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Abstract Chorus subpackets/subelements are the wave packets occurring at intervals of ~10-100 msec
and are suggested to play a crucial role in the formation of substructures within pulsating aurora. In this study,
we investigate the evolution of subpackets from the upstream to downstream regions. Using Van Allen Probe
A measurements, we have found that the frequency of the upstream subpackets increases smoothly, but that of
the downstream subpackets remains almost unchanged. Through a simulation in the real-size magnetosphere,
we have reproduced the subpackets with characteristics similar to those in observations, and revealed that the
frequency chirping is influenced by both resonant current of electrons and wave amplitude due to nonlinear
physics. Although the resonant currents in the upstream and downstream regions are comparable, the wave
amplitude increases significantly during evolution, resulting in lower sweep rate in the downstream region. Our
findings provide a fresh insight into the evolution of chorus subpackets.

Plain Language Summary Subpackets within chorus waves are suggested to play a significant role
in producing the substructures within pulsating aurora. How does the frequency change inside subpackets is
still an open question. In this study, the subpackets are found with Van Allen Probe A observation to be excited
upstream of the magnetic equator, and propagate toward downstream. The frequency of subpackets increases
with time in the upstream region, while it keeps almost unchanged in the downstream region. Meanwhile, a
particle-in-cell simulation has been performed to study the characteristics of subpackets, and the simulation
results agree well with those in observations. The frequency variation of subpackets is influenced by both
resonant electrons and wave amplitude. Our study provides a clue for better understanding the nonlinear
wave-particle interactions in the evolution of chorus subpackets.

1. Introduction

Chorus waves are intense and coherent whistler-mode emissions that are commonly observed in the Earth's
magnetosphere (An et al., 2016; Burtis & Helliwell, 1969; Horne & Thorne, 1998; Li et al., 2009; Tsurutani &
Smith, 1974; Tsurutani et al., 2009). These waves play a crucial role in regulating electron dynamics, including the
acceleration of ~100 keV electrons to relativistic energies (Miyoshi et al., 2015; Summers et al., 1998; Tsurutani
& Gonzalez, 2006; Thorne et al., 2013), and the precipitation of energetic electrons to produce pulsating aurora
(Miyoshi et al., 2020; Ozaki et al., 2018; Thorne et al., 2010; Tsurutani & Smith, 1974; Tsurutani et al., 2013)
and microburst (Anderson & Milton, 1964; Kawamura et al., 2021; Miyoshi et al., 2015; Tsurutani et al., 2013).
The spectrum of chorus waves typically exhibits a series of discrete elements (Goldstein & Tsurutani, 1984; Li
etal.,2013; Lu et al., 2021), and each element is composed of ~10-100 msec subpackets/subelements (Mourenas
et al., 2022; Santolik et al., 2003; Tsurutani et al., 2009, 2020; Zhang et al., 2020a, 2020b). The subpackets have
modulated amplitudes and are suggested to be an important driver of the substructures (~10 msec) in pulsating
aurora (Kataoka et al., 2012; Miyoshi et al., 2015; Ozaki et al., 2018).

One of the characteristic features of chorus element spectrum is the frequency chirping, where the frequency
changes rapidly with time (Gao et al., 2022; Helliwell, 1967; Li et al., 2013). Among all spectra, the rising
tone elements (with frequencies increasing with time) are the most frequently observed (Gao et al., 2014; Li
et al., 2011). The chirping of rising tone elements is suggested to be triggered by the resonant current attributed
by energetic electrons due to nonlinear effects (Hanzelka & Santolik, 2023; Nunn, 1974; Omura, 2021; Omura
et al., 2008; Roux & Pellat, 1978; Vomvoridis et al., 1982; Zonca et al., 2022). The corresponding sweep rate,
which is a key parameter depicting the rapidity of the frequency chirping, has been extensively studied in both
observations (Cully et al., 2011; MaciSova et al., 2010; Tao et al., 2012) and simulations (H. Chen et al., 2022;
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Katoh & Omura, 2011; Ke et al., 2020). However, the investigations on frequency chirping of subpackets are
still limited (H. Chen et al., 2023a; R. Chen et al., 2022; Tsurutani et al., 2020; Zhang et al., 2020a, 2020b). It is
generally believed that the frequency of subpackets within the rising tone elements would also increase (Santolik
et al., 2003; Zhang et al., 2020b). However, Tsurutani et al. (2020) and R. Chen et al. (2022) examined the large
amplitude subpackets, and found their frequency to be nearly constant.

The chorus source region is proposed to be near the magnetic equator (Burtis & Helliwell, 1969; Tsurutani &
Smith, 1974), where the linear growth rate is at its maximum (H. Chen et al., 2022; Lu et al., 2019). However,
nonlinear theory proposed that the source region of chorus subpackets is located upstream (relative to wave
propagating direction) of the magnetic equator, because the resonance velocity of electrons is opposite to wave
group velocity, leading to the sum velocity pointing upstream (Nogi & Omura, 2022, 2023). Via Time History of
Events and Macroscale Interactions during Substorms (THEMIS) observations, Demekhov et al. (2020) detected
the equatorward propagating chorus elements and identified the upstream source region. In this study, using Van
Allen Probe A data, we investigate the evolution of chorus subpackets. Via the general curvilinear particle-in-cell
(gcPIC) simulation model, we further reveal that the nonlinear physics is a dominant process in the evolution of
subpackets.

2. Observational Results
2.1. Data Source and Analysis Method

The Van Allen Probes consists of two identical satellites (A and B). The onboard Electric and Magnetic
Field Instrument Suite and Integrated Science (EMFISIS, Kletzing et al., 2013) instrument can measure both
high-resolution waveform data at 35 kHz and low-resolution triaxial magnetic field data (treated as background
magnetic field) at 64 Hz. We perform a fast Fourier transform (FFT) on waveform data to obtain the spectrum.
To calculate the instantaneous frequency f, the minimum variance technique is applied to magnetic field data. In
this technique, B1 represents the magnetic field component along the maximum variance direction, B2 is the one
along the intermediate variance direction, and B3 corresponds to the minimum variance direction (the direction
of wave vector k). The zero-crossings of B1 are recorded to identify the start and stop times of the half wave
cycles, and the f of each half cycle is estimated from the interval between the start and stop times.

2.2. Sweep Rates of Chorus Subpackets in the Upstream and Downstream Regions

Figure 1 shows two chorus elements observed at L = 5.3 and MLT = 1.48 in the southern hemisphere with
MLAT = —1.8° (the L, MLT, and MLAT values are calculated based on the TS04D model; Tsyganenko &
Sitnov, 2005) during 21:26:32.30-:32.70 on 31 March 2013 by Van Allen Probe A, including (a) the spectrum of
magnetic field BA(=B} + B; + B;) and (b) the ratio S,/S (where S is Poynting flux and S, is the parallel compo-
nent). A value of §/S ~ 1 (—1) indicates the forward (backward) propagation along the magnetic field. The two
elements are quasi-parallel propagating, with wave normal angles smaller than 20° (not shown). The first element
propagates equatorward, so it is observed upstream of the magnetic equator (Nogi & Omura, 2022, 2023).
Conversely, the second one propagates poleward, and is in the downstream region.

We select an interval in the upstream region (32.36-32.45 s, marked as Tup) and another interval (32.50-32.59 s,
marked as 7, ) in the downstream region to investigate the frequency chirping. The upstream (downstream)
waves are filtered in the frequency range of 2.8-3.2 kHz (2.5-3.1 kHz), corresponding to a normalized frequency
range of 0.58-0.67Q, (0.52-0.65Q ), where Q , = eB,/m, is the equatorial electron gyrofrequency and B, is the
background magnetic field at the magnetic equator. The temporal evolutions of (c, e) B1 and (d, f) instantaneous
frequency fin the T, and T, intervals are also displayed in Figure 1. The 7, , interval contains two subpackets

(#1-#2) with frequency smoothly increasing from ~2.81 to ~3.15 kHz. There are five subpackets (#3—#7) in the
T

down

interval, with frequency increasing from ~2.65 to ~3.02 kHz. Interestingly, the frequency inside the down-
stream subpackets does not increase significantly, but remains nearly unchanged. Similar characteristics also
appear in the subpackets with the frequency lower than 0.5, (Supporting information S1).

The upstream and downstream chirpings can be more clearly compared in the zoom-in plots in Figures 1g—1j,
where the T, ,, and T, intervals with a duration of 0.006 s (the shadows in Figures 1c—1f) are shown. The
upstream subpacket has a frequency enhancement of ~0.043 kHz in 0.006 s, corresponding to a sweep rate of
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Figure 1. (a) Spectrum of magnetic field B? and (b) S, II/S of two chorus elements, with two intervals (7, in the upstream

up
region and 7, in the downstream region) denoted by magenta dashed boxes. The time histories of (c, e) B1 and (d, f)

instantaneous frequency fin the two intervals. The 0.006-s intervals (marked by shadows) of (g, i) B1 and (h, j) fin the
upstream and downstream subpackets. In panels (c—j), the red (blue) color represents the upstream (downstream) subpackets.
In panels (c, e), the subpackets are labeled as “#1” to “#7.” In panels (g, i), the dashed lines denote B1 = 0.

I = 7.16 kHz/s (=4.98 x107 on). While the sweep rate of the downstream subpacket is quite small, with only
I" = 1.28 kHz/s (=0.89 x10° Qgﬂ). Other subpackets exhibit a similar trend of chirping, except that the subpacket
#4 has a slight frequency decrease. Therefore, the sweep rate of the upstream subpackets is generally larger than
that of the downstream subpackets.

3. The gcPIC Simulation in the Real-Size Magnetosphere
3.1. Simulation Model and Initial Setup

To investigate the evolution of the subpackets from the upstream to downstream regions, we perform a
one-dimensional (1-D) gcPIC simulation in the dipole field. The simulation domain is along the field line, and the
reflecting and absorbing boundary conditions are used for particles and waves, respectively. The cold electrons
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Figure 2. (a) The perpendicular component of wave magnetic field 6B, in the h-t plane. The dashed line at 2 = O denotes
the magnetic equator, and the arrows mark five latitudes (A = —1.2°, —0.4°, 0.4°, 1.2°, and 2.1°). (b—f) The w-t spectrum of
OB/B,, at each latitude.

satisfy a Maxwellian distribution. The energetic electrons are modeled using a subtracted Maxwellian distribu-
tion (Omura, 2021), and the distribution function at the magnetic equator is:

uw? w2 w2
fuy,ur) = - nhei exp| — "2 - |exp| — lz —pexp| — lz
Qr)y"UyU; (1 = pp) 20, 20, 2pU7

where p =1and #=0.3, v, and v, are the parallel and perpendicular velocities, U, and U,, are the paraggl and

ey

perpendicular thermal momentums, u = yv is the momentum with the Lorentz factor y = (1 — v?/c?) and
n,,, is the number density of energetic electrons at the magnetic equator. Ions are assumed to be immobile. At
the magnetic equator, the ratio between the plasma frequency and the electron gyrofrequency is w,/Q,, = 5.0
(@, =V/neoe*/meeo, with & being the vacuum permittivity and n,, being the number density of cold electrons,
which are uniformly distributed), and the initial number density, parallel thermal momentum, and temperature
anisotropy of energetic electrons are n,,,/n,y = 0.0016, U,/V,, = 0.984 (V,,, = B.o//Honeom, with p, being the
vacuum permeability), and U Izl / U:2|| = 3. Other parameters along the field line can be obtained by using the Liou-
ville's theorem (Summers et al., 2012). The topology of magnetic field at L = 4 has been used, and the simulation
domain contains 14,400 grids (with a grid length of 0.18V,,/Q ) over the latitudinal range from —7° to 7°. There

are 12,000 particles in each grid for each species. The time step is A7 = 0.03 Q.

3.2. Evolution of Chorus Subpackets

Both forward and backward chorus waves are self-consistently excited by energetic electrons. We only study the
forward waves because the results in the other direction are similar. Figure 2a shows the perpendicular component
of wave magnetic field 6B, in the h-t plane, where h is the distance along field line from the magnetic equator,
with positive/negative values in the northern/southern hemisphere. For the forward waves, the southern (north-
ern) hemisphere is the upstream (downstream) region. The stripe profiles extending from upstream to down-
stream represent subpackets, which are first excited upstream with relatively smaller amplitudes (6B/B,,~0.001,

with 6B = \/(SBil + 5Biz). Then the subpackets propagate downstream, and their amplitudes become larger
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Figure 3. Temporal evolutions of (a) 6B, (red or blue lines) and 5B (black lines), and (b) instantaneous frequency w, where
the first two subpackets are marked by magenta dashed boxes. Zoom-in plots of (c) 6B, and 6B, (d) w, (e) resonant current
J . and (f) theoretical frequency variation éw of the two subpackets. The subpackets with large amplitudes are highlighted by
gray shadows. In panel (d), the black lines denote the fitting values of w, and the dashed lines in panels (e, f) represent J, = 0
or @ = 0. The left (right) column is for the upstream (downstream) subpackets, colored in red (blue).
(6B/B,~0.004). We select five latitudes (1 = -1.2°, =0.4°, 0.4°, 1.2°, and 2.1°), and show the correspond-
ing spectra of 6B in Figures 2b—2f. The spectrum at each latitude exhibits a rising tone structure consisting of
subpackets. The amplitude and the sweep rate of chorus waves are B/B,, ~ 1073 and I" = dw/ot ~ 107 on’ which
are typical values in the magnetosphere (Gao et al., 2022; Li et al., 2009; Teng et al., 2017).
We next compare the upstream and downstream subpackets. Figure 3 shows the temporal evolutions of (a) 6B, (red
or blue lines) and éB (black lines), and (b) instantaneous frequency w of the same subpackets at A = —1.2° (in the
upstream region) and at A = 1.2° (in the downstream region). To decrease background noises, only the frequencies
with 6B/B,, > 0.0003 are shown. The frequency of chorus waves in both upstream and downstream regions increases
from ~0.2Q , to ~0.4Q .. However, the frequency chirpings in subpackets are different: the upstream subpackets
exhibit a smooth increase in frequency, while the downstream subpackets, especially those with large amplitudes,
maintain a nearly unchanged frequency. Although there may be frequency decrease between the adjacent subpack-
ets, the overall trend still increases. These chirping characteristics match well with those in observations (Figure 1).
The zoom-in plots of the first two subpackets (marked by the magenta dashed boxes in Figures 3a and 3b) are
shown in Figures 3c-3f, including the temporal evolutions of (c) 6B, and 6B, (d) w, (e) the resonant current
parallel to the wave magnetic field J,, and (f) the theoretical frequency variation éw. J; is defined as:
o 2 o
Jo= / / / [~et7 - 5B] £y, ¢, uryus duyd ¢ du, @
0 0 -0
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Figure 4. (a) Sweep rate I of the first two subpacket at five latitudes. (b) J, and (c) éw at the center of subpacket as a
function of distance h. In panel (a—c), the magenta (green) color represents the subpacket #1 (#2), and the dashed lines in
panels (b, ¢) denote J; = 0 or w = 0. (d) 6B, () J, and (f) dw of the first two subpackets in the h-t plane.

where 5B is the unit vector of the wave magnetic field, and Sfluy, £, u,) is the electron phase space density. The
quantity dw is positively correlated with the sweep rate I' (Omura, 2021), and is defined as
_ HoUg JB

Sw = 558 (3)

where v, is the group velocity. The shadows mark the intervals with amplitudes greater than 50% of the peak
amplitude in each subpacket. In Figure 3d, the different frequency chirpings between the upstream and down-
stream subpackets are more evident. Using a linear fit (black line), we estimate the sweep rate I" for the two
subpackets: 6.4 x107°Q2 and 5.8 x107°Q? in the upstream region, and 2.1 x107°Q2 and 1.5 x107°Q? in the
downstream region. According to the nonlinear theory (Omura, 2021; Omura et al., 2008), the sign of J, deter-
mines the chirping direction, with a negative (positive) J, corresponding to a frequency increase (decrease).
In the upstream region (Figure 3e), J, is always negative, indicating a frequency increase. In the downstream
region, apart from the positive values around Q¢ = 19,100 and 19,450 when the amplitudes are small, J,
is also negative. Figure 3f shows under large amplitudes (gray shadows), dw is positive (w/Q,, ~ 107%) in
the upstream region, while it is close to zero but remains positive in the downstream region. Consequently,
the theoretical dw is consistent with the frequency chirping of subpackets in both upstream and downstream
regions.

Figure 4a shows the sweep rate I' of the first two subpackets (#1 in magenta and #2 in green) as a function of
distance h, where I is estimated using the linear fit (Figure 3d). As expected, the upstream I (~6 x107° Qﬁo)
is greater than the downstream one (~2 x10~ Qio). We then extract the waveforms of the two subpackets and
display the corresponding (d) 6B, (e) J,, and (f) éw in the h-t plane. We also identify the propagating trajectory
of the center (the wave mode with the largest amplitude) in each subpacket, and plot the evolutions of (b) J,
and (¢) éw. In Figure 4d, the amplitude becomes larger during the evolution of subpackets. At the center of
subpackets, the quantities J, (~—1075en,,V, ) in the upstream and downstream regions near the magnetic equa-
tor are comparable (Figure 4e), which is further illustrated in the line plots in Figure 4b. In Figures 4c and 4f,
the upstream dw is greater than the downstream one, which matches well with the chirping characteristics of
subpackets (Figure 3b). Under the condition of J, being comparable in the upstream and downstream regions, the
decrease of dw downstream is attributed to the larger 6B, as depicted in Equation 3. At the edge of subpackets, the
quantities J, and dw are heavily affected by noise signals due to the small amplitudes.
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No}% 6 g"'a Recently, Nogi and Omura (2022, 2023) proposed the upstream source region
= E‘” of subpackets, as the sum of electron resonance velocity and wave group
mg 3t g velocity points upstream and the resonant current is subsequently carried
upstream. Through Van Allen Probe A data, we have observed such an
0 : : upstream source region, where the waves are equatorward propagating along
° b Subpacket #2 =0 field lines (with wave normal angles smaller than 20°), and their spectrum
«8 6l S is relatively weaker than that of downstream waves. Note that the equator-
g ;% ward propagating waves are unlikely to be magnetospherically reflected from
”’8 3t g higher latitudes, since the reflected waves are typically highly oblique (L.
Chen et al., 2013) and their spectrum is at least two orders of magnitude
0 . . weaker than that of the equatorial waves (Bortnik et al., 2006; Li et al., 2013).
-600 -300 300 600 Tsurutani et al. (2020) and R. Chen et al. (2022) reported the nearly unchanged
RV peo/ 20) frequency of the intense subpackets inside rising tone elements. In the pres-

Figure 5. Sweep rate I" (triangles or circles) and 5B~"2 (solid lines) as a
function of h for subpackets (a) #1 and (b) #2. Subpacket #1 is in magenta and

#2 is in green.

ent study, we find that the subpackets with large amplitudes and low sweep
rates are in the downstream region, supported by both observational evidence
(Figure 1) and simulation results (Figure 3). Based on the nonlinear theory
(Omura, 2021), the frequency variation éw and the sweep rate I" satisfy the
following relationship:

Sw

7o=T. “)

where T, is the nonlinear transition time. There is a parameter 7 defined as:

- In
=T %)
where T, is the trapping time in the subpacket given by:
1/2
T,= 2 (M3 ©)
[ x \kvieoB
with o, = y [kvleéB/(mey)] 12 and y = 1 — w?/(k*c*). Assuming 7 to be a constant, we have:
Ty «x 8B~/ (7
By substituting Equations 3 and 7 into 4, we obtain:
| /5]
. ®

In our simulation, the resonant currents I/, are comparable in the upstream and downstream regions near the
magnetic equator (Figure 4b). Consequently, the sweep rate I' should be negatively correlated with B2, Figure 5
illustrates I" and 6B~ as a function of distance h for subpackets (a) #1 and (b) #2 in simulation. The trends in
variation between I" and B~"2 are consistent, confirming the negative correlation between I" and §B'2. However,
a positive correlation between I/, and 6B~ has been proposed by Omura (2021) (see Equations 82 and 83 in
the paper). We have checked the simulation data and found that this positive correlation is valid in the early stage
of the subpacket evolution when 6B is quite small. As 6B increases (e.g., 5B/B,, ~ 0.001) in the subpackets, J, is
found to saturate. When the wave amplitude is large, more electrons are trapped within the wave fields, and the
contributing J,, is locked to wave phases, resulting in a minor frequency shift. Conversely, when the amplitude
is small, electrons become untrapped, causing a rapid phase spiral between J,, and B and a more pronounced
frequency shift. In the downstream region, the frequency shift primarily occurs between the adjacent subpackets
where wave amplitude is small.

Vomvoridis et al. (1982) suggested that the quantity I" should be positively correlated with §B'? to maximum the
nonlinear growth rate. Based on satellite observations, Cully et al. (2011) proposed that this correlation is suitable
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for chorus elements. In our simulation, the positive correlation between I' of chorus elements and 6B still
persists (not shown). Nevertheless, this correlation may vary for chorus subpackets. Between adjacent subpack-
ets, there are frequency irregularities (Figures 1f and 3b), which could be due to the group velocity dispersion
during propagation (Hanzelka & Santolik, 2022; Wait, 1965).

Most simulations investigating chorus waves are performed in a parabolic field (Katoh & Omura, 2011; Nogi &
Omura, 2022, 2023; Wu et al., 2020), or in a reduced spatial domain (Lu et al., 2019; Ke et al., 2020; H. Chen
et al., 2022, 2023a). The typical values of the sweep rate and the element duration (time span of frequency chirp-
ing) in these simulations are ~10~4-10~ Qfo and <2000 Q;OI, respectively. In contrast, our simulation is conducted
in the real-size magnetosphere with the field line topology at L = 4, and the sweep rate and the element duration
are ~107 Qfo and ~8000 Q;OI, respectively, which are consistent with the observational values (~107 Qfo and
~10,000 Q;O' in Teng et al. (2017)). Furthermore, the simulated wave spectrum contains subpackets with the time
scale of ~500 Qe‘ol (~11.4 msec), excellently in agreement with those in observations (~10-100 msec, Santolik
et al., 2003; Tsurutani et al., 2009; Zhang et al., 2020a, 2020b; Tsurutani et al., 2020). In the next step, we will
study the electron precipitation driven by chorus waves using this model.

5. Conclusions

Based on Van Allen Probe A data, we have investigated the evolution of chorus subpackets. The frequency of
the upstream subpackets increases smoothly with time, while that of the downstream subpackets remains almost
unchanged. Through a gcPIC simulation in the real-size magnetosphere, we have successfully reproduced these
subpackets, and found that the frequency sweep rate I' is influenced by both resonant current J, and wave ampli-
tude 6B, with I increasing with J, but decreasing with 6B. Such a result is consistent with the nonlinear theory.
Although the resonant currents J,, in the upstream and downstream regions are comparable, the wave ampli-
tude increases significantly during evolution, leading to lower sweep rate in the downstream region. Our study
provides a comprehensive understanding of the nonlinear physics in chorus subpackets.

Data Availability Statement

The data from Van Allen Probes were from https://spdf.gsfc.nasa.gov/pub/data/rbsp/. The data used to produce
figures in this manuscript are publicly available at H. Chen et al. (2023b).
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