted the MLAT location of chorus to within +10° of the magnetic equator,
the generation region of chorus (Lauben et al., 2002; LeDocq et al., 1998; Meredith et al., 2001; Tsurutani &
Smith, 1974, 1977).

For the analyses of the high time resolution electromagnetic field data, we use the Sonnerup and Cahill (1967)
minimum variance technique applied to the electromagnetic plasma waves (Smith & Tsurutani, 1976). The
magnetic field component of the wave along the maximum variance direction will be called the B1 component,
the one along the intermediate variance direction B2, and the one along the minimum variance direction B3. The
minimum variance direction of the magnetic component of chorus waves is the direction of wave propagation k
(Verkhoglyadova et al., 2010). We have used the Space Physics Environment Data Analysis Software (SPEDAS)
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bandpass filter to obtain the waveform signatures in the specific frequency ranges (i.e., ~0.1-0.5 f.. for lower
band chorus and ~0.5-0.75 f.. for upper band chorus). The specific frequency ranges chosen will be indicated in
the figure captions to follow.

We use the zero crossings of the B1 component to identify the start and stop times of the half wave cycles. The
wave “frequency” for each half cycle is calculated based on the time interval between the start and stop times.
It has been shown both observationally (Tsurutani et al., 2009) and theoretically (Verkhoglyadova et al., 2010)
that chorus is a circularly polarized electromagnetic wave. It is therefore immaterial if one uses the B1 or B2
component zero crossings or maxima or minima crossings. Any of these choices will give the same results. For
this study we have chosen the B1 half wave zero crossing. It was previously shown in Tsurutani et al. (2020) that
the technique worked well (for full wave cycle zero crossings).

In our analyses of chorus wave frequencies, we have only analyzed portions for which the wave amplitudes are
the largest. Near the ends of the subelements where the wave amplitudes are diminished, uncertainty errors are
larger. Tsurutani et al. (2009) have shown that there is omnidirectional noise of ~25 pT amplitudes which may
throw off detailed analyses results. These regions have not been analyzed in the main body of the paper. Tsurutani
et al. (2020) previously analyzed the substructure of lower band chorus using a continuous wavelet transform (a
Morlet mother wavelet function). It was found that this did not give any better information than the method used
above. So we have not applied this technique in this paper. A Hilbert transformation on several successive sube-
lements has been applied in previous analyses (Santolik et al., 2014). Large frequency shifts are note to occur at
the edges of the subelements or in-between subelements in Figure 3 of Santolik et al. (2014). However this is not
the goal of the present paper. We wish to determine if frequency jumps occur where the wave amplitudes in the
subelements are large, in the center of subelements. The present method of calculating the frequency based on B1
zero crossings will be shown to be adequate for this purpose. Besides examining each half cycle of a wave for its
frequency, we also calculate the variation of frequencies for a sequence of wave cycles. If the standard deviation
(0) is <1%, we have called these events “monochromatic.” The same method of analysis and definitions were
used in Tsurutani et al. (2020) in analyzing lower band chorus.

3. Observational Results

Figure 3 shows an upper band chorus rising tone event at ~21:16 UT, on 31 March 2013. The spacecraft was at a
L=5.3,aMLT of ~1.5 hr and a MLAT of —1.8°. There are six major rising tone elements shown in the interval.
These repetitive emissions of chorus waves are considered to be related to the injection of energetic electrons
from the magnetotail (Chen, Lu, et al., 2022; Gao et al., 2022; Lu et al., 2021). All of the chorus risers began
close to f =~0.5 fe (~2,400 Hz) and rose to ~0.62 f.. (~3,000 Hz). Figure 3c shows that all six of these major
risers were propagating away from the magnetic equator. An interval labeled T1 shown in vertical gray shading
has been selected for further analyses.

Interspersed between these six major chorus risers are six lesser intensity risers. These risers start at ~2,600 Hz
and rise to ~3,200 Hz. What is interesting is that some of these events are propagating in the opposite direction
as the main chorus risers. This can be seen in Figure 3c. The first element at ~31.2 s is propagating northward
(red), the second event at ~31.5 s starts out propagating southward (black) and then turns to northward at higher
frequencies. The third, fourth and fifth minor risers are propagating northward and the sixth riser at 33.3 s is
propagating southward. Although these minor chorus risers are interesting, it is out of scope for the present paper.
They will be analyzed in a separate publication.

Figure 4 shows the waveform of the T1 riser element. There are 5 major subelements (Figure 4a). We have
selected four subelements indicated by red horizontal bars. The average wave propagation (k) angles of four
subelements relative to the ambient magnetic field direction B, are ~9.8°, ~6.2°, ~9.6°, and ~7.6°, respectively.
The B1-B2 hodogram on the upper right show that the chorus is circularly polarized, as expected from previous
chorus studies (Tsurutani et al., 2009) and theory (Verkhoglyadova et al., 2010). Assuming that the upper band
chorus portion of the element rises from ~2,350 to ~3,050 Hz in ~0.2 s, the chirping rate is ~3,500 Hz/s.

Figures 4b—4e show that the mean frequency values of the four subelements are ~2,726, ~2,786, ~2,836, and
~2,929 Hz, respectively. All of the subelements had 16 or 17 cycles selected which were analyzed. The ¢ standard
deviation in frequencies for the four subelements are ~0.5%, ~0.6%, ~0.5% and ~0.3%, respectively. Figure 4b
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Figure 3. Upper band rising-tone chorus event observed at ~21:26 UT on 31 March 2013. The panels, from top to bottom are: (a) the wave magnetic power spectrum,
(b) the wave normal angle relative to the background magnetic field By, and (c) the ratio Sz/S. where S is the Poynting flux intensity and Sz is its parallel component
along By. In each panel, the dashed horizontal line indicates 0.5 f... The color code values are given on the right side of each panel. An interval T1 (vertical gray
shading) is selected for detailed analyses later.

shows that the subelement started with slightly higher than average frequencies, dipped to lower than average as
the wave intensity peaked, and then ended with slightly higher frequencies. Figure 4c shows that the wave started
with the average frequency, then dipped to slightly lower than average frequency in the middle of the subelement
and then returned to a slightly higher than average frequency at the end. The subelement in Figure 4d shows
slightly below average frequencies at the beginning of the interval and then rising to above average frequencies at
the end. The subelement in Figure 4e is similar to the subelement in Figure 4d.

It can be noticed that all of the four subelements Figures 4b—4e have chorus frequencies that vary smoothly from
cycle to cycle. All four subelements rose in frequency from the beginning of the interval to the end of the interval,
but the rise was not monotonic. Although we have characterized the frequency variation quantitatively by their
calculated standard deviation (o), the wave frequency variations do not appear to be statistical ones, that is, the
frequency variation is not a random scattering of a fraction of ¢ (say ~0.5 o) from one value to the next. This
nature of the frequency variations is not understood at this time. This requires further analysis (and is beyond the
scope of the present work).
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Figure 4. The waveforms of the T1 interval of Figure 3. The frequencies passed through the bandpass filter were selected to be between 2,200 and 3,200 Hz. Panel (a)
shows the three minimum variance coordinates B1, B2, and B3. The hodogram between B2 and B1 is shown in the right. Four packets are indicated by red horizontal
bars in the B1 panel. Panels (b—e) show the waveform (top) and frequency variations (bottom) for the four subelements. The blue dotted horizontal line in panel (b)
through (e) is the mean value of frequencies for each subelement. The calculated mean values and standard deviations (o) are given at the bottom of each panel.

Although the rise of these four subelements is a bit higher than the average frequency at the ends of the subele-
ments analyzed, the rise is quite slight. The rise does not reach the average frequency of the next subelement to
come. Thus there must be more frequency shifts occurring at either the ends of the subelements or in the gaps.
See the “Supporting Information S1” section for more details of the long duration window data of Figure 4a. In
general, the subelements analyzed are monochromatic (¢ < 1%), at least in the major portion of the subelements
where the wave amplitudes are maximum.

Figures 5a—5c illustrate the dynamic spectrogram of a rising-tone chorus event that contains both lower and upper
frequency bands. This event occurred on 13 April 2013 at L = 5.5 and a MLT of ~1.0 hr. The spacecratt MLAT
was ~5.7°. In the case, the lower band portion ranges from ~1,200 to 2,200 Hz, and the upper band portion ranges
from ~2,500 to 3,300 Hz. The gap between the two bands from ~2,200 to 2,500 Hz is at f ~ 0.5 f... The lower
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Figure 5. Rising-tone chorus elements detected at ~23:32 UT on 13 April 2013. The figure format is the same as in Figure 3. Two intervals T2 and T3 (vertical gray
shadings) are selected for detailed analyses.

band portion of the element is apparently connected to an upper band portion of the element. Both the lower and
upper bands of the chorus wave are propagating with wave normal angles less than 30° (Figure 5b). The waves
are propagating away from the equatorial region, as expected (illustrated by the value of Sz/S in Figure 5c).
Therefore, this is a “Type 1 chorus case.

Figure 6 shows a detailed view of the lower frequency band element marked by T2 in Figure 5. The waveform of
the element is composed by several subelements. Each subelement or wave packet starts with a small amplitude,
grows with time to a larger amplitude and then decreases with time to a smaller amplitude. The similarity in the
amplitude profiles of the B1 and B2 components indicates that the waveforms are circularly polarized waves.
Four subelements are indicated by red horizontal bars to be analyzed in further detail.

Figures 6b—6e illustrate the analysis results of the four subelements identified in Figure 5. The averaged wave
normal (k) angle of four subelements are ~33.9°, ~12.3°, ~7.8°, and ~11.8°, respectively (not shown). For each
subelement (each of the panels b through e), the frequency value is estimated based on the zero crossings of the
B1 component. The mean value of frequencies for the four subelements are indicated by dashed horizontal lines.
The average frequencies are: ~1,382, ~1,437, ~1,482, and 1,539 Hz, respectively. The chorus subelements step
up in frequency with time, as expected for a chorus riser tone. If the section of the lower band chorus portion of
the element rises from ~1,100 to ~2,200 Hz in ~0.5 s, the “chirping rate” is ~2,200 Hz/s.
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Figure 6. The T2 interval (Figure 5) waveforms of lower band chorus waves passed through a bandpass filter. Signals with frequencies between 800 and 2,400 Hz were
passed. The format is the same as in Figure 4.

The frequency variances for the four subintervals are ~0.9%, ~1.0%, ~0.6% and ~0.6%, respectively. The sube-
lement in Figure 6b started at the average value, oscillated both above and below the average value and ended
slightly above the average. The subelement shown in Figure 6¢ started at the average frequency, oscillated below
the average, then near the average and ended up slightly above average. The subelement in Figure 6d started
with a frequency below the average value, oscillated above and below the average several times and then ended
at below average at essentially the same value as it initially started at. The subelement in Figure 6e started at the
average frequency oscillated slightly above and below average several times and ended up at approximately the
same frequency that it began at. The best description of the four subelements is that they were all monochromatic
(6 £ 1%) in nature.

Similar to the subelements in Figure 4, the wave frequency varied smoothly from one half cycle to the next. There
were no large statistical jumps from half cycle to half cycle. The wave frequencies in all four subelements (but
particularly in Figures 6d and 6e) seem to again exhibit wave-like oscillations around the mean value.
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Figure 7. The format is the same as in Figure 4. The T3 interval (Figure 5) waveforms of upper band chorus waves were run through a filter allowing passage of

frequencies between 2,400 and 3,600 Hz.

Figure 7 shows a similar wave analysis process for the T3 upper band element in Figure 5. This upper band
element is also composed of many subelements, even though the boundaries between one subelement and the
adjacent subelement are not clear. There are many more subelements for this upper band than for the lower band
chorus shown in Figure 6. Four subelements are also selected to analyze the frequency variations (indicated by
the red horizontal bars in Figure 7a). The averaged wave normal angles of the four subelements are ~7.0°, ~5.0°,
~3.9°, and ~6.9°, respectively. Their frequencies are ~2,890, ~2,907, ~2,905, and 2,952 Hz, respectively. It is
noticed that the second and third subelements have mean frequencies close to ~2,900 Hz. The third subelement
was detected 0.013 s later in time than the second one. If the section of the upper band chorus portion of the
element rises from ~2,700 to ~3,500 Hz in ~0.5 s, the “chirping rate” is ~1,600 Hz/s.

Figure 8 shows another rising-tone chorus event, which was observed at MLAT =1.1°, MLT =3.1 hrand L=5.5.
There are six nearly identical rising-tone elements. Here the first four rising-tone events have no power gaps at
f = 0.5 fc.. The fifth and sixth elements have only upper bands. All six rising-tone elements are propagating with
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Figure 8. Rising-tone chorus elements for which there are no strong power gaps at ~0.5 f.. (horizontal dashed lines in the three panels), or gap chorus. The figure
format is the same as in Figure 3. One interval with no power gap (T4) was selected for detailed analyses.

wave normal angles <30° (Figure 8b). In order to make comparisons with the two-band (Figure 5) and only upper
band (Figure 3) types, one rising-tone element with no power gap (T4) was selected for detailed analyses. The
frequency of the interval ranges from ~1,800 to ~2,400 Hz. The 0.5 f.. value corresponds to ~2,100 Hz and is
indicated by a dashed horizontal line in all three panels.

Figure 9 shows the waveform of the entire rising-tone element (T4) identified in Figure 8. The element is composed
of many small-interval subelements. The amplitudes of the subelements are largest at the lowest frequencies (the
beginning of the interval from 12:08:30.93 to ~12:08:30.96 UT). After this interval, the peak amplitudes of the
subelements are more or less constant until the end of the interval (12:08:31.089 UT). There is no obvious power
gap in this latter interval. For reference, the f = 0.5 f.. point would have occurred at ~12:08:30.98 UT. This is
indicated by a vertical line in the figure. If the chorus element rises from ~1,400 to ~2,600 Hz in ~0.28 s, the
chirping rate is ~4,286 Hz/s.

Figures 9b—9e show the frequency variations of four subelements in the T4 interval, respectively. The number of
cycles analyzed are 13, 10, 9 and 10, respectively. The wave normal angles were 26.1°, 20.3°, 4.3° and 17.7° for
the four subelements, respectively. In Figure 9b, the frequency starts slightly above the average for the interval
and ends slightly below the average. The frequencies in Figure 9c are similar in nature to Figure 9b with a slightly
different ending. The wave frequency starts slightly above the average value then smoothly oscillates around
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Figure 9. The waveforms of the T4 interval shown in Figure 8. The format is the same as in Figure 4. Waves with frequencies between ~1,200 and ~2,900 Hz were
passed through the filter, that is, the microstructure of the entire rising element is shown. A vertical blue line indicates the chorus frequency where f ~ 0.5 f...

the average value and then ends at approximately the same value as it started. Figure 9d is different from either
Figure 9b or Figure 9c. The frequency starts below the average value, oscillates around the mean and then ends
up below the average. Figure 9e is similar to Figure 9c. The frequency starts above the average value, oscillates
both above and below the mean and then ends with frequencies above the mean. The variances of the frequencies
for the four subelements are 0.6%, 0.8%, 1.0%, and 0.9%, respectively. The subelements are monochromatic with
nearly constant frequencies. These results for the “no gap” rising tone of Figure 8 are similar to that of the upper
band event in Figure 3 and “Type 1" two-frequency chorus event in Figure 5.

Figure 10 presents two-frequency chorus waves, where the lower band waves (~1,300—1,900 Hz) exhibit discrete
rising tones and the upper band waves (~2,100-2,400 Hz) is more of a hiss-like structure with some dot-like
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Figure 10. Two-frequency chorus waves, where the lower band waves exhibit discrete rising tones and the upper band waves have hiss-like structure with some intense
“dots.” (a) Wave magnetic power spectrum, (b) wave electrostatic power spectrum, (c) wave normal angle relative to the background magnetic field B, and (c) the ratio
Sz/S. The horizontal dashed lines in each of the four panels represent 0.5 f.. and 1.0 f.., respectively.

intensifications (Figures 10a and 10b). This case is somewhat similar to the two-frequency chorus in Figure 1.
However here there is no clear connection between the lower band risers and the intense upper band “dots.”
The lower-band chorus waves are found to have small wave normal angles, that is, less than ~30°, while the
upper-band chorus waves have relatively larger wave normal angles, that is, ~40°. In order to compare the two
bands of chorus waves, the interval T5 was selected to perform further analyses. The chirping rate is ~3,000 Hz/s
for the lower band elements.

The waveform analyses of interval T5 for lower band and upper band chorus waves are presented in Figures 11
and 12, respectively. The waveforms of the lower band and upper band chorus waves are composed of many small
subelements (Figures 11a and 12a). The frequency variations of four subelements in the T5 interval for lower
band and upper band waves are shown in Figures 11b-11e and Figures 12b—12e, respectively. The frequency
variations are quite different from event to event.

In Figure 11, the wave normal angles of the four selected subelements were 9.6°, 10.7°, 27.3° and 21.1°, respec-
tively. In Figure 12, the wave normal angles of the four subelements were 51.3°, 40.5°, 45.9° and 38.6°, respec-
tively. In Figure 11b, the frequency starts slightly below the average value and ends slightly above the average. It
has a more or less monotonic increase. For Figure 11c, the frequency starts at the average value, then goes slightly
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Figure 11. The format is the same as in Figure 4. The TS5 interval (Figure 10) waveforms of lower band chorus waves passed through a bandpass filter

(1,200-2,000 Hz).

below average and ends at the average value. For Figure 11d, the frequency starts below the average, oscillates
above average twice and then ends up at the average value. The frequency in Figure 11e starts below the average
value, oscillates to slightly above, then below the average value and ends up slightly above the average. The vari-
ances for the four subelements were 0.8%, 0.5%, 0.8% and 0.7%, respectively.

In Figure 12b, the frequency starts slightly below average, oscillates above and below once and ends up at the
average value. In Figure 12c, the frequency starts at slightly above average and maintains that value through
more than half of the interval and then decreases monotonically to end up below average. Figure 12d starts with
the frequency slightly below average and then is above average for half of the interval, and then ends up below
average. Figure 12e shows that the frequency starts slightly above the average, then decreases below the average
and then stays at a more or less constant value. It ends up slightly below the average value. The variances for the
four subelement intervals are 0.3%, 0.6%, 0.4% and 0.4%, respectively.
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Figure 12. The format is the same as in Figure 4. The T5 interval (Figure 10) waveforms of upper band chorus waves were passed through a bandpass filter, that is,
between 2,000 and 2,600 Hz.

The subelements are also monochromatic with nearly constant frequencies. These results for the “Type 2”
two-frequency chorus waves of Figure 10 are similar to other events analyzed in the paper. The eight subelements
shown in Figures 11 and 12 displayed wave-like frequency signatures which were apparently not statistical type
fluctuations. This is similar to the eight subelements shown previously. The waveform analysis for the second
harmonic can be found in the “Supporting Information S1.”

The summary information of four types of rising-tone chorus waves and their subelements are presented in Table 1.
All of the chorus waves analyzed in this study were located at the near-equatorial region (with IMLATI < 6.0°),
and in the midnight to dawn sector. Four chorus waves present as different types, including only upper band, Type
1, no gap, and Type 2. We have analyzed 24 subelements from the upper band, lower band and near 0.5 f.. (gap)
chorus of four wave elements. All of the subelements are nearly monochromatic with ¢ < 1%.
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Table 1
Summary of Four Rising-Tone Chorus Waves and Their Subelements
Chorus waves Subelements Average frequency (o) (Hz)
No. Type MLT L MLAT (°) No./type S1 S2 S3 S4
1 Only upper band 1.5 5.3 -1.8 T1/upper 2,726 (12.6) 2,786 (7.9) 2,836 (14.3) 2,929 (9.4)
2 Type 1 1.0 5.5 5.7 T2/lower 1,383 (12.0) 1,437 (13.8) 1,482 (9.5) 1,539 (9.5)
T3/upper 2,890 (20.3) 2,907 (21.3) 2,905 (14.3) 2,952 (13.4)
3 No gap 3.1 5.5 1.1 T4/~0.5f,, 1,840 (10.7) 2,000 (16.3) 2,247 (22.4) 2,370 (21.4)
4 Type 2 5.0 52 3.7 T5/lower 1,630 (12.5) 1,708 (7.6) 1,735 (14.5) 1,746 (12.0)
T6/upper 2,293 (6.9) 2,272 (14.1) 2,296 (9.6) 2,276 (8.6)

4. Summary and Conclusions

To make comparisons of Type 1 upper band chorus structure and substructure to lower band chorus, rising tone
elements which had power gap at ~0.5 f. (Figure 5) were analyzed in detail. From our analyses, it was found that
the nature of Type 1 upper band chorus is the same as lower band chorus: Type 1 upper band chorus is composed
of short duration subelements (the same structure) and the substructures are monochromatic (the same substruc-
tures) in nature.

A chorus riser element that had continuous wave power from f < 0.5 f. to f > 0.5 f.. was analyzed (Figure 8). It
was found that the nature of gap (f ~ 0.5 f..) chorus waves were the same as lower band and upper band chorus.
The ~0.5 f.. chorus was composed of short-duration subelements (the same substructure) and the subelements
were monochromatic.

We selected 20 intense rising tone chorus intervals (not all shown) that were located in the midnight-to-dawn
local time sector and near the magnetic equator, IMLATI < 10°. For the 20 intervals, the elements were found to
be composed of short-duration monochromatic subelements/packets.

What can one conclude from the above results? One obvious strong possibility is that the mechanism of wave
generation for Type 1 upper band chorus, lower band chorus and ~0.5 f.. gap chorus are probably all the same.
From the Kennel-Petschek instability theory, the only difference will be the resonant energetic electrons involved
in the particular wave frequency generated. The Type 1 upper band chorus would be generated by the lowest
energy part of the ~10-100 keV substorm-injected temperature anisotropic electrons.

The identification of monochromatic subelements within the f ~ 0.5 f.. gap is consistent with the above scenario.
The anisotropic substorm-injected energetic electrons generate the short duration monochromatic subelements
for all frequencies of the riser. Then Landau/cyclotron damping typically eliminates some of the waves, creating
the power gap.

A Type 2 upper band chorus event (Fu et al., 2014) was studied. The upper band did not show any obvious
relationship to the lower band, the definition of Type 2 chorus. The upper band was found to be composed of
monochromatic subelements. Thus if it is correct that the upper band chorus is sometimes generated by a different
population of energetic electrons with different temperature (and pitch angle?) distributions (Fu et al., 2014; Liu
et al., 2011), then that mechanism must involve electron phase bunching, just as the case for Type 1 chorus. We
should mention that the Type 2 case in Figure 10 is not the same as the typical Type 2 case shown in Figure 2. We
were not able to find a case similar to Figure 2 in the Van Allen Probes data (searching from more than 2 years
of data).

4.1. Final Comments

Previous models and simulations can reproduce the subelements within chorus elements Hanzelka et al., (2020,
2021; Ke et al., 2017; Tao et al., 2017), but the fundamental physics behind the formation of subelements is
still unclear. Santolik (2008) mentioned that the beating effect of simultaneously present signatures at closely
separated frequencies could explain the nature of the subelements. Zhang et al. (2020) statistically analyzed
the frequency variation and lengths of the subelements, and supported the premise that the structure can be
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formed by the superposition of different frequency waves. By conducting test particle simulations, Hanzelka
et al. (2021) have shown that the electron distribution carries an imprint of the subelements within rising-tone
chorus elements. Tsurutani et al. (2020) have mentioned that nearly monochromatic subelements are most likely
excited by a narrow energy range of phase bunched energetic electrons. The higher frequency subelements in a
rising-tone element should be excited by a lower-energy range of energetic electrons, while the lower frequency
subelements should be excited by a higher-energy range of electrons. Until now, there is no widely accepted
explanation for how and why the subelements form within chorus element. An examination of energetic electrons
during chorus events will be helpful in making progress with this problem.

Additionally more advanced computer modeling needs to be performed with corresponding observational
evidence to support the findings. Wave-like structures were noted in the wave frequencies of the subelements.
This seemed to be present in 16 subelements studied. This feature is not understood at this time. Perhaps mode-
ling can explain these features.

A theory explaining chorus rising tones should also be able to explain why the same or very similar frequency-time
profiles of the risers occur for hours within the same drifting electron cloud. Free energy must be being supplied to
the electrons within the cloud as the electrons drift from the midnight sector toward dawn (Tsurutani et al., 2020).
We hope that fellow scientists will be able to advance the Kennel and Petschek (1966) theory to explain all the
various facets of the chorus rising tone subelements.

Data Availability Statement

The RBSP data used in this study are available from the website: https://spdf.gsfc.nasa.gov/pub/data/rbsp/.
SPEDAS is available at http://themis.ssl.berkeley.edu/socware/.
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