
1. Introduction
Whistler mode chorus waves are strong electromagnetic emissions frequently observed in the Earth's magneto-
sphere, typically falling within two distinct frequency bands: the upper band and the lower band, separated by 
a power gap around 0.5fce(where fce is the electron gyrofrequency at the equator) (Burtis & Helliwell, 1969; H. 
Chen, Gao, et al., 2022; Gao et al., 2017; Li et al., 2012; Tsurutani & Smith, 1974, 1977). Chorus waves are mainly 
generated near the geomagnetic equator (Lauben et al., 2002; LeDocq et al., 1998; Li et al., 2009), which is excited 
by the electrons with thermal anisotropy from the plasma sheet (Gao et al., 2014; Kennel & Petschek, 1966; 
Tsurutani & Smith, 1977). These waves play a critical role in precipitating ∼0.1–30 keV electrons into the atmos-

Abstract Whistler mode chorus waves appear either as a series of discrete elements (rising or falling 
tones) or as banded hiss-like emissions in the dynamic spectrogram. Although the generation of rising-tone 
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the type I waves, they do not undergo a frequency chirping process and have a relatively broadband spectrum. 
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threshold for nonlinear growth and cause the wave amplitudes to exceed the threshold, leading to the nonlinear 
generation of type II hiss-like waves. The fresh hot electrons continually injected into the system with a large 
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Plain Language Summary Chorus waves are important electromagnetic waves in the inner 
magnetosphere, which typically appears as either hiss-like emissions or discrete rising or falling tones. 
Although much effort has been spent on explaining the frequency chirping of chorus waves, the generation 
of hiss-like emissions have long been neglected, which are actually the more common spectrogram than the 
discrete ones. Based on Van Allen Probes data, we first reveal that the hiss-like emissions can be further 
divided into four types (I, II, III, and IV). Then, we utilize a one-dimensional general curvilinear particle-in-cell 
(gcPIC)-δf model to successfully reproduce the four types of hiss-like emissions. We propose that the type I 
hiss-like waves are linearly excited by the electrons with a temperature anisotropy, while other types undergo 
the nonlinear growth. The high proportion or large temperature anisotropy of hot electrons will cause the strong 
nonlinear growth, resulting in the generation of the type II hiss-like waves. The type III waves depend on the 
continuous injection of energetic electrons caused by the azimuthal drift. Due to the combined effect of the 
rapid injection and intense nonlinear growth, the intense and long-lasting hiss-like emissions, that is, type IV, 
which are the most frequently observed, are generated. Our findings provide a deeper insight of the generation 
of hiss-like chorus waves in the terrestrial magnetosphere.
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phere to produce the diffuse and pulsating aurora (Horne & Thorne, 2003; 
Miyoshi et al., 2010; Mozer et al., 2018; Ni et al., 2011; Thorne et al., 2010) 
and accelerating ∼100 keV electrons to ∼MeV energies (Horne, 2005; Horne 
& Thorne, 2003; Reeves et al., 2013; Thorne et al., 2013).

Whistler mode chorus waves appear either as a series of discrete upward 
chirping (rising tones) and downward chirping (falling tones) or as hiss-like 
emissions in the dynamic spectrogram (Gao et al., 2014; Li et al., 2012). It is 
widely accepted that the generation of the discrete rising-tone chorus occurs 
due to the nonlinear resonant interactions between energetic electrons and 
whistler-mode waves, which has been supported by several numerical simu-
lations (H. Chen, Lu, et al., 2022; Hikishima et al., 2009; Ke et al., 2017; 
Lu et al., 2019; Tao et al., 2017). However, few studies have focused on the 
generation of the hiss-like emissions, even though hiss-like emissions are 
pervasive in the Earth's magnetosphere. The statistical study using THEMIS 
data (Gao et al., 2014) demonstrated that the amplitude and occurrence of 
hiss-like emissions exhibit a positive correlation with the proportion of 
hot electrons, which is consistent with the expectation of the linear stabil-
ity theory. With 1-D electron hybrid simulations, Katoh and Omura (2013) 
suggested that hiss-like emissions can be nonlinearly generated, especially 

when the inhomogeneity of the geomagnetic field is very small. In addition, recent studies proposed that chorus 
waves with a continuous spectrum will be excited by the rapid injection of energetic electrons (Gao et al., 2022; 
Lu et al., 2021). So far, the generation mechanism of hiss-like emissions still remains unclear.

In this paper, with the one-dimensional (1-D) general curvilinear particle-in-cell (gcPIC) simulation model, we 
have thoroughly investigated the generation mechanism of hiss-like emissions. Based on Van Allen Probes data, 
we first classify hiss-like emissions into four types (I, II, III, IV) based on the dynamic spectrogram. We have 
successfully reproduced the four types of hiss-like emissions in our simulations, and uncovered the different 
generation mechanisms for each type. Our study provides new insight into the generation mechanism of hiss-like 
emissions in the Earth's magnetosphere.

2. Simulation Model and Data Set
We carry out numerical experiments with the 1-D gcPIC-δf simulation model in a dipole magnetic field. There 
are three kinds of particles in the model: background cold electrons, anisotropic hot electrons, and protons. The 
model regards all species as superparticles, but protons are motionless. The simulation domain is along a field 
line with the magnetic latitude ranging from −30 ° to 30 °, and the topology of the background magnetic field is 
roughly equivalent to that at L = 0.5 for saving computation source. Unlike previous PIC models, hot electrons 
can be continuously injected into the system in the azimuthal direction. A detailed description of this model has 
been expounded in recent studies (H. Chen, Lu, et al., 2022; Lu et al., 2021).

The ratio between plasma frequency ωpe (=𝐴𝐴

√

𝑛𝑛0𝑒𝑒
2∕𝑚𝑚𝑒𝑒𝜀𝜀0 ) and electron gyrofrequency 𝐴𝐴 Ω𝑒𝑒0 (=eB0/me) at the equa-

torial plane is set to 5.0, where n0 is the plasma number density, and me is the electron mass, respectively. The 
cold electrons are isotropic with a temperature of 10 eV, while hot electrons satisfy a bi-Maxwellian distribution 
with the number density nh,eq at the equator. The number density nh,eq/n0 and temperature anisotropy AT (=T⊥,eq/
T∥,eq) at the equator (T⊥,eq and T∥,eq are the perpendicular and parallel temperatures of hot electrons at the equator) 
in different simulation runs are listed in Table 1.

The temperature anisotropy AT is controlled by changing the perpendicular temperature T⊥,eq with the fixed 
𝐴𝐴 𝐴𝐴

‖,𝑒𝑒𝑒𝑒 = 0.5𝑚𝑚𝑒𝑒𝑉𝑉
2

𝑡𝑡𝑡‖
 (Vth‖ = 0.28c is the thermal velocity and c is the speed of light). The number density and temper-

ature anisotropy of hot electrons along the field line satisfy the Liouville's theorem (Summers et al., 2012). The 
parameters used in our model are typical values at L ∼ 5 in the Earth's magnetosphere. In our simulations, there 
are 4,000 grid cells along the field line. On average, there are about 4,000 particles per cell, and the time step 
is 𝐴𝐴 0.02Ω−1

𝑒𝑒0
 . The time scale of electron injection is determined by τD, which is also listed in Table 1 for different 

simulation runs. In runs 1–8, the time scale is set to τD𝐴𝐴 Ω𝑒𝑒0  = ∞, meaning that the electron injection is turned off, 
while in runs 9–12, smaller τD denotes the faster electron injection.

Run nh,eq/n0 AT τD𝐴𝐴 Ω𝑒𝑒0 

1 0.0075 4.0 ∞

2 0.01 4.0 ∞

3 0.015 4.0 ∞

4 0.02 4.0 ∞

5 0.01 2.5 ∞

6 0.01 3.8 ∞

7 0.01 5.0 ∞

8 0.01 7.0 ∞

9 0.01 4.0 2,000

10 0.01 4.0 400

11 0.01 4.0 250

12 0.03 4.0 250

Table 1 
The Initialization of 12 Runs
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Van Allen Probes (Mauk et al., 2012), consisting of two identical satellites (A and B) in near-equatorial orbits 
with perigees of ∼1.1 RE and apogees of ∼5.8 RE, completely cover the main source region (i.e., magnetic equa-
tor) of chorus waves. The high-resolution waveform data (35,000 samples/sec) is obtained from the onboard Elec-
tric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) instrument (Kletzing et al., 2013). 
The triaxial fluxgate magnetometer (MAG, a part of the EMFISIS instrument suite) measures the background 
magnetic field. The plasma data is collected from the Helium, Oxygen, Proton, and Electron instrument (Funsten 
et al., 2013).

3. Results
We select 1,780 hiss-like emissions events detected by Van Allen Probe-A from January 2013 to December 2014 
and classify these waves into four types (I, II, III, IV) based on the dynamic spectrogram, as shown in Figure 1. 
It is worth noting that, as chorus waves propagate from the equator toward higher latitudes with enhanced wave 
normal angles and increasing parallel electric fields, the waves are severely damped through Landau resonance 
(L. Chen et al., 2013; Lu et al., 2019). Since the wave amplitude is an important selection criterion, we restricted 
the latitude to within ±8 ° and the wave normal angles to less than 30 ° to reduce the effect of Landau damping. 
Type I wave is the continuous broadband wave with weak amplitude (less than 40 pT) as shown in Figure 1a. 
Figure 1b shows type II wave: a hiss-like emission with a large amplitude (>40 pT) and a continuous spectrum, 
but a short duration (<4 s). Figure 1c depicts a continuous spectrum with a longer duration (>6 s) and larger 
amplitude (>40 pT), but with distinguishable individual rising-tone elements. Figure 1d shows the most typical 
hiss-like chorus event in observation (Gao et al., 2014; Li et al., 2012), with a wide frequency range, high ampli-
tude (>60 pT), and long duration (>6 s). The hiss-like chorus waves shown in Figures 1c and 1d are classified as 
type III and IV respectively. For the type III wave, it is quite difficult to automatically recognize them due to the 
short time separation between rising tones, so we use the naked eye to check whether there are rising tones. In 
our database, the total number of wave events for four types (I, II, III, IV) is 482, 79, 301, and 918, respectively.

To investigate the generation mechanisms of different types of hiss-like emissions, we set up different simulation 
cases. Figures 2a–2d present the power spectral density (PSD) of magnetic fields at latitude λ = 15° in runs 1–4, 
where the electron injection is not considered. From run 1 to 4, the proportion of hot electrons is increasing but 
other parameters are fixed. In Figure 2a, there is no discrete element but a series of broadband whistler-mode 
emissions with relatively low magnetic power, consistent with the type I hiss-like emission. As nh,eq/n0 increases, 
a clear rising-tone element can be observed in Figure 2b. When the nh,eq/n0 is sufficiently large, the spectrum 
looks more like hiss-like emissions in Figures 2c and 2d than discrete rising-tone elements in Figure 2b. Moreo-
ver, the frequency range and wave amplitude in run 4 with higher nh,eq/n0 are larger than those in run 3, similar to 
the type II hiss-like emission. For runs 5–8, we increase the temperature anisotropy of hot electrons but fix their 
relative density, and find the transformation of the magnetic spectrum is the same as that in Figure 2 (not shown). 
The magnetic spectrum of runs 5 and 8 are consistent with those of type I and II hiss-like emissions, respectively.

Figure 3a displays the time-space profile of the wave magnetic field of northward-propagating waves in run 2, 
where S is the distance along the magnetic field line (normalized by the radius of gyration of electrons ρe). One 

Figure 1. Four hiss-like emissions events observed by Van Allen Probe-A.
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wave packet is extracted, marked by the blue shading (the width of the shading indicates the time window ∆t = 80 
𝐴𝐴 Ω−1

𝑒𝑒0
 ) in Figure 3a. As illustrated in Figure 3b, the average wave amplitude gradually increases as the selected wave 

packet propagates away from the equator. Figure 3c shows the frequency of the wave packet, which is obtained by 
Fourier transforming the dominant wave amplitudes within the time window ∆t = 80 𝐴𝐴 Ω−1

𝑒𝑒0
 and amplitude-weighted 

averaging. The frequency of the wave packet remains almost constant, that is, ∼0.33𝐴𝐴 Ω𝑒𝑒0 . We obtained the tempo-
ral growth rate as ΓNs = 1.1 4× 10 −2𝐴𝐴 Ω𝑒𝑒0 near the equator, based on the amplitude variation along the magnetic 
field line and the group velocity Vg calculated by the cold plasma dispersion relation of the whistler mode wave 
within the magnetic latitude of 6° (the region between the two blue vertical lines in Figure 3b). The linear growth 
rate ΓL = 0.38 × 10 −2𝐴𝐴 Ω𝑒𝑒0 and nonlinear growth rate ΓN = 1.52 × 10 −2𝐴𝐴 Ω𝑒𝑒0 are also calculated based on Kennel and 
Petschek (1966) and Omura et al. (2008), respectively. It is worth noting that the depth of the electron hole is set 
as Q = 0.5 (Q is the depth of an electron hole due to depletion of trapped resonant electrons in the velocity phase 
space) in this study. This parameter can represent the intensity of wave particle resonance interaction. According 
to previous research results, the Q value is usually taken as 0.5, which means that half of the resonant electrons 
are captured (Omura, 2021). The growth rate is significantly larger than the linear growth rate and approaches 
the nonlinear growth rate. Although the growth rate is lower than that predicted by nonlinear theory, it is safe to 
say that the wave underwent a nonlinear growth process, as supported by the rising tone structure in Figure 2b.

Figure 4a shows the growth rate of the northward propagating wave packets in the equatorial region (|λ| < 6 °) for 
runs 1–4. The solid dots represent the wave growth rates in the simulations, which are calculated as mentioned 
above, and the asterisks and triangles represent the theoretically calculated linear and nonlinear growth rates, 
respectively. It is worth noting that we selected wave packets in each run with a frequency near 0.3Ωce and the most 
intense amplitude in the s-t plane (−15 < s/ρe < 215, 800 < t 𝐴𝐴 Ω𝑒𝑒0  < 2,000). Both the growth rate in the simulations 
and the theoretical growth rates gradually increase with the nh,eq/n0. For run 1, the wave growth rate is comparable to 
the theoretical linear growth rate, while the wave growth rate is larger than the linear growth rate and approaches the 
nonlinear growth rate for runs 2–4. We suggest that runs 2–4 undergo a nonlinear growth process, while the wave is 
too weak to trigger such a nonlinear process in run 1. Figure 4b displays the peak wave amplitude of the frequency 
spectra at the equator (λ = 0 °) in runs 1–4. The peak wave amplitude is the peak value of the PSD for each frequency 
observed at the equator over the entire simulation time. The optimum amplitude and the threshold amplitude for the 
chorus waves in nonlinear theory (Omura & Nunn, 2011; Omura et al., 2009) are also plotted in Figure 4b, which 
are identified by dashed lines and dotted lines, respectively. The equation of the threshold amplitude Bw,th is given by

𝐵𝐵𝑤𝑤𝑤𝑤𝑤𝑤

𝐵𝐵0

= Ω̃𝑤𝑤𝑤𝑤 (1)

and

Ω̃𝑡𝑡𝑡 =
100𝜋𝜋3

𝜉𝜉

�̃�𝜔�̃�𝜔
4
𝑝𝑝𝑡
𝑉𝑉

5
⟂0
𝜒𝜒5

(

�̃�𝑎𝑎𝑎2�̃�𝑈𝑡𝑡‖

𝑄𝑄

)2

exp

(

𝑉𝑉
2
𝑅𝑅

�̃�𝑈
2
𝑡𝑡‖

)

 (2)

Figure 2. The spectrogram of the power spectral density of magnetic fields at the latitude λ = 15° in runs 1–4.
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Where B0 is the background magnetic field, 𝐴𝐴 𝐴𝐴
2 = 𝜔𝜔(Ω𝑒𝑒 − 𝜔𝜔)∕𝜔𝜔2

𝑝𝑝𝑒𝑒 , 𝐴𝐴 𝐴𝐴𝐴 = 𝐴𝐴∕Ω𝑒𝑒0 , 𝐴𝐴 𝐴𝐴𝐴𝑝𝑝𝑝 = 𝐴𝐴𝑝𝑝𝑝∕Ω𝑒𝑒0 , 
𝐴𝐴 𝐴𝐴𝑝𝑝𝑝 = 𝐴𝐴𝑝𝑝𝑝𝑝(𝑁𝑁𝑝𝑝𝑒hot∕𝑁𝑁𝑝𝑝𝑒cold)

1∕2 , 𝐴𝐴 𝑉𝑉⟂0 = 𝑉𝑉⟂0∕𝑐𝑐 , 𝐴𝐴 𝐴𝐴 =
(

1 + 𝜉𝜉
2
)−1∕2 ,

𝑠𝑠2 =
1

2𝜉𝜉𝜉𝜉

[

𝜔𝜔

Ω𝑒𝑒

(

𝑉𝑉⟂0

𝑐𝑐

)2

−
(

2 + 𝜉𝜉
2
)𝑉𝑉𝑅𝑅𝑉𝑉𝑝𝑝

𝑐𝑐2

]

 (3)

VR is the resonance velocity, Vp is the phase velocity, 𝐴𝐴 �̃�𝑈𝑡𝑡‖ = 𝑉𝑉𝑡𝑡𝑡‖∕𝑐𝑐 , 𝐴𝐴 𝑉𝑉𝑅𝑅 = 𝑉𝑉𝑅𝑅∕𝑐𝑐 . 𝐴𝐴 𝐴𝐴𝐴 = 𝐴𝐴𝑎𝑎
2∕Ω2

𝑒𝑒0
 is related to the 

magnetic field inhomogeneity along a field line. For a dipole magnetic field, the parameter is 𝐴𝐴 𝐴𝐴 = 4.5∕(𝐿𝐿𝐿𝐿𝑝𝑝)
2 

Figure 3. (a) The time-space profile of the wave magnetic field of northward-propagating waves in run 2. Spatial profiles of 
(b) wave amplitude and (c) averaged frequency of the wave packet indicated by the blue shading.
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where L is the L-shell and Rp is the planet radius(Ke et  al.,  2020). In our simulation, the value 𝐴𝐴 𝐴𝐴𝐴 is set as 
𝐴𝐴 𝐴𝐴𝐴 = 6.24 × 10−5 . The optimum wave amplitude Bw,opt normalized by Ωe0, Bw,opt = 𝐴𝐴 Ωopt /𝐴𝐴 Ω𝑒𝑒0 , is given by

Ω̃opt = 0.81𝜋𝜋−5∕2𝑄𝑄

𝜏𝜏

𝑠𝑠1𝑉𝑉𝑔𝑔

𝑠𝑠0�̃�𝜔�̃�𝑈𝑡𝑡‖

(

�̃�𝜔𝑝𝑝𝑝𝑉𝑉⟂0𝜒𝜒
)2
exp

(

−
𝑉𝑉

2
𝑅𝑅

2�̃�𝑈𝑡𝑡‖

2

)

, (4)

Where τ is the ratio of the nonlinear transition time TN, the time scale of formation of an electromagnetic electron 
hole in the velocity phase space, to the nonlinear trapping period Ttr = 2π/ωtr, where ωtr is the trapping frequency 
(Omura & Nunn, 2011), and 𝐴𝐴 𝑉𝑉𝑔𝑔 = 𝑉𝑉𝑔𝑔∕𝑐𝑐 . The parameter τ is set as τ = 1.0. For run 1, the peak amplitude is lower 
than the threshold amplitude, which also means it is difficult for the wave to trigger the nonlinear process. While, 
the peak amplitude exceeds the threshold amplitude and is close to the optimum amplitude for runs 2–4, which 
is another evidence that the waves in runs 2–4 enter nonlinear growth progress. Figure 4c displays the peak wave 
amplitude of the frequency spectra at latitude λ = 10 ° in runs 1–4. The increase in wave frequency width is more 
significant than the enhancement of the wave amplitude with the nh,eq/n0. This is due to the growth of the waves 
saturates at a certain frequency, but grows nonlinearly over a larger frequency range. Based on the same analy sis, 
we find that the waves in run 5 do not enter the nonlinear phase, while those in runs 6–8 undergo nonlinear 
growth. Therefore, we suggest that the type I hiss-like emission is linearly excited and the type II hiss-like emis-
sion is nonlinearly excited without the electron injection.

The influence of the electron injection on the generation mechanism of hiss-like emissions is studied by perform-
ing runs 9–12. Figures 5a–5c present the PSD of magnetic fields at latitude λ = 10° in runs 9–11. There are a 

Figure 4. (a) The growth rate of the northward-propagating wave packets in the equatorial region (|λ| < 6 °) for runs 1–4. The solid dots represent the wave growth 
rates in the simulations, and the asterisks and triangles represent the theoretically calculated linear and nonlinear growth rates, respectively. (b) The peak, optimum and 
threshold amplitudes of the frequency spectra at the equator (λ = 0 °) in runs 1–4. The dotted and dashed lines represent the threshold amplitude and optimum amplitude 
with parameters Q = 0.5 and τ = 1.0, respectively. (c) The peak wave amplitude of the frequency spectra at latitude λ = 15 ° in runs 1–4.

Figure 5. The spectrogram of the power spectral density of magnetic fields at latitude λ = 10° in runs 9–12.
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series of chorus waves with a rising chirping shown in Figures 5a and 5b, which is similar to Lu et al. (2021). As 
τD𝐴𝐴 Ω𝑒𝑒0 decreases, the spectrogram gradually shifts from the repetitive rising tone elements to an almost continuous 
spectrum (i.e., hiss-like chorus), similar to the type III hiss-like emission, as shown in Figure 5c. We combine the 
strong injection of electrons with a large hot electron density to set up run 12. The spectrum of run 12 exhibits a 
continuous spectrum with a wider frequency and larger amplitude than other runs as shown in Figure 5d, which 
is consistent with the type IV hiss-like emission. Based on Lu et al. (2021), the electron hole also exists in the 
electron distributions for the rising-tone chorus with a continuous spectrum, therefore, the type III and IV hiss-
like emissions evolving from the continuous rising-tone chorus also undergo nonlinear growth.

4. Summary and Discussion
In this study, the generation mechanism of hiss-like emissions has been thoroughly investigated by using the 
one-dimensional (1-D) general curvilinear particle-in-cell (gcPIC) simulation code. Based on Van Allen Probes 
data, we first classify hiss-like emissions into four types (I, II, III, IV) based on the dynamic spectrogram. We have 
successfully reproduced the four types of hiss-like emissions in our simulations, and uncovered the different gener-
ation mechanisms for each type. The type I hiss-like emission is linearly excited and the type II hiss-like emission 
is nonlinearly excited without the electron injection. For the type II hiss-like emissions, the high proportion of hot 
electrons or the large temperature anisotropy of hot electrons will decrease the threshold for nonlinear growth and 
cause the wave amplitudes significantly exceed the threshold, leading to the nonlinear generation waves. Moreo-
ver, with the increase of the number density or the temperature anisotropy of hot electrons, the increase in wave 
frequency width is more significant than the enhancement of the wave amplitude. For the type III waves, the fresh 
hot electrons continually injected into the system with a large drift velocity significantly reduces the time interval 
between the rising tone elements to form a continuous spectrum. For the types IV hiss-like emissions, they are 
nonlinearly excited with the strong injection of electrons and the latter also requires a large hot electron density 
or a large temperature anisotropy. It is worth noting that due to the higher numerical noise and limited computing 
source, it is common to use the larger temperature anisotropy in the simulations to speed up the process (Devine 
et al., 1995; Lu et al., 2019; Omura et al., 2008), which also leads to the larger growth rates of whistler-mode waves. 
Therefore, the amplitude and bandwidth of waves in the simulations are usually larger than the observed waves. In 
our database, the total number of wave events for four types (I, II, III, IV) is 482, 79, 301, and 918, respectively. To 
summarize, the majority of hiss-like chorus waves in the Earth's magnetosphere are generated through a nonlinear 
process and most of them are accompanied by the rapid injection of hot electrons with the high flux.

Gao et al. (2014) found that the wave amplitudes of hiss-like chorus waves are closely correlated with the ratio 
of hot electron density to total electron density (Nh/Nt). In this study, we found that when nh,eq/n0 (corresponding 
to Nh/Nt in the observation) is small, the waves grow in the linear stage, while, as nh,eq/n0 increases, the waves 
enter the nonlinear generation process. Whether the waves undergo the linear or nonlinear growth process, their 
growth rate is directly proportional to nh,eq/n0, which provides an explanation for the observation results by Gao 
et al. (2014). Other studies indicated that the hiss-like chorus can be also caused by the continuous injection of 
energetic electrons (Gao et al., 2022; Lu et al., 2021), which is verified in our paper. Moreover, the statistical 
analysis demonstrates that the majority of hiss-like events occur in the region from the midnight to the dawn 
sector (Gao et al., 2014), where the proportion of energetic electrons and drift velocities are relatively high (Gao 
et al., 2022), which supports our study. Katoh and Omura (2013) suggested that the hiss-like emissions are nonlin-
early generated, when the geomagnetic field inhomogeneity is very small. Similarly, with a smaller magnetic field 
gradient, “broadband” EMIC bursts are observed in the simulation, which is like the hiss-like spectrum (Shoji 
& Omura, 2014). However, satellite observations show that the occurrence rate of hiss-like emissions peaks in 
the midnight-dawn sector rather than the noon sector where the geomagnetic field inhomogeneity is minimum. 
Hence, we speculate that the most crucial factors influencing the excitation of hiss-like emissions are the rapid 
injection of electrons and the number density of hot electrons. In this paper, we have summarized four mech-
anisms for the excitation of hiss-like waves, which is helpful in understanding the generation of chorus waves.

Data Availability Statement
The entire Van Allen Probes data set is publicly available at https://spdf.gsfc.nasa.gov/pub/data/rbsp/. The Van 
Allen Probe data analysis is carried out using the publicly available Space Physics Environment Data Anal-
ysis Software (SPEDAS, http://spedas.org). The simulation data (Kong,  2023) are available at https://doi.
org/10.57760/sciencedb.08125.
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