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Abstract: Electromagnetic ion cyclotron waves and fast magnetosonic waves are found to be
simultaneously modulated by background plasma density: both kinds of waves were observed
in high plasma density regions but vanished in low density regions. Theoretical analysis
based on Snell’s law and linear growth theory have been utilized to investigate the physical
mechanisms driving such modulation. It is suggested that the modulation of fast
magnetosonic waves might be due to trapping by plasma density structures, which results
from a conservation of the parameter Q during their propagation. Here Q = nrsiny, with n the
refractive index, r the radial distance, and y the wave azimuthal angle. As for electromagnetic
ion cyclotron waves, the modulation might be owed to the ion composition difference
between different plasma density regions. Our results indicate the alternative mechanism for
simultaneous appearance of electromagnetic ion cyclotron waves and fast magnetosonic
waves (rather than wave excitations of both two wave emissions), which might take
combined effects on the evolution of radiation belt electrons.
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Introduction

In" the -inner magnetosphere, there exist two kinds of electromagnetic emissions which
excitations are relevant to ring current ions: electromagnetic ion cyclotron (EMIC) waves and
fast magnetosonic (MS) waves. Generally, EMIC waves are electromagnetic emissions with
frequencies below ion cyclotron frequencies, and they are often divided into three distinct

bands: Hydrogen band (H* band), Helium band (He® band), and Oxygen band (O" band)
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(Anderson et al., 1992; Min et al., 2012; Wang et al., 2015; Yu et al., 2015). H" band EMIC
waves have frequencies below gyrofrequencies of protons (H") but above gyrofrequencies of
helium-ions (He"), and He" band EMIC waves have frequencies below gyrofrequencies of
He" but above gyrofrequencies of oxygen ions (O%), while frequencies of O band EMIC
waves are below gyrofrequencies of oxygen ions (O"). It has been demonstrated that EMIC
waves are excited by unstable ring current ion distributions, such as temperature anisotropic
distributions (Kennel and Petschek, 1966; Lee et al., 2017), loss-cone like distributions
(Denton et al., 1992), ring distributions (Yu et al., 2016, 2018), etc. It is widely thought that
H* band and He" band EMIC waves are excited near the equator with small wave normal
angles and left-hand polarizations, which might become more oblique as they propagate away
from their source regions (Rauch and Roux, 1982). The occurrence rates of the H* band and
He" band EMIC waves depend upon the orientation of the IMF (Nakamura et al., 2016; Park
et al., 2017). The high occurrence region for the H. band moves from the dawnside to the
dayside region when the IMF changes from northward IMF to southward IMF. But for the
He" band, the high occurrence region is shifted into the lower L-shell (L < 8) in the dusk
sector. In recent several decades, EMIC waves have obtained more and more focus. One of
the most important reasons is due to their capabilities of making important contributions to
the evolution of magnetospheric particles (Yuan et al., 2010, 2012, 2013, 2014; Zhang et al.,
2010), especially for rapid loss of radiation belts (Summers, 2005; Wang et al., 2014;
Usanova et al., 2014).

On the other hand, MS waves, named also as equatorial noise (Russell et al., 1970), have

been demonstrated to be resulted from the ion Bernstein instability driven by energetic ions
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with ring velocity distributions (6f/ov.> 0) (e.g. Balikhin et al., 2015). These waves often
have frequencies between the proton cyclotron frequencies (f.n) and lower hybrid resonant
frequencies (f_4), and propagate (quasi-)perpendicularly with respect to the background
magnetic field (Meredith et al., 2008; Ma et al., 2013). Recent studies have demonstrated that
dense background plasma densities can restrain the growth rates and lower frequency bands
of MS waves as excited in source regions (Yuan et al., 2017; Yuan, Ouyang et al., 2018).
Results of ray tracing indicate that MS waves can propagate not only along the radial
direction, but also in the azimuthal direction (Xiao et al., 2012). It has been demonstrated that
MS waves can not only accelerate radiation belt electrons (Horne et al., 2007; Ma et al.,
2016), but also heat thermal electrons and ions (Sun et al., 2017; Yuan, Yu et al., 2018).
Especially, MS waves have been reported to play an important role in the formation of
butterfly pitch angle distributions of radiation belt electrons (e.g. Xiao et al., 2015).

Although the free energy supporting the growth of both EMIC waves and MS waves are
usually provided by ring current protons, only few MS waves are observed accompanied with
EMIC waves, which might be due to the low temperature anisotropy of proton ring
distributions (Min et al., 2016). In this paper, we report a typical event observed by the Van
Allen Probe B on 9 October 2013, where EMIC waves and MS waves occurred
simultaneously in high plasma density regions but vanished in low density regions. That is,
EMIC waves and MS waves are modulated by the background plasma density. In virtue of
Snell’s law and linear growth theory, we show that such a modulation might be resulted from

the simultaneous trapping of EMIC waves and MS waves by background plasmas.
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Observations

In'our cases, observation data for magnetic spectrum of MS waves is provided by the Electric
and Magnetic Field Instrument Suite and Integrated Science Waves instrument (Kletzing et al.,
2013) onboard the Van Allen Probe B, while high-resolution (64 samples/s) magnetic field
vectors are analyzed to obtain the dynamic spectrum of EMIC waves (Yu et al., 2018). Flux
data attained from the Helium, Oxygen, Proton, and Electron Mass Spectrometer (Funsten et
al., 2013) is utilized to derive the proton distributions, which would be used to calculate the
linear growth rate. Additionally, the plasma density is attained from the upper hybrid resonant
frequencies (Kurth et al. 2015).

Figure 1 shows an overview of simultaneously trapping event of EMIC and MS waves. It is
shown that during October 8-11 in 2013, a geomagnetic storm, accompanied with
enhancements of solar wind dynamic pressures (panel b) and substorms (panel c), entered the
main phase after the Bz component of the interplanetary magnetic field (IMF) became
southward (panel a). At 0042UT in 9 October 2013, the SYM-H index reached the minimum
of -77 nT (panel d), implying a moderate geomagnetic storm. In the recovery phase of this
geomagnetic storm, Van Allen Probe B observed both EMIC and MS waves during 0050 UT
to 0145UT in 9 October 2013, which are displayed in panels (d-k) in more detail: Figure 1(e)
shows the plasma density (N¢), while the magnetic power spectral density (PSD), ellipticity ()
and wave normal angles (WNA) of MS waves are exhibited in Figure 1(f)—(h), respectively.
Additionally, Figure 1(i)—(k) display the magnetic power spectral density (PSD), ellipticity (&)
and wave normal angles (WNA) of EMIC waves, respectively. It is clearly shown in Figure

1(e)—(h) that during this interval, MS waves, with frequencies just below f 4, linear
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polarization (¢ ~ 0) and large wave normal angles (WNA ~ 90°), occurred only in those
regions with Ne > 250 cm™. In the meanwhile, He* band EMIC waves with frequencies
between 0.22 f.y and 0.10f.y are observed with mostly left-hand polarization (¢ < 0) and small
wave normal angles (WNA < 30°). Again, these EMIC waves are also found only in high
density regions (Ne > 250 cm™). That is to say, both EMIC waves and MS waves have been
observed to be modulated by the background plasma.

To study this modulation, we have checked the observed velocity distribution data of H*, He",
and O" and shown in Figure 2(a-c). Ring current protons with energies greater than 2 keV,
which are generally the source of free energy supporting growth of EMIC and MS waves,
have not significant changes, especially before about 0135 UT (panel a). However, during
0114 UT to 0134 UT, fluxes of protons with energies between 10 eV and 2 keV increased by
several orders of magnitude as the satellite moved from high density regions to low density
regions, indicating different properties between plasmas in high density regions and in low
density regions. In Figure 2(d), the perpendicular components of proton distributions (f.)
derived from the observed fluxes during 0114 UT to 0134 UT have been illustrated as grey
curves. Typically, bold blue (red) curve denotes proton distributions observed at about 0120
(0123) UT in a low—density (high—density) region. Obviously, proton distributions with
energies of 10 eV to 2 keV observed in high- and low- density regions are well separated.

It ‘has been demonstrated that the excitation of MS waves could be modulated by the
background plasma density so that MS waves occurred only in low density regions (Yuan et
al., 2017). In the case reported here, on the contrary, MS waves are observed only in high

density regions. As shown in Figure 2(a), there are not significant proton rings detected at
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energies greater than 2 keV, indicating no free energy for growth of MS waves. Thus, it seems
hardly to interpret the modulation of MS waves in this paper from the aspect of excitation
source, as demonstrated in Yuan et al. (2017). We have also calculated the growth rates of MS
waves for our cases, and no significant wave growth are found for MS waves (not shown). In
fact, when MS waves propagate nearly in an axis-symmetrical medium, according to Snell’s
law, the parameter Q = nrsiny is conserved along the ray path (Chen and Thorne 2012),
where n is the refractive index, r is the radial distance, and y is the wave azimuthal angle. As
a result, MS waves in the inner magnetosphere would be trapped in some radial plasma
density regions, which can be attained by checking the reflection condition Q (w = 90°) = nL
(Chen and Thorne, 2012; Ma et al., 2014). That is to say, these trapped MS waves would be
constraint in narrow L-shell but can propagate azimuthally, which might be due to the density
gradient (Kasahara et al., 1994).

In order to investigate the trapping of MS waves, we have calculated corresponding Q with
in-situ observations of background plasma densities (shown in Figure 3a) and magnetic field
magnitudes (shown in Figure 3b). In our calculation, the refractive index of MS waves is
simplified under cold plasma approximation as: n*> = RL/S, where R, L, and S are Stix
coefficients (Stix, 1992). Here only the corresponding Q for MS waves with frequencies of 30
Hz have been calculated and displayed in Figure 2(c). For brevity and clarity, the calculated
Q have been normalized to its maximum value Qmax during the time interval of interest. It is
clearly shown in Figure 2(c) that the calculated Q have been separated into four trapping
regions by three troughs which are mainly resulted from the low background plasma densities.

Comparing the calculated Q with the observed MS waves (Figure 3d) and N, (Figure 3a), we
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can conclude that the modulation of MS waves in our case might be due to wave trapping

effects of background plasma density structures.

Discussion

As for EMIC waves, we have calculated the linear growth rate to check whether these
observed EMIC waves are modulated by background plasma densities through wave
excitations. The proton distributions observed at about 0120 UT and 0123 UT are firstly fitted
by multicomponent Maxwellian distributions, which results are shown in Figure 4(a) and (b),
respectively. The fitted parameters are shown in Table 1 and 2, respectively. To calculate the
linear growth rate, the observed background plasma density and magnetic field are used while
cold electrons, protons, helium ions, and oxygen ions of the background plasma are assumed
to have Maxwellian distributions with a temperature of 2 eV, 0.6 eV, 0.6 eV, and 1 eV,
respectively. Additionally, since the background plasma density was observed to be so dense,
dispersion relation and growth rates are solved under cold plasma approximation (Kennel
1966; Chen et al., 2010; Yu et al., 2016). Cold plasma dispersion relations with two different
ion_compositions (H":He":0" = 88:10:02 and 65:10:25) are shown in Figure 4(c)—(d),
respectively. Note that since these wave events are observed in the recovery phase of a
magnetic storm (cf. Figure 1), in which case the number densities of O" can reach about 50%
(Takahashi et al., 2008), several cases of high heavy ion compositions are considered. As
shown in.each dispersion relation panel, three distinct band EMIC wave modes are displayed
as well as the whistler wave branch, with the former denoted as solid curves while the latter

as dot—dash curves. In the meanwhile, purple points denote the cross-over frequencies (w1
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and w¢r2) Where the whistler branch intersect with EMIC wave modes, while the black
horizantal lines denote the cut-off frequencies (wc1 and wcy2). Note that the blue circles in
Figure 4(c) indicate the frequency interval of the observed EMIC waves. Since only intense
He™ band EMIC waves are observed, we will focus on the modulation of He* band EMIC
wave by the background plasma.

Using proton distributions observed at about 0123 UT and 0120 UT (Figure 3a—b), we have
calculated the linear growth rate of He" band EMIC waves and displayed as solid black curve
in Figure 4(e) and solid red curve in Figure 4(f), respectively. To study the influence of the
background plasma density, growth rates of He* band EMIC waves for other three plasma
densities (N = 350, 220, and 150 cm™) are calculated and shown as dashed blue, green, and
red curves in Figure 4(e), respectively. As shown in Figure 4(e), for N = 550 cm™, positive
growth rates of He" band EMIC waves occur in frequencies during 0.08 fey and 0.22 fgu,
which includes the frequency band of the observed EMIC waves (cf. Figure 1i and Figure 4c).
It is indicated that these observed EMIC waves can be locally excited. However, as Ne
decreases gradually, growth rates of He* band EMIC waves are found to increase on the
whole, which suggests that density variations might not be the key factor to the modulation of
EMIC waves. Additionally, comparison between the dashed red curve in Figure 3e and the
solid red curve in Figure 4f (which two have the same plasma densities) suggests that those
thermal protons with energies below ~ 2 keV might just make little contribution to the
modulation of EMIC waves.

In fact, EMIC waves in the magnetosphere have two different propagation modes: guided

mode and unguided mode (Rauch and Roux, 1982; Horne and Thorne, 1993). For He" band
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EMIC waves, emissions with frequencies between cross-over frequency we. and He'
gyrofrequency Qe+ are propagating in a guided mode, while those with frequencies between
cut-off frequency wc,, and cross-over frequency wer in an unguided mode. To interpret in
details, refractive index surfaces for He™ band EMIC waves are displayed in Figure 5, where
guided EMIC waves are denoted as solid black curves while unguided EMIC waves are
denoted as dashed colored curves. Note that wave group velocities (vg) are normal to the
corresponding refractive index surfaces. As clearly shown in Figure 5, guided EMIC waves
have group velocities (quasi-)parallel with respect to the background magnetic field (Bo) for
arbitrary wave normal angle between 0° to 90°, so that they would propagate nearly along
with the magnetic field lines, that is, guided EMIC waves would be trapped nearly in a
magnetic flux tube. However, group velocities of unguided EMIC waves would become
normal to the background magnetic field gradually as wave normal angles increase from 0° to
90°. Thus, when EMIC waves, which are often excited near the equator, propagate away from
the equator, guided EMIC waves will return back closely to the same L shells after reflected
at points where He*—O" bi—ion frequencies are great than wave frequencies, while unguided
EMIC waves will move to large L shells and might be rapidly fade away due to electron
Landau damping (Horne and Thorne, 1993).

As shown in Figure 4(c) and (e), EMIC waves are observed in the frequency interval between
0.10 f.y and 0.22 f.y, but the calculated growth rates indicate that EMIC waves can be excited
locally during 0.08 f.y and 0.22 f.y. Note that here w¢, = 0.1047 Qcy. The reason might be
that EMIC waves were actually excited with frequencies between 0.10 f.4 and 022 f.y, but

unguided EMIC waves (0.08 fey < @ < w¢r2) have propagated to large L shells so that only
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those in guided modes (wcr2 < w < 0.22 fey) could be observed by the satellite. On the other
hand, since during the late recovery phase of magnetic storms, oxygen ions could become
richer, especially in the low density trough (e.g. Takahashi et al., 2008; Nosé et al., 2015), we
have calculated the growth rate of He" band EMIC waves in plasmas with other three
different ion compositions (H:He":0" = 80:10:20, 75:10:25, and 65:10:25) and the result is
illustrated in Figure 4(f) as dashed yellow, green, and blue curves, respectively. It is shown
that higher compositions of heavy ions in background plasma would result in a larger wer,
(denoted as purple circles) and thus a narrower frequency band of positive growth rates (cf.
Figure 4f). Especially, when ion compositions become H":He™:0" = 65:10:25, w,, increases
to about 0.2106 Qcu, in which case EMIC waves have such narrow frequency band (0.01 f.y)
as well as small growth rates that they are easily be damped. As a result, EMIC waves can
hardly be observed in these regions with richer heavy ion compositions. It is suggested that
the modulation of EMIC waves might be own to that richer heavy ion compositions in low

density regions suppress the frequency band and growth rate of guided EMIC waves.

Conclusion

In"this paper, we have reported a typical case where EMIC waves and MS waves are
modulated by background plasma. Using Snell’s law and linear growth theory, we have
shown that the modulation of MS waves might be due to the trapping effects of the
background plasma density. On the other hand, the role of plasma densities, thermal protons,

and ion compositions playing in the modulation of EMIC waves are investigated. Our results

© 2019 American Geophysical Union. All rights reserved.



suggest that the modulation of EMIC waves might be resulted from their different
propagation characteristics in regions with different ion compositions. In fact, similar density
irregularities have been observed in the dusk sector in the plasmasphere or on the
plasmaspheric boundary layers (Darrouzet et al., 2004; Décréau et al., 2005), especially on
the plasmapause crossing (Moldwin et al., 2002). Our result suggests that such density
structures would be favorable for simultaneous trapping of EMIC and MS waves. Since
simultaneously trapped in confined regions, EMIC waves and MS waves might make
combined effects on the evolution of magnetospheric particles, especially for radiation belt

electrons, which will be studied in the future work.
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Table 1. Proton components used to model the proton distributions observed at about

01:23:14 UT, when Ne is 550 cm™ and B; is 263 nT.

Components n (cm?) Ty (eV) T. (eV)
1 48.00 1 1
2 0.35 7 7
3 0.70 700 350
4 2.00 15x10° 25x10°

Table 2. The same to Table 1 but at about 01:20:13 UT, when N, is 150 cm™ and B, 230 nT.

Components n (cm™) Ty (eV) T. (eV)
1 2.30 3 1
2 3.10 24 11
3 4.90 13.3 7.7
4 2.00 70 50
5 0.35 2.0x10° 1.5x10°
6 2.0 15x10° 25x10°
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Figure 1. Overview of simultaneously trapping event of EMIC and MS waves. (a-d) B,
component of the interplanetary magnetic field, solar wind dynamic pressures, AE index, and
SYM-H index during 8 October 2013 and 10 October 2013. (e) Background plasma densities
(Ng). (f-h) Magnetic spectral intensity, ellipticity, and wave normal angles of MS waves. (i-k)
Magnetic spectral intensity, ellipticity, and wave normal angles of EMIC waves. The white
curve in panel (f) denotes the lower hybrid resonant frequencies, while the green and red
curves-in panel (i)-(k) denote helium and oxygen ion gyrofrequencies, respectively, and the
purple and white curves in panel (i) denote 0.22 f,q and 0.10 f.q (where foy is proton
gyrofrequencies), respectively.
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Figure 2. Observed ion velocity distributions between 0050 UT and 0145 UT. (a-c)
perpendicular velocity distributions for protons, helium ions, and oxygen ions, respectively.
(d) Proton distributions observed between about 0114 UT and 0134 UT (grey curves),

observed at about 0120 UT (blue curve), and observed at about 0123 UT (red curve).
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Figure 3. Trapping analysis of MS waves between 0050 UT and 0145 UT. (a) Background
plasma densities. (b) Magnetic field intensity (B). (c) Calculated Q normalized to its

maximum value Qmax. (d) Magnetic spectral intensity of MS waves.
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Figure 4. (a—b) Measured (asterisks) and fitted (curves) proton distributions at 01:23:14 UT
and 01:20:13 UT, respectively. Red asterisks and curves denote the parallel components,
while black ones denote the perpendicular components. (c—d) Dispersion relation for ion
compositions of H:He™:0" = 88:10:2 and 65:10:25, respectively. Purple dots denote the
cross-over frequencies (wcr1 and werz), While the dashed horizontal lines denote the cut-off
frequencies (w1 and wey2). Note that the frequency interval of the observed EMIC waves is
marked by blue circles in panel (c). (e) Linear growth rate for He* band EMIC waves for
different plasma densities. (f) Linear growth rate for He" band EMIC waves in plasmas with
different ion compositions.
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Figure 5. Refractive index surfaces for He" band EMIC waves. Guided EMIC waves are

shown as solid black curves, while unguided EMIC waves are dashed colored curves.
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