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Figure 10. A schematic picture of possible generation processes of
electromagnetic ion cyclotron (EMIC) waves at different regions and
geomagnetic conditions in the inner magnetosphere.

2.5 nPa at TE = 0 min for C4. This increase of Psw by 0.5 nPa during
the 40 min before the onset of EMIC waves for C2 and C4 is consistent
with the Psw enhancement for quiet time EMIC wave events observed at
geosynchronous orbit by Park et al. (2016) and further indicates that the
magnetosphere is continuously compressing for 40 min before the onset
of EMIC waves outside the plasmasphere. As mentioned previously, a
Psw enhancement can cause an increase in the temperature anisotropy of
the ring current ions on the dayside of the magnetosphere, thus provid-
ing a free energy source for H+ band EMIC wave excitation outside the
plasmasphere.

There are three possible processes of EMIC wave generation by mag-
netospheric compression: (1) drift shell splitting, (2) Shabansky orbits,
and (3) adiabatic heating by betatron acceleration. Drift shell splitting
results from trapped particles drift paths being dependent on pitch angle
(i.e, more earthward [sunward] for lower [higher] pitch angle on the
dayside; Sibeck et al., 1987). Shabansky orbits occur when the dayside
magnetosphere at the outer L shells have two off-equatorial magnetic
field minima, and the magnetospheric compression can lead to a recon-
figuration of the magnetospheric magnetic field (McCollough et al., 2012)
Under this condition, particles with larger pitch angles can drift through
the equator but particles with smaller pitch angles cannot reach the equa-
tor and mirror at high latitudes, causing particle trapping in off-equatorial
minima and consequent temperature anisotropies in these regions. The

temperature anisotropy can also be increased by short-term magnetospheric compressions through adia-
batic heating (Olson & Lee, 1983). To identify the major driver of EMIC wave generation by magnetospheric
compression on the dayside is a compelling future research topic.

Based on our observations and some of the previous studies discussed above, we suggest that the major
drivers of EMIC wave generation depend on the different geomagnetic environments in the inner magne-
tosphere. Figure 10 shows a schematic picture of possible generation processes of EMIC waves at different
regions and geomagnetic conditions in the inner magnetosphere. Enhanced EMIC waves are predominantly
observed in the He+ band in the afternoon sector during energetic particle injection intervals. We think that
these waves are generated and amplified due to injected hot plasma with energies of 1–50 keV within cold
plasma dominant regions such as inside the plasmasphere or plumes. During quiet geomagnetic conditions,
He+ band EMIC waves occur in the regions of overlap between cold plasmaspheric plasma and hot ring cur-
rent ions on the dayside of the magnetosphere. In this case, these waves exhibit longer wave durations and
higher wave occurrences up to |MLAT| = 17◦, suggesting stable and broad wave source regions. Regardless
of injections, H+ band EMIC waves are predominantly observed outside the plasmasphere corresponding
to solar wind dynamic pressure enhancements on the dayside of the magnetosphere. In particular, EMIC
waves outside the plasmasphere exhibit linear polarizations with lower wave normal angles near the wave
source regions. We suggest that magnetic compression leads to EMIC instability that generate the waves
outside the plasmasphere.

5. Conclusion
In this study, we investigated statistically EMIC wave properties inside and outside the plasmasphere associ-
ated with, and occurring without ion injections on the nightside. We selected a large number of EMIC wave
events observed by the RBSP satellites and energetic plasma injections identified by the GOES satellites from
February 2013 to December 2016 for a 47-month period. We separated them into four categories depending
on different geomagnetic environments, those being C1 (EMIC waves inside the plasmasphere associated
with injections), C2 (EMIC waves outside the plasmasphere associated with injections), C3 (EMIC waves
inside the plasmasphere without injections), and C4 (EMIC waves outside the plasmasphere without injec-
tions). To understand the generation and propagation processes of EMIC waves in the inner magnetosphere,
we have calculated EMIC wave properties such as wave power, polarization sense 𝜀, wave normal angle 𝜃k,
and normalized wave frequency X. The results are summarized as follows:
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Typical vs. High-frequency EMIC Waves

Hiss waves can interact via cyclotron resonance with a wide range of electron
energies, from a few keV to MeV, and scattering by hiss waves within the plasma-
sphere is recognized to play a dominant role in creating the quiet-time structure of the
slot region and radiation belts (Lyons et al., 1972; He et al., 2016).

Figure 3.2 Magnetic field power spectral density during periods of (A) unstructured plasmaspheric
hiss, (B) lower and upper-band chorus, and (C) EMIC-wave activity.
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and the magnetosonic waves may imply the possible proton heating due to the measured
magnetosonic waves.

Figure 1g displays the wavemagnetic spectrogram in the frequency range between 1 and 5 Hz. Just below fcp,
the waves with a very narrow bandwidth are identified with the normalized peak frequency around 0.92 fcp,
closely following and approaching fcp. Figure 1h demonstrates the WNA determined using the method of

Figure 1. An overview of Van Allen Probe A observation on 1 May 2016. (a) The electron density profile, estimated from
the identified upper hybrid frequency. (b) Magnetic power spectrogram measured by waveform frequency receiver, and
(c) wave normal angle (WNA), shown in the frequency range from 10 to 500 Hz. In panels (b) and (c), the white or
black dotted line represents lower hybrid resonance frequency (fLH). (d) Energy spectrogram of spin‐averaged proton flux.
(e and f) Pitch angle distributions of proton fluxes at energies of ~98.1 and 210.8 eV. (g) Magnetic power spectrogram
measured by the magnetometer, and (h) wave normal angle shown in the frequency range from 1 to 5 Hz. The solid lines
(white or black) in panels (g) and (h) represent the local proton gyrofrequency (fcp). The vertical magenta dashed line
indicates the time used for the following analysis.
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the identified upper hybrid frequency. (b) Magnetic power spectrogram measured by waveform frequency receiver, and
(c) wave normal angle (WNA), shown in the frequency range from 10 to 500 Hz. In panels (b) and (c), the white or
black dotted line represents lower hybrid resonance frequency (fLH). (d) Energy spectrogram of spin‐averaged proton flux.
(e and f) Pitch angle distributions of proton fluxes at energies of ~98.1 and 210.8 eV. (g) Magnetic power spectrogram
measured by the magnetometer, and (h) wave normal angle shown in the frequency range from 1 to 5 Hz. The solid lines
(white or black) in panels (g) and (h) represent the local proton gyrofrequency (fcp). The vertical magenta dashed line
indicates the time used for the following analysis.

10.1029/2019GL085220Geophysical Research Letters

TENG ET AL. 14,232

Van Allen Probes Observations
S. Teng+ 2019 (Van Allen Probes)

and the magnetosonic waves may imply the possible proton heating due to the measured
magnetosonic waves.

Figure 1g displays the wavemagnetic spectrogram in the frequency range between 1 and 5 Hz. Just below fcp,
the waves with a very narrow bandwidth are identified with the normalized peak frequency around 0.92 fcp,
closely following and approaching fcp. Figure 1h demonstrates the WNA determined using the method of

Figure 1. An overview of Van Allen Probe A observation on 1 May 2016. (a) The electron density profile, estimated from
the identified upper hybrid frequency. (b) Magnetic power spectrogram measured by waveform frequency receiver, and
(c) wave normal angle (WNA), shown in the frequency range from 10 to 500 Hz. In panels (b) and (c), the white or
black dotted line represents lower hybrid resonance frequency (fLH). (d) Energy spectrogram of spin‐averaged proton flux.
(e and f) Pitch angle distributions of proton fluxes at energies of ~98.1 and 210.8 eV. (g) Magnetic power spectrogram
measured by the magnetometer, and (h) wave normal angle shown in the frequency range from 1 to 5 Hz. The solid lines
(white or black) in panels (g) and (h) represent the local proton gyrofrequency (fcp). The vertical magenta dashed line
indicates the time used for the following analysis.

10.1029/2019GL085220Geophysical Research Letters

TENG ET AL. 14,232

and the magnetosonic waves may imply the possible proton heating due to the measured
magnetosonic waves.

Figure 1g displays the wavemagnetic spectrogram in the frequency range between 1 and 5 Hz. Just below fcp,
the waves with a very narrow bandwidth are identified with the normalized peak frequency around 0.92 fcp,
closely following and approaching fcp. Figure 1h demonstrates the WNA determined using the method of

Figure 1. An overview of Van Allen Probe A observation on 1 May 2016. (a) The electron density profile, estimated from
the identified upper hybrid frequency. (b) Magnetic power spectrogram measured by waveform frequency receiver, and
(c) wave normal angle (WNA), shown in the frequency range from 10 to 500 Hz. In panels (b) and (c), the white or
black dotted line represents lower hybrid resonance frequency (fLH). (d) Energy spectrogram of spin‐averaged proton flux.
(e and f) Pitch angle distributions of proton fluxes at energies of ~98.1 and 210.8 eV. (g) Magnetic power spectrogram
measured by the magnetometer, and (h) wave normal angle shown in the frequency range from 1 to 5 Hz. The solid lines
(white or black) in panels (g) and (h) represent the local proton gyrofrequency (fcp). The vertical magenta dashed line
indicates the time used for the following analysis.

10.1029/2019GL085220Geophysical Research Letters

TENG ET AL. 14,232

and the magnetosonic waves may imply the possible proton heating due to the measured
magnetosonic waves.

Figure 1g displays the wavemagnetic spectrogram in the frequency range between 1 and 5 Hz. Just below fcp,
the waves with a very narrow bandwidth are identified with the normalized peak frequency around 0.92 fcp,
closely following and approaching fcp. Figure 1h demonstrates the WNA determined using the method of

Figure 1. An overview of Van Allen Probe A observation on 1 May 2016. (a) The electron density profile, estimated from
the identified upper hybrid frequency. (b) Magnetic power spectrogram measured by waveform frequency receiver, and
(c) wave normal angle (WNA), shown in the frequency range from 10 to 500 Hz. In panels (b) and (c), the white or
black dotted line represents lower hybrid resonance frequency (fLH). (d) Energy spectrogram of spin‐averaged proton flux.
(e and f) Pitch angle distributions of proton fluxes at energies of ~98.1 and 210.8 eV. (g) Magnetic power spectrogram
measured by the magnetometer, and (h) wave normal angle shown in the frequency range from 1 to 5 Hz. The solid lines
(white or black) in panels (g) and (h) represent the local proton gyrofrequency (fcp). The vertical magenta dashed line
indicates the time used for the following analysis.

10.1029/2019GL085220Geophysical Research Letters

TENG ET AL. 14,232

and the magnetosonic waves may imply the possible proton heating due to the measured
magnetosonic waves.

Figure 1g displays the wavemagnetic spectrogram in the frequency range between 1 and 5 Hz. Just below fcp,
the waves with a very narrow bandwidth are identified with the normalized peak frequency around 0.92 fcp,
closely following and approaching fcp. Figure 1h demonstrates the WNA determined using the method of

Figure 1. An overview of Van Allen Probe A observation on 1 May 2016. (a) The electron density profile, estimated from
the identified upper hybrid frequency. (b) Magnetic power spectrogram measured by waveform frequency receiver, and
(c) wave normal angle (WNA), shown in the frequency range from 10 to 500 Hz. In panels (b) and (c), the white or
black dotted line represents lower hybrid resonance frequency (fLH). (d) Energy spectrogram of spin‐averaged proton flux.
(e and f) Pitch angle distributions of proton fluxes at energies of ~98.1 and 210.8 eV. (g) Magnetic power spectrogram
measured by the magnetometer, and (h) wave normal angle shown in the frequency range from 1 to 5 Hz. The solid lines
(white or black) in panels (g) and (h) represent the local proton gyrofrequency (fcp). The vertical magenta dashed line
indicates the time used for the following analysis.

10.1029/2019GL085220Geophysical Research Letters

TENG ET AL. 14,232

Means (1972). The WNAs of the observed waves were predominantly small (<30°) and the ellipticity was
negative (not shown), indicating the left‐handed polarization, which is consistent with the previous
observations of EMIC wave properties near the source region (e.g., Min et al., 2012). Previous statistical
studies of EMIC wave spectra showed that the H+ band EMIC wave power is dominant near the helium
gyrofrequency (Meredith et al., 2003; Min et al., 2012; Zhang et al., 2016). The unique features of these
high frequency EMIC waves, different from other common H+ band EMIC waves, are that the observed
EMIC waves have a very high frequency close to fcp and the frequency bandwidth is very narrow (~0.09
fcp). In addition, the observed wave amplitude is around 100 pT, weaker than the typical EMIC wave
amplitude of ~1 nT, thus can be easily ignored when identifying H+ band EMIC waves.

2.2. Possible Generation Mechanism

To understand the excitation of such high frequency EMIC waves, we evaluate proton distribution and local
plasma conditions in detail. The proton distribution from 1 eV to 50 keVmeasured by HOPE (Figure 1d) was
used to evaluate the linear growth rate of high frequency EMIC waves based on the actual proton velocity
distribution and plasma parameters. Figure 2a presents the parallel (red) and transverse (black) proton
phase space densities (PSDs) and Figure 2b shows the 2‐D proton PSD distribution in the energy range
between 0 and 200 eV at the time indicated by the vertical magenta line in Figure 1. The pitch angle distri-
bution of protons at suprathermal energy from a few eV to hundreds of eV exhibits a peak near 90° pitch
angle, which is different from the statistical result showing a bidirectional field‐aligned distribution for
the majority of warm plasma cloak H+ (from 10 eV to several keV) (Yue et al., 2017). While EMIC waves
are typically excited by an anisotropic distribution (T⊥>T∥) of energetic (~10–100 keV) protons (Anderson

Figure 2. The proton distribution, proton resonance energy, and calculated EMIC wave growth rate at ~17 UT on 1 May
2016, marked by the vertical magenta line in Figure 1. (a) Parallel (red) and transverse (black) proton phase space density
(PSD) measured by HOPE (dotted line) and the corresponding multicomponent fits (solid line). (b) The proton PSD
distributions in the parallel and perpendicular energy space. (c) The calculated resonance energy as a function of pitch
angle at the observed wave frequency ~0.92 fcp (black) and the typical H+ band EMIC wave frequency ~0.45 fcp (blue).
(d) The comparison between the observed EMIC wave intensity (black) and the calculated linear wave growth rate (blue)
using the hot plasma dispersion relation.
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Van Allen Probes Observations
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component of the magnetic field with the equatorial gyro frequencies for H +, 
He +, and O + (Figure 1b), temperature anisotropy T⊥/T∥ (Figure 1c), parallel 
plasma beta β∥ (Figure 1d), and proton pitch-angle distributions at different 
energy ranges (Figures 1f–1k). EMIC waves were well-defined below fcHe, 
as He-EMIC waves, at 1520–1600 UT (Figure 1b). The Arase satellite was 
located ∼18 MLT at L ∼ 6 near the magnetic equator (MLAT ∼ 5°), with 
a background density of 80 cm −3 (Figure 1a). T⊥/T∥ suddenly dropped and 
quickly recovered to its initial value immediately before onset of the EMIC 
wave (∼1520 UT) (Figure 1c). Figure 1d shows an increase in β∥ just before 
the EMIC wave event, which remained roughly constant during the event. 
The proton omniflux distributions revealed flux enhancement at energies 
from 100 keV/q with the EMIC wave event, the lower boundary of which 
extended to several keV/q (Figure 1e). Note that the Ep,min at 1540–1545 UT 
was discontinuous as the central frequency was not selected due to out of our 
event criteria between the two EMIC wave portions.

We focused on the development of energetic proton distributions associated 
with EMIC waves. The variation of Ep,min gradually decreased from 44.2 to 
1.8 keV (Figure 1e) and was well consistent with the lower boundary of the 
H + flux enhancements. This indicates that the proton flux enhancement in 
this energy range may be related to the major drivers of the observed EMIC 
waves. Figure  1g–1j present the proton pitch angle distributions at differ-
ent energy steps. Except for the 100–150 keV/q range (Figure 1f), energy 
fluxes at energies of 1–100  keV/q (Figure  1g–1k) generally exhibited 
sudden enhancement among all pitch angles during the EMIC wave event, 
and the highest energy fluxes appeared at pitch angle of 90°. Interestingly, 
Figure 1h–1j show that the pitch angle structures seemed to be immediately 
shifted from field-aligned to pancake-like distributions when Ep,min reached 
the energy ranges of the lower boundary of the sudden flux enhancement. 
This sudden change in energetic proton distributions depending on Ep,min 
probably occurred from the mixture of not only the energetic particle input 
driving EMIC waves, but also the pancake distributions by EMIC pitch-angle 
scattering.

We described Ep,min by solving the cold plasma dispersion relation based on 
the parameters observed during wave activity. Figure 2 shows an example of 
the dispersion relation (Figure 2a) and the corresponding Ep,min (Figure 2b) 
at the time marked by the red dashed line in Figure 1. The parameters used 
for these calculations are labeled in Figure 2. First, we obtained k∥ from the 
dispersion relation (Figure  2a) using the central frequency with the peak 
wave power. We then applied v∥ obtained from Equation 4 to finalize Ep,min 

Figure 2. (a) Dispersion relation and (b) corresponding minimum resonance energy at 1532–1533 UT on 4 January 2019. 
The parameters used for this calculation are indicated in the figure.

Figure 1. An EMIC wave event on 4 January 2019 at 1500–1620 UT 
observed by the Arase satellite. (a) Background electron density (Ne), (b) 
perpendicular dynamic spectrum of the magnetic field (B⊥) obtained by the 
MGF instrument, (c) temperature anisotropy (T⊥/T∥), (d) parallel plasma beta 
(β∥), (e) energy spectrum of inter-calibrated proton omniflux distribution, 
and (f)–(k) pitch-angle distributions of energetic protons at energies of 
(f) 100–150, (g) 50–100, (h) 10–50, (i) 5–10, (j) 1–5 keV/q. The green, 
yellow, and red curves in (b) represent the equatorial H +, He +, and O + 
gyrofrequencies, respectively. The red horizontal dashed line indicates 1532–
1533 UT shown in Figure 2. The black solid curve in (e) denotes the computed 
minimum proton resonance energy (Ep,min) using the central frequencies of 
observed He-EMIC waves.
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•Typical H-band: 




•High-frequency EMIC: 

A ≡ T⊥
T∥

− 1 ≳ ω
Ωp − ω

A ≳ 0.5
1 − 0.5 = 1

A ≳ 0.95
1 − 0.95 = 19

manuscript submitted to JGR: Space Physics

ulations, each of which is represented by the bi-Maxwellian distribution

fj(vk, v?) =
1

⇡3/2✓kj✓?j
exp

 
�

v2k
✓2kj

� v2?
✓2?j

!
, (1)

where ✓kj and ✓?j are the thermal velocities, respectively, in the directions parallel and

perpendicular to B0. The distribution function is normalized such that
R
fjd3v = 1.

Assuming c � vA and |!| ⌧ |⌦e|, the kinetic dispersion relation at parallel propaga-

tion in a collisionless, uniform, magnetized plasma is given by (e.g., Chen et al., 2013)
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, (2)

where ! = !r + i� is the complex-valued wave frequency; kk is the real-valued wave139

number; Aj ⌘ T?j/Tkj�1 is the jth species temperature anisotropy; and Z(⇣) = i
p
⇡ e�⇣2

erfc(�i⇣)140

is the plasma dispersion function (Fried & Conte, 1961).141

A simplification of Eq. (2) can be made by assuming a small growth rate, |�|/⌦p ⌧

1 (Kennel & Petschek, 1966; Chen et al., 2013). For an argument with small imaginary

part, the plasma dispersion function can be approximated as Z(⇣) ⇡
p
⇡e�x2

(�erfi(x) + i),

where erfi(x) = �i erf(ix) is the imaginary error function and x is the real part of the

argument, ⇣. So, for |�|/⌦p ⌧ 1 and assuming single ion species (i.e., protons), Eq. (2)

can be separated into the real and imaginary parts (Chen et al., 2013),
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e
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and
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p
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p , (4)

respectively, where xp = (!r�⌦p)/(kk✓kp). With the growth rate given by � = �Di/
@Dr
@!r

,142

it follows that Ap & �!r/(!r � ⌦p) is required to have � > 0 (Kennel & Petschek,143
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A (e.g., Gary & Lee, 1994). Therefore, the146

fact that kk goes to infinity at the resonance frequency (!r = ⌦p) means that very small147

�kp is required for a maximal resonance e�ciency as !r approaches ⌦p. As will be shown,148

it requires �kp ⌧ 0.01 for a HFEMIC instability, which is a value much smaller than149

that required for the typical proton-band EMIC instability (e.g., Gary, McKean, et al.,150

1994; Gary et al., 2012).151
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• The HFEMIC instability requires a large temperature anisotropy.
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component of the magnetic field with the equatorial gyro frequencies for H +, 
He +, and O + (Figure 1b), temperature anisotropy T⊥/T∥ (Figure 1c), parallel 
plasma beta β∥ (Figure 1d), and proton pitch-angle distributions at different 
energy ranges (Figures 1f–1k). EMIC waves were well-defined below fcHe, 
as He-EMIC waves, at 1520–1600 UT (Figure 1b). The Arase satellite was 
located ∼18 MLT at L ∼ 6 near the magnetic equator (MLAT ∼ 5°), with 
a background density of 80 cm −3 (Figure 1a). T⊥/T∥ suddenly dropped and 
quickly recovered to its initial value immediately before onset of the EMIC 
wave (∼1520 UT) (Figure 1c). Figure 1d shows an increase in β∥ just before 
the EMIC wave event, which remained roughly constant during the event. 
The proton omniflux distributions revealed flux enhancement at energies 
from 100 keV/q with the EMIC wave event, the lower boundary of which 
extended to several keV/q (Figure 1e). Note that the Ep,min at 1540–1545 UT 
was discontinuous as the central frequency was not selected due to out of our 
event criteria between the two EMIC wave portions.

We focused on the development of energetic proton distributions associated 
with EMIC waves. The variation of Ep,min gradually decreased from 44.2 to 
1.8 keV (Figure 1e) and was well consistent with the lower boundary of the 
H + flux enhancements. This indicates that the proton flux enhancement in 
this energy range may be related to the major drivers of the observed EMIC 
waves. Figure  1g–1j present the proton pitch angle distributions at differ-
ent energy steps. Except for the 100–150 keV/q range (Figure 1f), energy 
fluxes at energies of 1–100  keV/q (Figure  1g–1k) generally exhibited 
sudden enhancement among all pitch angles during the EMIC wave event, 
and the highest energy fluxes appeared at pitch angle of 90°. Interestingly, 
Figure 1h–1j show that the pitch angle structures seemed to be immediately 
shifted from field-aligned to pancake-like distributions when Ep,min reached 
the energy ranges of the lower boundary of the sudden flux enhancement. 
This sudden change in energetic proton distributions depending on Ep,min 
probably occurred from the mixture of not only the energetic particle input 
driving EMIC waves, but also the pancake distributions by EMIC pitch-angle 
scattering.

We described Ep,min by solving the cold plasma dispersion relation based on 
the parameters observed during wave activity. Figure 2 shows an example of 
the dispersion relation (Figure 2a) and the corresponding Ep,min (Figure 2b) 
at the time marked by the red dashed line in Figure 1. The parameters used 
for these calculations are labeled in Figure 2. First, we obtained k∥ from the 
dispersion relation (Figure  2a) using the central frequency with the peak 
wave power. We then applied v∥ obtained from Equation 4 to finalize Ep,min 

Figure 2. (a) Dispersion relation and (b) corresponding minimum resonance energy at 1532–1533 UT on 4 January 2019. 
The parameters used for this calculation are indicated in the figure.

Figure 1. An EMIC wave event on 4 January 2019 at 1500–1620 UT 
observed by the Arase satellite. (a) Background electron density (Ne), (b) 
perpendicular dynamic spectrum of the magnetic field (B⊥) obtained by the 
MGF instrument, (c) temperature anisotropy (T⊥/T∥), (d) parallel plasma beta 
(β∥), (e) energy spectrum of inter-calibrated proton omniflux distribution, 
and (f)–(k) pitch-angle distributions of energetic protons at energies of 
(f) 100–150, (g) 50–100, (h) 10–50, (i) 5–10, (j) 1–5 keV/q. The green, 
yellow, and red curves in (b) represent the equatorial H +, He +, and O + 
gyrofrequencies, respectively. The red horizontal dashed line indicates 1532–
1533 UT shown in Figure 2. The black solid curve in (e) denotes the computed 
minimum proton resonance energy (Ep,min) using the central frequencies of 
observed He-EMIC waves.
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ulations, each of which is represented by the bi-Maxwellian distribution
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it follows that Ap & �!r/(!r � ⌦p) is required to have � > 0 (Kennel & Petschek,143

1966). Thus, the anisotropy at instability threshold (� & 0) is expected to increase dras-144

tically as !r approaches ⌦p. In addition, since xpe
�x2
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A (e.g., Gary & Lee, 1994). Therefore, the146

fact that kk goes to infinity at the resonance frequency (!r = ⌦p) means that very small147

�kp is required for a maximal resonance e�ciency as !r approaches ⌦p. As will be shown,148

it requires �kp ⌧ 0.01 for a HFEMIC instability, which is a value much smaller than149

that required for the typical proton-band EMIC instability (e.g., Gary, McKean, et al.,150

1994; Gary et al., 2012).151
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• The HFEMIC instability requires very small proton beta,  
                                        equivalent to T|| ~ 1-10 eV in the magnetosphere.
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We also consider for the theory and simulations the case 
of a spattally homogeneous background plasma. This ap- 
proximation will be valid as long as the wavelength of fluc- 
tuations of concern are very small compared to the in- 
homogeneity scale length along Bo which we denote by 
œ11' The characteristic wavenumber of the proton cyclotron 
anisotropy instability is kc/a•p • 0.50; for a proton density 
of order 100 cm -1 [Anderson and Fuselief, 1993] this cor- 
responds to a wavelength of about 300 kin, far smaller than 
the Denton et al. [1993] estimate of Lii _• 16,000 kin. 

Although terminology varies with different authors, we 
here define our use of the terms "marginal stability" and 
"instability threshold." The marginal stability condition of 
a growing mode is a unique value of the parmeter charac- 
terizing the mxisotropy or free energy such that ff _• 0 for all 
wavenumbers but such that a small increase in this param- 
eter leads to ff > 0 at some wavenumber. This marginal 
condition, however, corresponds to infinitesimally slow fluc- 
tuation growth and is not useful in most real plasmas where 
an instability must have a growth rate substantially greater 
than the rate of macroscopic plasma change if it is to assert 
itself. We define "instability threshold" to correspond to 
the value of the anisotropy parmeter such that the maxi- 
mum growth rate of a growing mode corresponds to a given 
nonzero value. For example, the results of Gary et al. 
[1993c] suggest that •m -- 0.01f]p implies an appropriate 
threshold for the proton cyclotron anisotropy instability in 
the highly compressed magnetosheath. But more generally, 
a threshold may correspond to any nonzero value of the 
maximum growth rate; since our concern here is with a va- 
riety of possible applications, we consider a range of •m 
values and a corresponding range of threshold conditions. 

The discrete symbols of Figure I show the proton 
anisotropy as a function of/•Hp obtained from linear Vlasov 
theory for three different maximum growth rates of the pro- 
ton cyclotron anisotropy instability. These three types of 
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Figure 1. The proton temperature anisotropy as a 
function of/•llp for the proton cyclotron anisotropy insta- 
bility. The model used here and in all the figures of this 
manuscript is a two-species plasma of electrons and pro- 
tons. Here the electrons are isotropic, Tlle/THp - 0.25, 
and VA/C -- 10 -4. The arrays of open squares, triangles, 
and circles represent results from linear Vlasov theory cor- 
responding to • - 10-3•p, 10-3•p, and 10-4•p, respec- 
tively. The three solid lines represent the best fits to each 
array, corresponding to equation (3). 

symbols correspond to three threshold curves of Figure 3 
of Gary et al. [1976]; here we extend that early work and 
do least squares fits to the theoretical results. Such fits are 
shown as the three solid lines in Figure 1; they correspond 
to the following expressions: 

Txp 0.35 
T]lp 1- /•11pO.4 2 (•m- 10-4•p) (3a) 
T•p 1- 0.43 
t[[p /•[[p0.42 
T.•p 1- 0.65 
•/•[p /•[[p0.40 

(•m- 10-3f]p) (3b) 

(•m- 10-2•p) (3c) 

Note that, although the numerators on the right-hand 
sides of these equations vary with growth rate, the power 
of/311 p does not change significantly among the three exam- 
ples. Yet both observations [equation (1)] and simulations 
(see below) typically yield larger values of this exponent at 
threshold. Our discussions below will illuminate some of the 
reasons for this difference. 

3. Initial Value Simulations 

The one-dimensional hybrid code of Winske and Omidi 
[1993] has been used many times to simulate the proton cy- 
clotron anisotropy instability [McKean et al., 1992b; Gary 
et al., 1993b, 1993c; Gary and Winsk½, 1993]. In each 
of these papers, only active plasmas were considered; that 
is, the simulations began with ion anisotropies well above 
cyclotron instability thresholds so that strong fluctuation 
growth was excited and the anisotropies were reduced to- 
ward threshold by wave-particle scattering. However, many 
space plasmas are inactive; if, for example, ion anisotropies 
are initially below threshold of the anisotropy instabilities, 
those modes will not grow and there will be little change in 
that free energy. Although the latter such cases are uninter- 
esting theoretically, they are often present in the data, and it 
is useful to include such cases in our ensemble of simulations 
to facilitate comparison with the observations. Anderson 
[1993] has already drawn the distinction between active and 
inactive observations in the CCE data from Earth's magne- 
tosphere. 

We have carried out an ensemble of initial walue simula- 
tions of the proton cyclotron anisotropy instability for both 
active and inactive conditions. Results from this ensemble 
are illustrated in Figure 2 which once again shows the proton 
anisotropy as a function of/511 p. The top panel of Figure 2 
illustrates the initial conditions, whereas the bottom panel 
shows the same paraxneters at the end of our simulations 
at f]pt - 200. Our initial conditions were chosen so as to 
give a broad distribution of initial points across the proton 
anisotropy-/•l[ p plane and to include both active cases (the 
solid symbols) as well as inactive simulations (the open sym- 
bols). Here our (somewhat arbitrary) criterion for distin- 
guishing these two categories is that active runs correspond 
to an initial value of 7m >_ 10-3f]p, whereas the opposite 
category corresponds to the opposite sense of the inequal- 
ity. In terms of the dimensionless fluctuating magnetic field 
energy density e/eo --[SS[:•/Bo •, the active runs typically 
satisfied the empirical condition 0.004 •][p • ((/(o) some- 
time during the simulation, whereas the inactive simulations 
typically satisfied (e/eo) < 0.004/51[ p throughout the run. 
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We also consider for the theory and simulations the case 
of a spattally homogeneous background plasma. This ap- 
proximation will be valid as long as the wavelength of fluc- 
tuations of concern are very small compared to the in- 
homogeneity scale length along Bo which we denote by 
œ11' The characteristic wavenumber of the proton cyclotron 
anisotropy instability is kc/a•p • 0.50; for a proton density 
of order 100 cm -1 [Anderson and Fuselief, 1993] this cor- 
responds to a wavelength of about 300 kin, far smaller than 
the Denton et al. [1993] estimate of Lii _• 16,000 kin. 

Although terminology varies with different authors, we 
here define our use of the terms "marginal stability" and 
"instability threshold." The marginal stability condition of 
a growing mode is a unique value of the parmeter charac- 
terizing the mxisotropy or free energy such that ff _• 0 for all 
wavenumbers but such that a small increase in this param- 
eter leads to ff > 0 at some wavenumber. This marginal 
condition, however, corresponds to infinitesimally slow fluc- 
tuation growth and is not useful in most real plasmas where 
an instability must have a growth rate substantially greater 
than the rate of macroscopic plasma change if it is to assert 
itself. We define "instability threshold" to correspond to 
the value of the anisotropy parmeter such that the maxi- 
mum growth rate of a growing mode corresponds to a given 
nonzero value. For example, the results of Gary et al. 
[1993c] suggest that •m -- 0.01f]p implies an appropriate 
threshold for the proton cyclotron anisotropy instability in 
the highly compressed magnetosheath. But more generally, 
a threshold may correspond to any nonzero value of the 
maximum growth rate; since our concern here is with a va- 
riety of possible applications, we consider a range of •m 
values and a corresponding range of threshold conditions. 

The discrete symbols of Figure I show the proton 
anisotropy as a function of/•Hp obtained from linear Vlasov 
theory for three different maximum growth rates of the pro- 
ton cyclotron anisotropy instability. These three types of 
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Figure 1. The proton temperature anisotropy as a 
function of/•llp for the proton cyclotron anisotropy insta- 
bility. The model used here and in all the figures of this 
manuscript is a two-species plasma of electrons and pro- 
tons. Here the electrons are isotropic, Tlle/THp - 0.25, 
and VA/C -- 10 -4. The arrays of open squares, triangles, 
and circles represent results from linear Vlasov theory cor- 
responding to • - 10-3•p, 10-3•p, and 10-4•p, respec- 
tively. The three solid lines represent the best fits to each 
array, corresponding to equation (3). 

symbols correspond to three threshold curves of Figure 3 
of Gary et al. [1976]; here we extend that early work and 
do least squares fits to the theoretical results. Such fits are 
shown as the three solid lines in Figure 1; they correspond 
to the following expressions: 

Txp 0.35 
T]lp 1- /•11pO.4 2 (•m- 10-4•p) (3a) 
T•p 1- 0.43 
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Note that, although the numerators on the right-hand 
sides of these equations vary with growth rate, the power 
of/311 p does not change significantly among the three exam- 
ples. Yet both observations [equation (1)] and simulations 
(see below) typically yield larger values of this exponent at 
threshold. Our discussions below will illuminate some of the 
reasons for this difference. 

3. Initial Value Simulations 

The one-dimensional hybrid code of Winske and Omidi 
[1993] has been used many times to simulate the proton cy- 
clotron anisotropy instability [McKean et al., 1992b; Gary 
et al., 1993b, 1993c; Gary and Winsk½, 1993]. In each 
of these papers, only active plasmas were considered; that 
is, the simulations began with ion anisotropies well above 
cyclotron instability thresholds so that strong fluctuation 
growth was excited and the anisotropies were reduced to- 
ward threshold by wave-particle scattering. However, many 
space plasmas are inactive; if, for example, ion anisotropies 
are initially below threshold of the anisotropy instabilities, 
those modes will not grow and there will be little change in 
that free energy. Although the latter such cases are uninter- 
esting theoretically, they are often present in the data, and it 
is useful to include such cases in our ensemble of simulations 
to facilitate comparison with the observations. Anderson 
[1993] has already drawn the distinction between active and 
inactive observations in the CCE data from Earth's magne- 
tosphere. 

We have carried out an ensemble of initial walue simula- 
tions of the proton cyclotron anisotropy instability for both 
active and inactive conditions. Results from this ensemble 
are illustrated in Figure 2 which once again shows the proton 
anisotropy as a function of/511 p. The top panel of Figure 2 
illustrates the initial conditions, whereas the bottom panel 
shows the same paraxneters at the end of our simulations 
at f]pt - 200. Our initial conditions were chosen so as to 
give a broad distribution of initial points across the proton 
anisotropy-/•l[ p plane and to include both active cases (the 
solid symbols) as well as inactive simulations (the open sym- 
bols). Here our (somewhat arbitrary) criterion for distin- 
guishing these two categories is that active runs correspond 
to an initial value of 7m >_ 10-3f]p, whereas the opposite 
category corresponds to the opposite sense of the inequal- 
ity. In terms of the dimensionless fluctuating magnetic field 
energy density e/eo --[SS[:•/Bo •, the active runs typically 
satisfied the empirical condition 0.004 •][p • ((/(o) some- 
time during the simulation, whereas the inactive simulations 
typically satisfied (e/eo) < 0.004/51[ p throughout the run. 

Typical EMIC wave
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Figure 1. Linear dispersion properties of HFEMIC waves as a function of proton parallel beta

(�kp) at fixed maximum growth rates (blue for �max ⇡ 0.001⌦p and red for �max ⇡ 0.01⌦p) and

for a plasma with single hot proton species. (a) Wave frequency, (b) wave number, (c) phase ve-

locity (!r/kk), (d) group velocity (vg = @!r/@kk), (e) anisotropy (Ap), and (f) convective growth

rate (ki = �/|vg|), plotted as a function of �kp. In panel (e), the parameters of least squares fits

are displayed in the figure.
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We also consider for the theory and simulations the case 
of a spattally homogeneous background plasma. This ap- 
proximation will be valid as long as the wavelength of fluc- 
tuations of concern are very small compared to the in- 
homogeneity scale length along Bo which we denote by 
œ11' The characteristic wavenumber of the proton cyclotron 
anisotropy instability is kc/a•p • 0.50; for a proton density 
of order 100 cm -1 [Anderson and Fuselief, 1993] this cor- 
responds to a wavelength of about 300 kin, far smaller than 
the Denton et al. [1993] estimate of Lii _• 16,000 kin. 

Although terminology varies with different authors, we 
here define our use of the terms "marginal stability" and 
"instability threshold." The marginal stability condition of 
a growing mode is a unique value of the parmeter charac- 
terizing the mxisotropy or free energy such that ff _• 0 for all 
wavenumbers but such that a small increase in this param- 
eter leads to ff > 0 at some wavenumber. This marginal 
condition, however, corresponds to infinitesimally slow fluc- 
tuation growth and is not useful in most real plasmas where 
an instability must have a growth rate substantially greater 
than the rate of macroscopic plasma change if it is to assert 
itself. We define "instability threshold" to correspond to 
the value of the anisotropy parmeter such that the maxi- 
mum growth rate of a growing mode corresponds to a given 
nonzero value. For example, the results of Gary et al. 
[1993c] suggest that •m -- 0.01f]p implies an appropriate 
threshold for the proton cyclotron anisotropy instability in 
the highly compressed magnetosheath. But more generally, 
a threshold may correspond to any nonzero value of the 
maximum growth rate; since our concern here is with a va- 
riety of possible applications, we consider a range of •m 
values and a corresponding range of threshold conditions. 

The discrete symbols of Figure I show the proton 
anisotropy as a function of/•Hp obtained from linear Vlasov 
theory for three different maximum growth rates of the pro- 
ton cyclotron anisotropy instability. These three types of 
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tons. Here the electrons are isotropic, Tlle/THp - 0.25, 
and VA/C -- 10 -4. The arrays of open squares, triangles, 
and circles represent results from linear Vlasov theory cor- 
responding to • - 10-3•p, 10-3•p, and 10-4•p, respec- 
tively. The three solid lines represent the best fits to each 
array, corresponding to equation (3). 

symbols correspond to three threshold curves of Figure 3 
of Gary et al. [1976]; here we extend that early work and 
do least squares fits to the theoretical results. Such fits are 
shown as the three solid lines in Figure 1; they correspond 
to the following expressions: 
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Note that, although the numerators on the right-hand 
sides of these equations vary with growth rate, the power 
of/311 p does not change significantly among the three exam- 
ples. Yet both observations [equation (1)] and simulations 
(see below) typically yield larger values of this exponent at 
threshold. Our discussions below will illuminate some of the 
reasons for this difference. 

3. Initial Value Simulations 

The one-dimensional hybrid code of Winske and Omidi 
[1993] has been used many times to simulate the proton cy- 
clotron anisotropy instability [McKean et al., 1992b; Gary 
et al., 1993b, 1993c; Gary and Winsk½, 1993]. In each 
of these papers, only active plasmas were considered; that 
is, the simulations began with ion anisotropies well above 
cyclotron instability thresholds so that strong fluctuation 
growth was excited and the anisotropies were reduced to- 
ward threshold by wave-particle scattering. However, many 
space plasmas are inactive; if, for example, ion anisotropies 
are initially below threshold of the anisotropy instabilities, 
those modes will not grow and there will be little change in 
that free energy. Although the latter such cases are uninter- 
esting theoretically, they are often present in the data, and it 
is useful to include such cases in our ensemble of simulations 
to facilitate comparison with the observations. Anderson 
[1993] has already drawn the distinction between active and 
inactive observations in the CCE data from Earth's magne- 
tosphere. 

We have carried out an ensemble of initial walue simula- 
tions of the proton cyclotron anisotropy instability for both 
active and inactive conditions. Results from this ensemble 
are illustrated in Figure 2 which once again shows the proton 
anisotropy as a function of/511 p. The top panel of Figure 2 
illustrates the initial conditions, whereas the bottom panel 
shows the same paraxneters at the end of our simulations 
at f]pt - 200. Our initial conditions were chosen so as to 
give a broad distribution of initial points across the proton 
anisotropy-/•l[ p plane and to include both active cases (the 
solid symbols) as well as inactive simulations (the open sym- 
bols). Here our (somewhat arbitrary) criterion for distin- 
guishing these two categories is that active runs correspond 
to an initial value of 7m >_ 10-3f]p, whereas the opposite 
category corresponds to the opposite sense of the inequal- 
ity. In terms of the dimensionless fluctuating magnetic field 
energy density e/eo --[SS[:•/Bo •, the active runs typically 
satisfied the empirical condition 0.004 •][p • ((/(o) some- 
time during the simulation, whereas the inactive simulations 
typically satisfied (e/eo) < 0.004/51[ p throughout the run. 
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We also consider for the theory and simulations the case 
of a spattally homogeneous background plasma. This ap- 
proximation will be valid as long as the wavelength of fluc- 
tuations of concern are very small compared to the in- 
homogeneity scale length along Bo which we denote by 
œ11' The characteristic wavenumber of the proton cyclotron 
anisotropy instability is kc/a•p • 0.50; for a proton density 
of order 100 cm -1 [Anderson and Fuselief, 1993] this cor- 
responds to a wavelength of about 300 kin, far smaller than 
the Denton et al. [1993] estimate of Lii _• 16,000 kin. 

Although terminology varies with different authors, we 
here define our use of the terms "marginal stability" and 
"instability threshold." The marginal stability condition of 
a growing mode is a unique value of the parmeter charac- 
terizing the mxisotropy or free energy such that ff _• 0 for all 
wavenumbers but such that a small increase in this param- 
eter leads to ff > 0 at some wavenumber. This marginal 
condition, however, corresponds to infinitesimally slow fluc- 
tuation growth and is not useful in most real plasmas where 
an instability must have a growth rate substantially greater 
than the rate of macroscopic plasma change if it is to assert 
itself. We define "instability threshold" to correspond to 
the value of the anisotropy parmeter such that the maxi- 
mum growth rate of a growing mode corresponds to a given 
nonzero value. For example, the results of Gary et al. 
[1993c] suggest that •m -- 0.01f]p implies an appropriate 
threshold for the proton cyclotron anisotropy instability in 
the highly compressed magnetosheath. But more generally, 
a threshold may correspond to any nonzero value of the 
maximum growth rate; since our concern here is with a va- 
riety of possible applications, we consider a range of •m 
values and a corresponding range of threshold conditions. 

The discrete symbols of Figure I show the proton 
anisotropy as a function of/•Hp obtained from linear Vlasov 
theory for three different maximum growth rates of the pro- 
ton cyclotron anisotropy instability. These three types of 
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Figure 1. The proton temperature anisotropy as a 
function of/•llp for the proton cyclotron anisotropy insta- 
bility. The model used here and in all the figures of this 
manuscript is a two-species plasma of electrons and pro- 
tons. Here the electrons are isotropic, Tlle/THp - 0.25, 
and VA/C -- 10 -4. The arrays of open squares, triangles, 
and circles represent results from linear Vlasov theory cor- 
responding to • - 10-3•p, 10-3•p, and 10-4•p, respec- 
tively. The three solid lines represent the best fits to each 
array, corresponding to equation (3). 

symbols correspond to three threshold curves of Figure 3 
of Gary et al. [1976]; here we extend that early work and 
do least squares fits to the theoretical results. Such fits are 
shown as the three solid lines in Figure 1; they correspond 
to the following expressions: 

Txp 0.35 
T]lp 1- /•11pO.4 2 (•m- 10-4•p) (3a) 
T•p 1- 0.43 
t[[p /•[[p0.42 
T.•p 1- 0.65 
•/•[p /•[[p0.40 

(•m- 10-3f]p) (3b) 

(•m- 10-2•p) (3c) 

Note that, although the numerators on the right-hand 
sides of these equations vary with growth rate, the power 
of/311 p does not change significantly among the three exam- 
ples. Yet both observations [equation (1)] and simulations 
(see below) typically yield larger values of this exponent at 
threshold. Our discussions below will illuminate some of the 
reasons for this difference. 

3. Initial Value Simulations 

The one-dimensional hybrid code of Winske and Omidi 
[1993] has been used many times to simulate the proton cy- 
clotron anisotropy instability [McKean et al., 1992b; Gary 
et al., 1993b, 1993c; Gary and Winsk½, 1993]. In each 
of these papers, only active plasmas were considered; that 
is, the simulations began with ion anisotropies well above 
cyclotron instability thresholds so that strong fluctuation 
growth was excited and the anisotropies were reduced to- 
ward threshold by wave-particle scattering. However, many 
space plasmas are inactive; if, for example, ion anisotropies 
are initially below threshold of the anisotropy instabilities, 
those modes will not grow and there will be little change in 
that free energy. Although the latter such cases are uninter- 
esting theoretically, they are often present in the data, and it 
is useful to include such cases in our ensemble of simulations 
to facilitate comparison with the observations. Anderson 
[1993] has already drawn the distinction between active and 
inactive observations in the CCE data from Earth's magne- 
tosphere. 

We have carried out an ensemble of initial walue simula- 
tions of the proton cyclotron anisotropy instability for both 
active and inactive conditions. Results from this ensemble 
are illustrated in Figure 2 which once again shows the proton 
anisotropy as a function of/511 p. The top panel of Figure 2 
illustrates the initial conditions, whereas the bottom panel 
shows the same paraxneters at the end of our simulations 
at f]pt - 200. Our initial conditions were chosen so as to 
give a broad distribution of initial points across the proton 
anisotropy-/•l[ p plane and to include both active cases (the 
solid symbols) as well as inactive simulations (the open sym- 
bols). Here our (somewhat arbitrary) criterion for distin- 
guishing these two categories is that active runs correspond 
to an initial value of 7m >_ 10-3f]p, whereas the opposite 
category corresponds to the opposite sense of the inequal- 
ity. In terms of the dimensionless fluctuating magnetic field 
energy density e/eo --[SS[:•/Bo •, the active runs typically 
satisfied the empirical condition 0.004 •][p • ((/(o) some- 
time during the simulation, whereas the inactive simulations 
typically satisfied (e/eo) < 0.004/51[ p throughout the run. 
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Figure 1. Linear dispersion properties of HFEMIC waves as a function of proton parallel beta

(�kp) at fixed maximum growth rates (blue for �max ⇡ 0.001⌦p and red for �max ⇡ 0.01⌦p) and

for a plasma with single hot proton species. (a) Wave frequency, (b) wave number, (c) phase ve-

locity (!r/kk), (d) group velocity (vg = @!r/@kk), (e) anisotropy (Ap), and (f) convective growth

rate (ki = �/|vg|), plotted as a function of �kp. In panel (e), the parameters of least squares fits

are displayed in the figure.
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Can HF-EMIC waves by ion cyclotron instability grow in a 
realistic environment?
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Figure 5. Reproduction of the statistical results of HFEMIC waves presented in Min and

Ma (2023). (a) Total electron density, (b) electron plasma-to-cyclotron frequency ratio, (c) aver-

age wave frequency normalized by the equatorial proton cyclotron frequency, and (d) HFEMIC

wave amplitude normalized by the equatorial magnetic field, plotted as a function of L shell.

The open red circles in panels (a-c) denote the target parameters that the present simula-

tions are tuned to. In panel (d), the open circles denote the saturation amplitude, Bw, from

the present simulations (see Table 1). The magenta straight line denotes a least squares fit to

the data given by Bw/B0,eq = 0.74L0.35. In panel (c), a least squares fit leads to the relation

favg/fcp,eq = �0.0039L+ 0.97 (denoted by the magenta line).
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Q. Given a plasma condition at L = 5.5 with a reasonable proton distribution that 
gives rise to wave growth at f = 0.95 fcp according to theory, can we prove wave 
growth with saturation amplitude commensurate with the observed wave 
amplitudes?
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Figure 1. Comparison between the energetic proton ring density used in Chen et al. (2018) (red) and the partial shell
density in this study (black), plotted versus latitude. Equivalent equatorial temperature anisotropies (Aeq) are 51 and
0.5, respectively.

confined to the equator. Interestingly, the waves in their simulation propagated in the radial direction with
wave normal directions nearly perpendicular to the background magnetic field. They noted that the lack
of wave structure along the field line indicates the importance of the transit time effect over Landau reso-
nance. On the other hand, Min, Boardsen, et al. (2018) and Min et al. (2019) carried out two-dimensional
PIC simulations of MSWs on the equatorial plane of the dipole magnetic field, focusing on the equatorial
evolution with and without the steep density gradient of the plasmapause.

The present study investigates the generation process of MSWs using two-dimensional PIC simulations. We
use the hybrid approach where the cool background electron and proton populations are represented as cold
fluids in simulations (e.g., Katoh & Omura, 2004; Tao, 2014). The major difference (other than the hybrid
approach of the present simulations) from Chen et al. (2018) is that the simulation domain is contained
in a constant L-shell surface instead of the meridional plane. This is to take into account the observational
fact that the dominant MSW propagation is along the azimuthal direction in the source region (Boardsen
et al., 2018; Němec et al., 2013). Section 2 outlines the motivation and goal of the present simulation study.
Section 3 describes the simulation setup, and section 4 presents the simulation results. Section 5 further
discusses the simulation results, and section 6 concludes the paper. To keep the paper brief, nonessential
materials including some considerations for the modeling approach are presented through supporting
information.

2. Motivation and Goal
Although Chen et al. (2018)'s simulations demonstrated the MSW excitation and propagation consistent
with the equator-wave-source mechanism, we find that some assumptions in their model and some of their
simulation results do not have strong observational support.

First, in order to limit the free energy source into a narrow latitudinal region, Chen et al. (2018) had to use
an equatorial temperature anisotropy of the proton ring distribution equivalent to Aeq ≡T⟂, eq/T||, eq − 1≈ 51
(where T|| and T⟂ are the effective temperatures parallel and perpendicular to the background magnetic
field, respectively, and the subscript “eq” denotes that the quantities involved are the equatorial values).
According to Liouville's theorem, the number density of a plasma population having a pancake distribution
at the equator decreases with increasing latitude (via dependence on the magnetic field strength), and the
more anisotropic the pancake distribution is, the faster the ring/shell density decreases with latitude (e.g.,
Roederer, 1970). Figure 1 shows in red the number density as a function of latitude for the proton ring dis-
tribution used in Chen et al. (2018). Although not impossible, such a large value of equatorial anisotropy is
improbable for typical inner magnetospheric conditions (e.g., Thomsen et al., 2017). In addition, tempera-
ture anisotropy of that magnitude can lead to the excitation of strong EMIC waves (e.g., Min et al., 2016),
although their simulations do not appear to show parallel-propagating EMIC waves within the time period
of their simulation run. Apparently, one would want to test the generation process using the conditions more
commonly found in the inner magnetosphere. In fact, we use a value of equatorial temperature anisotropy,

MIN ET AL. 3 of 21

Liouville’s theorem: 

     density & anisotropy   (bi-Maxwellian) 

The more anisotropic the initial distribution is,  
                                                  the narrower the equatorial source region becomes.
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Figure 4. Dependence of the dispersion relation on the heavy ion density (either He+ or O+).

(a) Wave frequency versus wave number (for the case of He+ only). (b) Temporal growth rate, �,

versus wave number. (c) Convective growth rate, ki, versus wave frequency. The solid and dashed

lines are for He+ and O+, respectively. The assumed values are ni/ne = 0.01, 0.1, and 0.2 (green,

magenta, and red curves, respectively). The fixed parameters are: nh/ne = 0.2, �̃kh ⇡ 10�4,

T?h/Tkh = 31.4, and Tc/Tkh = Ti/Tkh = 0.1.
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Heavy ion density        : 20%   (extreme case scenario)

Hot proton density      : 20%


Hot proton beta           :    (← )


Hot proton anisotropy :     (← Teng+ 2019 estimate)

β∥hot = 10−4 fpeak ≈ 0.95fcp

T⊥hot

T∥hot
≈ 31

Dispersion Relation Growth Rate



Convective growth rate

Source

Region

Wave

Packet

Wave group velocity       : 
dx
dt

= vg ≡ ∂ω
∂k∥

manuscript submitted to JGR: Space Physics

0 1 2 3 4 5 6
0.2

0.4

0.6

0.8

k∥ cωp

ω
r
Ω
p

(a)

( )

Figure 4. Dependence of the dispersion relation on the heavy ion density (either He+ or O+).

(a) Wave frequency versus wave number (for the case of He+ only). (b) Temporal growth rate, �,

versus wave number. (c) Convective growth rate, ki, versus wave frequency. The solid and dashed

lines are for He+ and O+, respectively. The assumed values are ni/ne = 0.01, 0.1, and 0.2 (green,

magenta, and red curves, respectively). The fixed parameters are: nh/ne = 0.2, �̃kh ⇡ 10�4,

T?h/Tkh = 31.4, and Tc/Tkh = Ti/Tkh = 0.1.

–12–

v g
∼

v A

vg ∼ 0.01vA



Convective growth rate

Source

Region

Wave

Packet

Wave group velocity       : 


Convective growth rate  : 


Amplification factor        : 

dx
dt

= vg ≡ ∂ω
∂k∥

ki = γ
vg

log10 ( Bw

B0,eq ) = 1
log 10 ∫

x

𝒪
ki dx

manuscript submitted to JGR: Space Physics

-500 0 500
0.00

0.05

0.10

0.15

v g
v
A
,e
q

(d)

ℛ1
ℛ2
ℛ3

-500 0 500
0.00

0.05

0.10

0.15

0.20

0.25
k i
c

ω
p,
eq

(e) ℛ1
ℛ2
ℛ3

( )

Figure 7. (a-c) Field line dependence of (a) nh and T?h, (b) �kh, and (c) �?h for the

initial hot proton distribution for Run 1. (d-f) Field line dependence of (d) group veloc-

ity, vg = @!r/@kk, (e) convective growth rate, ki = �/|vg|, and (f) amplification factor,

log
10
(Bw/B0,eq) =

R x(ki/ log 10)dx, of the northward propagating mode for Runs 1–3. The

gray double-sided arrow in panel (f) denotes the signal-to-noise ratio of Run 1.
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Slowly moving wave packets 
can (partly) compensates for 
the narrow source region!
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•Usual hybrid PIC approach  
(kinetic ions + massless electron fluid) 

• 1D domain along the field line (parallel propagation only) 

•   with  (realistic scale) 

•Similar models by Katoh & Omura (2007) and Shoji & Omura (2011)

Bdip ≈ B0,eq (1 + 4.5
L2

s2

R2
E ) L = 5.5
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Figure 1. Field lines of the background magnetic
field at y = 0 of the nominal case.

which gives

x =
x0√

1 + 𝜉z2
, (2)

y =
y0√

1 + 𝜉z2
. (3)

where x0 = x(z = 0) and y0 = y(z = 0). The mag-
netic field lines of B0 with y0 = 0 are given in Figure 1. To
obtain B0x and B0y in the DAWN code, the x and y coor-
dinates of particles are calculated from the gyroradius
vector 𝝆 = −u × ez∕Ω, where u is the relativistic veloc-
ity, ez is the unit vector in z direction, and Ω = qB0∕mc
is the signed cyclotron frequency. Here c is the speed of
light in vacuum, q is the charge, and m is the mass of par-
ticles. This simplified background magnetic field model
has been used successfully in previous numerical stud-
ies about excitation of chorus and triggered emissions
[Nunn et al., 1997; Katoh and Omura, 2007; Hikishima et
al., 2009].

The electron population is assumed to consist of two
components:

g = ncfc + nhfh, (4)

where subscripts “c” and “h” refer to cold and hot components, respectively, and f denotes the normalized
phase space density. One major difference between the DAWN code and the electron hybrid model [Katoh
and Omura, 2007] is how the cold electron current density is calculated. Katoh and Omura [2007] solved the
fluid momentum and continuity equations of cold electrons given by

𝜕vc

𝜕t
= −(vc ⋅ ∇)vc +

q
m

(
E +

vc

c
× B

)
, (5)

𝜕nc

𝜕t
= −∇ ⋅ (ncvc), (6)

Jc = qncvc, (7)

where n is the electron density, v is the velocity, J is the current density, and E is the electric field. To simplify
the numerical method of solving equations (5) and (6), we note Bw∕B0 ≪ 1 and further assume that the
nonlinear effect of cold electrons is not essential to the excitation of chorus. By linearizing equations (5)–(7),
it is straightforward to show that

dJc

dt
= (𝜔2

pe∕4π)E + Jc ×𝛀e, (8)

where 𝛀e = qB0∕mc is the angular frequency vector. Equation (8) is an ordinary differential equation and
can be solved using simple and robust numerical algorithms shown in Appendix A. Other equations used in
the DAWN code to update wave fields are

𝜕E
𝜕t

= c∇ × B − 4πJ, (9)

𝜕B
𝜕t

= −c∇ × E, (10)

J = Jc + Jh (11)

where Jh is the hot electron current density obtained using PIC techniques [Birdsall and Langdon, 2004].
Since the variation of wave fields is along z direction only, ∇ = ez𝜕∕𝜕z in equations (9) and (10). Positions

TAO ©2014. American Geophysical Union. All Rights Reserved. 3

1D Domain

λ = + 10∘

λ = − 10∘



Simulation Results
Source Region

manuscript submitted to JGR: Space Physics

9.0

1

R1

R2

R3

-500 0 500
1

2

3

4

5

6

7
-9.0 -6.0 -3.0 0.0 3.0 6.0 9.0

(b)

lo
g 1
0
B
w2
B

0,
eq

2


-11

-10

-9

-8

Figure 8. Results of Run 1. (a and b) Spatio-temporal evolution of magnetic field wave

power, B2

w, separated by (a) southward propagating waves and (b) northward propagating waves.

Sample ray trajectories of the most unstable mode from linear theory are denoted by the broken

black curves (denoted by “1” and “2”). Boxes of the size �t⌦p,eq ⇥ �q1 = 200 ⇥ 200 are drawn

in panel (b) centered at � = 0�, 3�, and 7� on the sample ray path, to indicate the regions for

later dispersion analysis. (c) Magnetic field amplitude (Bw) of the wave packets propagating

southward at selected latitudinal locations, � = 0�, �3�, �6�, and �9�.

–21–

Northward 
propagation

λ (∘)

tΩ
p,e

q
[×

10
3 ]

manuscript submitted to JGR: Space Physics

λ [°]
9.0 -9.0 -6.0 -3.0 0.0 3.0 6.0 9.0

( )

Figure 8. Results of Run 1. (a and b) Spatio-temporal evolution of magnetic field wave

power, B2

w, separated by (a) southward propagating waves and (b) northward propagating waves.

Sample ray trajectories of the most unstable mode from linear theory are denoted by the broken

black curves (denoted by “1” and “2”). Boxes of the size �t⌦p,eq ⇥ �q1 = 200 ⇥ 200 are drawn

in panel (b) centered at � = 0�, 3�, and 7� on the sample ray path, to indicate the regions for

later dispersion analysis. (c) Magnetic field amplitude (Bw) of the wave packets propagating

southward at selected latitudinal locations, � = 0�, �3�, �6�, and �9�.

–21–



ω
r
Ω
p,
eq

ΩHe+

0.95Ωp,eq

Ωp

0 2 4 6 8
0.0

0.2

0.4

0.6

0.8

1.0

1.2

Region 1

(a)

ΩHe+

0.95Ωp,eq

Ωp

0 2 4 6 8
0.0

0.2

0.4

0.6

0.8

1.0

1.2

Region 2

(b)

ΩHe+

0.95Ωp,eq

Ωp

0 2 4 6 8
0.0

0.2

0.4

0.6

0.8

1.0

1.2

Region 3

(c)

lo
g 1
0
B
w2
B

02 

-12

-10

-8

-6

-4

k∥ cωp,eq

Simulation Results
Dispersion RelationSource Region

manuscript submitted to JGR: Space Physics

9.0

1

R1

R2

R3

-500 0 500
1

2

3

4

5

6

7
-9.0 -6.0 -3.0 0.0 3.0 6.0 9.0

(b)

lo
g 1
0
B
w2
B

0,
eq

2


-11

-10

-9

-8

Figure 8. Results of Run 1. (a and b) Spatio-temporal evolution of magnetic field wave

power, B2

w, separated by (a) southward propagating waves and (b) northward propagating waves.

Sample ray trajectories of the most unstable mode from linear theory are denoted by the broken

black curves (denoted by “1” and “2”). Boxes of the size �t⌦p,eq ⇥ �q1 = 200 ⇥ 200 are drawn

in panel (b) centered at � = 0�, 3�, and 7� on the sample ray path, to indicate the regions for

later dispersion analysis. (c) Magnetic field amplitude (Bw) of the wave packets propagating

southward at selected latitudinal locations, � = 0�, �3�, �6�, and �9�.

–21–

λ (∘)

tΩ
p,e

q
[×

10
3 ]

manuscript submitted to JGR: Space Physics

λ [°]
9.0 -9.0 -6.0 -3.0 0.0 3.0 6.0 9.0

( )

Figure 8. Results of Run 1. (a and b) Spatio-temporal evolution of magnetic field wave

power, B2

w, separated by (a) southward propagating waves and (b) northward propagating waves.

Sample ray trajectories of the most unstable mode from linear theory are denoted by the broken

black curves (denoted by “1” and “2”). Boxes of the size �t⌦p,eq ⇥ �q1 = 200 ⇥ 200 are drawn

in panel (b) centered at � = 0�, 3�, and 7� on the sample ray path, to indicate the regions for

later dispersion analysis. (c) Magnetic field amplitude (Bw) of the wave packets propagating

southward at selected latitudinal locations, � = 0�, �3�, �6�, and �9�.

–21–



ω
r
Ω
p,
eq

ΩHe+

0.95Ωp,eq

Ωp

0 2 4 6 8
0.0

0.2

0.4

0.6

0.8

1.0

1.2

Region 1

(a)

ΩHe+

0.95Ωp,eq

Ωp

0 2 4 6 8
0.0

0.2

0.4

0.6

0.8

1.0

1.2

Region 2

(b)

ΩHe+

0.95Ωp,eq

Ωp

0 2 4 6 8
0.0

0.2

0.4

0.6

0.8

1.0

1.2

Region 3

(c)

lo
g 1
0
B
w2
B

02 

-12

-10

-8

-6

-4

k∥ cωp,eq

Simulation Results
Dispersion Relation

Instantaneous Growth Rate

λ [°]

-800 -600 -400 -200 0 200
-0.05

0.00

0.05

0.10

0.15

0.20
-9 -6 -3 0

k i
c
ω

p,
eq


(a)

simulation

linear theory

-200 0 200 400 600 800
-0.05

0.00

0.05

0.10

0.15

0.20
0 3 6 9

k i
c
ω

p,
eq


(b)

simulation

linear theory

q1

λ (∘)

Source Region

manuscript submitted to JGR: Space Physics

9.0

1

R1

R2

R3

-500 0 500
1

2

3

4

5

6

7
-9.0 -6.0 -3.0 0.0 3.0 6.0 9.0

(b)

lo
g 1
0
B
w2
B

0,
eq

2


-11

-10

-9

-8

Figure 8. Results of Run 1. (a and b) Spatio-temporal evolution of magnetic field wave

power, B2

w, separated by (a) southward propagating waves and (b) northward propagating waves.

Sample ray trajectories of the most unstable mode from linear theory are denoted by the broken

black curves (denoted by “1” and “2”). Boxes of the size �t⌦p,eq ⇥ �q1 = 200 ⇥ 200 are drawn

in panel (b) centered at � = 0�, 3�, and 7� on the sample ray path, to indicate the regions for

later dispersion analysis. (c) Magnetic field amplitude (Bw) of the wave packets propagating

southward at selected latitudinal locations, � = 0�, �3�, �6�, and �9�.

–21–

λ (∘)

tΩ
p,e

q
[×

10
3 ]

manuscript submitted to JGR: Space Physics

λ [°]
9.0 -9.0 -6.0 -3.0 0.0 3.0 6.0 9.0

( )

Figure 8. Results of Run 1. (a and b) Spatio-temporal evolution of magnetic field wave

power, B2

w, separated by (a) southward propagating waves and (b) northward propagating waves.

Sample ray trajectories of the most unstable mode from linear theory are denoted by the broken

black curves (denoted by “1” and “2”). Boxes of the size �t⌦p,eq ⇥ �q1 = 200 ⇥ 200 are drawn

in panel (b) centered at � = 0�, 3�, and 7� on the sample ray path, to indicate the regions for

later dispersion analysis. (c) Magnetic field amplitude (Bw) of the wave packets propagating

southward at selected latitudinal locations, � = 0�, �3�, �6�, and �9�.

–21–



Theory, Simulation, Observation (1)

manuscript submitted to JGR: Space Physics









































































































































































































































































 











































































































































































































































































 





























































































































































































 
























































































 













































































































































































































































 







































































































































































































































 

































































































ℛ4 ℛ3

ℛ2 ℛ1

3.5 4.0 4.5 5.0 5.5

0.5
1

5
10

L

B
w
B

0,
eq

[×
10

-4
] (d)

Figure 5. Reproduction of the statistical results of HFEMIC waves presented in Min and

Ma (2023). (a) Total electron density, (b) electron plasma-to-cyclotron frequency ratio, (c) aver-

age wave frequency normalized by the equatorial proton cyclotron frequency, and (d) HFEMIC

wave amplitude normalized by the equatorial magnetic field, plotted as a function of L shell.

The open red circles in panels (a-c) denote the target parameters that the present simula-

tions are tuned to. In panel (d), the open circles denote the saturation amplitude, Bw, from

the present simulations (see Table 1). The magenta straight line denotes a least squares fit to

the data given by Bw/B0,eq = 0.74L0.35. In panel (c), a least squares fit leads to the relation

favg/fcp,eq = �0.0039L+ 0.97 (denoted by the magenta line).
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Theory, Simulation, Observation (2)

Because of very small  eV, determination of  
(and anisotropy) is difficult (likely overestimated).
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Theory, Simulation, Observation (2)

On the other hand, measurements of  and  are more 
accurate. 
The data points seem to line up closely to the curves by the 
theoretical predictions.
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Conclusions
• New type of EMIC (HFEMIC) waves: ,  
→ Left-hand polarized, quasi-parallel propagating electromagnetic ion 
cyclotron mode


• Rare in occurrence (mostly outside the plasmasphere), but the 
anisotropic, low-energy proton population is quite prevalent 
→ How the latter comes about is an unanswered question!


• The very anisotropic, low-energy proton population is likely the 
source of free energy  
→ Qualitative agreement btw/ data and predicted anisotropy threshold  
→ Hybrid PIC simulations support HFEMIC wave growth with 
saturation amplitudes commensurate with the observational ones

fpeak ∼ 0.95fcp Δf ≲ 0.1fcp
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