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Abstract This paper presents observations of ultralow-frequency (ULF) waves from Van Allen Probes.
The event that generated the ULF waves occurred 2 days after a minor geomagnetic storm during a
geomagnetically quiet time. Narrowband pulsations with a frequency of about 7 mHz with moderate
amplitudes were registered in the premidnight sector when Probe A was passing through an enhanced
density region near geosynchronous orbit. Probe B, which passed through the region earlier, did not detect
the narrowband pulsations but only broadband noise. Despite the single-spacecraft measurements, we
were able to determine various wave properties. We find that (1) the observed waves are a second harmonic
poloidal mode propagating westward with an azimuthal wave number estimated to be ~100; (2) the
magnetic field fluctuations have a finite compressional component due to small but finite plasma beta
(~0.1); (3) the energetic proton fluxes in the energy ranging from above 10 keV to about 100 keV exhibit
pulsations with the same frequency as the poloidal mode and energy-dependent phase delays relative to
the azimuthal component of the electric field, providing evidence for drift-bounce resonance; and (4) the
second harmonic poloidal mode may have been excited via the drift-bounce resonance mechanism with
free energy fed by the inward radial gradient of ~80 keV protons. We show that the wave active region

is where the plume overlaps the outer edge of ring current and suggest that this region can have a wide
longitudinal extent near geosynchronous orbit.

1. Introduction

Electromagnetic pulsations in the Pc4-5 band (period range = 45-600 s) are commonly observed in the
terrestrial magnetosphere and are typically poloidal mode hydromagnetic waves standing on a closed geo-
magnetic field line [Cummings et al., 1969; Kivelson and Southwood, 1985; Walker, 1987]. Consequently, these
waves are remarkably monochromatic. The poloidal mode indicates that the magnetic field and bulk flow
velocity fluctuations (b, and V,, respectively) are radially polarized (more precisely along the field line cur-
vature), while the electric field fluctuations (E,) are azimuthally polarized. Previous studies reported that
frequencies of these waves correspond to either the fundamental or second harmonic eigenfrequencies of the
corresponding field lines [e.g., Singer et al., 1982; Takahashi et al., 1990; Claudepierre et al., 2013; Dai et al., 2013;
Korotova et al., 2015]. The poloidal waves with the fundamental frequency are often detected as giant pulsa-
tions on the ground [Takahashi and Anderson, 1992; Takahashi et al., 1992; Glassmeier et al., 1999; Takahashi
et al., 2011], while the poloidal waves with the second harmonic frequency are most frequently observed in
the terrestrial magnetosphere [Hughes et al., 1978a; Singer et al., 1982; Takahashi et al., 1990; Dai et al., 2015].
In ideal cases [e.g., Cummings et al., 1969] (that is, conditions with sufficiently small beta § = 8z nT/B? and
infinite azimuthal wave number m), the transverse electric and magnetic field components are in quadrature
(+90° phase difference with the sign depending on the harmonic number and magnetic latitude of observa-
tion). Therefore, in principle the phase relationship among £, b,, and V,, can be used to distinguish between
the first and second harmonic poloidal waves [e.g., Motoba et al., 2015]. In the real magnetosphere, poloidal
waves are coupled with toroidal and compressional waves [e.g., Kivelson and Southwood, 1986; Walker, 1987;
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Chen and Hasegawa, 1988, 1991], and hence observations show poloidal waves usually accompanying finite
compressional and toroidal components [e.g., Hughes et al., 1979; Dai et al., 2015].

The poloidal mode waves usually have a large m number of the order of tens to hundreds, which means that
instabilities responsible for the wave excitation should be capable of generating waves with a short azimuthal
wavelength. These waves are most likely generated by instabilities within the magnetosphere associated with
the ring current population (internal source). Observationally, two types of internally driven (i.e.,, with a large
m number) ULF waves are most frequently observed: one is a compressional Alfvén type wave, which has a
dominant compressional magnetic field component, and the other is a transverse Alfvén type wave, which has
a dominant transverse component [e.g., Cheng and Qian, 1994; Dai et al., 2015]. The former is often associated
with large f, anisotropic pressure plasmas observed during the main phase of geomagnetic storms, whereas
the latter tends to occur in the late recovery phase of geomagnetic storms. Linear theory suggests that
of energetic particles is an important parameter that determines the instability likely operating [Southwood,
1976; Chen and Hasegawa, 1988, 1991; Dettrick et al., 2003]. In the small g regime (8 < 0.1), the transverse
Alfvén mode can be destabilized via drift-bounce wave-particle interactions. The most unstable mode tends
to have a second harmonic standing wave structure and a wavelength comparable to the gyroradius p, of
energetic particles in resonance (k, p, ~ 0.5) [Chen and Hasegawa, 1988; Dettrick et al., 2003]. The latter readily
indicates that the waves should have a large m number because the gyroradius of ring current ions is usually
much smaller than the typical magnetospheric length scale. In the large f regime (f > 1), the ballooning
mode is coupled to the compressional mode, such as the drift mirror mode [Hasegawa, 1969], whose free
energy source is the pressure anisotropy, or the drift-compressional mode [Crabtree and Chen, 2004], whose
free energy source is the pressure inhomogeneity. In the intermediate f regime (8 ~ 1), the finite coupling
between the compressional and transverse modes becomes important. In this situation, the more general
drift Alfvén ballooning mirror instability becomes most unstable and has the properties intermediate of the
waves generated in the small and large § regimes [Chen and Hasegawa, 1991].

Fundamental mode poloidal waves are known to play an important role in the transport of radiation belt
electrons. Drift resonant interactions between small m poloidal (and toroidal) waves and relativistic electrons
drifting in an asymmetric magnetic field were quantified by Elkington et al. [1999, 2003]. Because amplitudes
of the externally driven, small m mode ULF waves rapidly decrease with decreasing L [Vassiliadis et al., 2007;
Rae et al., 2012], radial transport by the small m number ULF waves is most effective at large L shells. On the
other hand, the large m number poloidal waves excited via internal sources were thought to be less important
to overall radiation belt dynamics because the relativistic electrons can only interact with the high-frequency
pulsations, and wave power in the ULF spectrum is typically a decreasing function of frequency [e.g., Elkington,
2006]. However, Ukhorskiy et al. [2009] showed that the large m number poloidal waves can also cause local-
ized random scattering of equatorial electrons, which can be described by a diffusive process. Because the
wavelength is substantially smaller than the electron drift orbit scale, these large m number waves can cause
local violation of the third invariant of trapped electrons. Consequently, the internally driven large m num-
ber waves can radially transport relativistic electrons inside geosynchronous orbit where the global, small m
number waves are less effective. Georgiou et al. [2015] showed that the earthward penetration of Pc5 waves,
which are a consequence of the combined effects of external and internal sources, are indeed associated with
outer radiation belt electron enhancements.

Of particular interest in the present study is a class of radially polarized second harmonic transverse pulsa-
tions occurring outside of the plasmapause [Takahashi and Anderson, 1992]. Engebretson et al. [1992] studied
several wave events of this class observed in the noon and dusk sectors and found that (1) these pulsations
occur in a longitudinal extent ranging from 1.5 to 8 h in magnetic local time and a narrow extent in L shell
and are found in regions far outside the plasmasphere but of density characteristic of the outer plasmas-
phere (n,~10 cm™3); (2) the associated geomagnetic conditions are quiet, usually after geomagnetic storms;
(3) plasma beta associated with the pulsations ranges roughly from 0.1 to 1; and (4) wave onset often occurs
within 1 h after sharp drops in the AE index to values of 100 or below. Based on the observational clues,
Engebretson et al. [1992] concluded that these pulsations can be excited by an instability source that cov-
ers some longitudinal extent, but the local plasma density plays an important role in controlling the wave
onset by altering local field line resonance conditions. The controlling effect of the local plasma density was
also observationally shown [Liu et al., 2013; Dai et al., 2015]. Engebretson et al. [1992] further suggested based
on theoretical work that waves can still be excited during quiet geomagnetic activity because after sev-
eral days from ring current injections the low-energy (~1 keV) ring current population, which contributes to
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stabilization of the waves, decays away while high-energy (~100 keV) population remains sufficiently dense
to drive the drift-bounce resonance instability. Vetoulis and Chen [1994, 1996] provided theoretical explana-
tion for the radial localization of the poloidal waves. They suggested that the poloidal waves can be radially
bound by the sufficiently strong, radially inward pressure gradient (the outer edge of the ring current), cre-
ating a dip in the poloidal Alfvén frequency with respect to L. This pressure gradient creates a “potential
well” localized in L within which the second harmonic poloidal mode is most likely trapped. Denton et al.
[2003] tested this theory and found that such a dip in the poloidal frequency is associated with the radial
localization but may instead result from the background density or magnetic field. Previous theoretical
studies [e.g., Southwood, 1976; Chen and Hasegawa, 1988, 1991] indeed suggest that the second harmonic
poloidal mode is most unstable and for adiabatic distributions free energy can be fed by the radial gra-
dient at the outer edge of ring current. However, the proposed wave excitation mechanism has yet to be
observationally confirmed.

In the present study, we present Van Allen Probes observations of poloidal waves of this class. We analyze
wave and particle data to determine the wave properties and interpret the energetic particle flux pulsations.
We then examine the free energy source and the wave generation mechanism based on observational data.
Finally, we use the measured plasma conditions and the separate poloidal mode wave measurements from
the geosynchronous satellites to deduce a global picture of the wave active region. The results are compared
with the theoretical predictions by Chen and Hasegawa [1988, 1991] and the statistical results of Engebretson
et al. [1992]. The present paper is organized as follows. Section 2 describes experiments and data set,
section 3 presents field and particle observations, and section 4 analyzes them in detail to determine various
wave properties. Section 5 discusses radial and longitudinal extents of wave activity, and section 6 concludes
the study.

2. Experiments and Data

The primary data used in the present study are provided by the Van Allen Probes (also known as Radiation
Belt Storm Probes or RBSPs). The twin spacecraft, which were identically instrumented, were launched into
an orbital configuration of 1.1 X 5.8 R; equipped with a suite of state-of-the-art particle and wave experi-
ments [Mauk et al., 2013]. The spacecraft are spin stabilized with a spin period of ~11 s, and the spin axis is
maintained within 27° of the Sun-Earth line. In addition to RBSP data, the magnetometer and energetic pro-
ton measurements from the space environment monitor [Grubb et al., 1996; Heckman et al., 1996] on board
the Geostationary Environmental Satellite System (GOES) spacecraft are also used to examine wave activity
at geosynchronous orbit.

The Electric and Magnetic Field Instrument and Integrated Science (EMFISIS) instrumentation suite provides
measurements of DC magnetic fields with a 64 vectors/s sampling cadence [Kletzing et al., 2013]. It also
provides high-frequency (from 10 to 400 kHz) electric field measurements, allowing an accurate determi-
nation of the electron density obtained from the upper hybrid resonance frequency line [Kurth et al., 2015;
Zhelavskaya et al., 2016]. Electric fields are provided by the Electric Fields and Waves (EFW) experiment that
consists of two pairs of spherical double-probe sensors in the spin plane and a third pair along the spin axis
[Wygantet al., 2013].

Low- and medium-energy ions are provided by the Energetic Particle, Composition, and Thermal Plasma (ECT)
suite [Spence et al., 2013]. The Helium, Oxygen, Proton, and Electron (HOPE) Mass Spectrometer measures
low-energy ion species (H*, He™, and O") in the energy range from ~1 eV to ~50 keV [Funsten et al., 2013]. The
Magnetic Electron lon Spectrometer (MagEIS) uses a two-parameter magnetic focusing technique to measure
electrons from 20 to 4000 keV and protons from 60 to 1000 keV [Blake et al., 2013].

The Radiation Belt Storm Probes lon Composition Experiment (RBSPICE) is a time-of-flight versus total energy
instrument that measures ions (mainly H*, He™, and O") over the energy range from ~20 keV to ~1 MeV
[Mitchell et al., 2013]. lon energy measurements are combined with coincident time-of-flight measurements
to derive particle mass and identify particle species. Like the HOPE experiment, the RBSPICE experiment mea-
sures near-full 3-D distributions of ions with six solid-state telescopes arranged in 160° meridional plane (no
observation near the Sun direction). This paper uses proton fluxes from this experiment for detailed analysis.
The proton fluxes are provided with two data products, one covering between about 10 keV and about 50 keV
(called ToFxPH) and another covering above 50 keV (called ToFxE).
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Figure 1. (a and b) RBSPICE mounting position in the science (UVW) coordinate system. Six solid-state telescopes are
labeled T; withj=0,1,--,5. (c) The mean-field-aligned coordinate system.

Figure 1c displays the coordinate system used throughout the paper. It is a local magnetic mean-field-aligned
(MFA) coordinate system where /i is parallel to the background magnetic field B, ¢ is parallel to B x r, and ¥
completes the right-handed orthogonal system. Here r is the position vector from Earth’s center to a point
on the field line, and B is the background magnetic field, which is defined to be a 20 min running average of
the measured magnetic field. Symbols with subscript “0” (e.g., B, and r,) represent quantities on the magnetic
equator mapped along the field line. The L shell is defined so that r, = LR where R; is the Earth’s radius. The
perturbed electric and magnetic field vectors will be denoted by E and b, respectively.

3. Observations

Figure 2 shows the solar wind condition and geomagnetic indices. A minor geomagnetic storm with a mini-
mum Dst value of about —60 nT occurred right after 18 May 2013, perhaps triggered by the sudden increase
of the solar wind dynamic pressure and the southward component of the interplanetary magnetic field. Over
the course of 2 days, the solar wind parameters returned to a normal condition, and ring current gradually
decayed. On 20 May 2013, the solar wind dynamic pressure suddenly increased, but the Dst index remained
relatively unchanged. The AE index exhibited three large enhancements (with maxima at about 1000 nT)
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Figure 2. Time series of solar wind parameters and geomagnetic indices. (a) Interplanetary magnetic field (IMF) B, and
B, in the geocentric solar magnetospheric (GSM) coordinate system, (b) solar wind speed, (c) solar wind proton density,
(d) solar wind dynamic pressure, (e) SYM-H index, and (f) AE index. The vertical dashed lines mark the period of interest
between 0350 UT and 0440 UT on 20 May 2013.

during the storm main and recovery phases and remained relatively small (~100 nT) after 1800 UT on 19 May
2013 until 1200 UT the next day. The two vertical dashed lines between 0350 and 0440 UT mark the period
when RBSP-A detected the ULF pulsations and energetic proton flux pulsations (during the outbound pass);
this period will be referred to as period of interest. The event occurred roughly 4 h after the second dynamic
pressure pulse and roughly 10 h after the AE index dropped down to a value of 200 nT or below.

Figure 3 shows orbital plots of RBSP-A, RBSP-B, and GOES-15. The thick curves represent the orbital segments
during the period of interest. RBSP-B was leading RBSP-A by about 2 h (in UT), and the apogees of both space-
craft were located at about 17° magnetic latitude and about 2200 h in magnetic local time. The GOES-15
spacecraft stayed close to the magnetic equator throughout and was separated from RBSP-A by about 2.6 h
in magnetic local time when RBSP-A detected the wave event.

Figure 4 shows power spectral densities of the electricand magnetic fields from RBSP-A in the MFA coordinate
system. For the electric field, the spin component of the electric field was determined using the E- B = 0
condition so the parallel component of the electric field fluctuations is assumed to be 0. During the period
shown in the figure, the magnitude of the spin component of the magnetic field was sufficiently large such
that the angle between the spin axis and the magnetic field vector was about 56° near the apogee. Therefore,
the error in estimating the spin component of the electric field caused by division is expected to be small.

Figure 4 suggests that all components of the electric and magnetic fields exhibit at least two narrow bands in
frequency space: one atabout 7 mHzand another ataround 12 mHz. The band near 7 mHz is most pronounced
and persists between 0350 and 0630 UT (with a power reduction near 0510 UT), whereas the band near
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symbols locate where maximum value of each component occurs (above 4 mHz). The maximum values for E, and E¢
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0.5x 10%,0.7 x 10%, and 2.2 x 10% nT?/Hz, respectively.
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Figure 5. RBSP-A measurements of (a) omnidirectional differential proton fluxes from RBSPICE (ToFxE),

(b) omnidirectional differential proton fluxes from HOPE, (c) total electron density estimated from upper hybrid
frequencies, and (d) number densities of three major ion species measured by HOPE (30 eV and above). The vertical
dashed lines mark the period of interest.

12 mHz (and, if any, higher harmonics) is very faint. Focusing on the 7 mHz band during the period of interest,
one can see that the poloidal component of the electric field (E,) has larger wave power than the toroidal com-
ponent (E,), indicating that the associated waves can be classified as a poloidal mode. (The ratio of maximum
power of £, to E, is about 2.5.) In contrast, the magnetic field fluctuations have a relatively strong compres-
sional component (b,) but rather weak poloidal (b,) and toroidal (b,) components. (The maximum power of
b, is roughly 4 times larger than that of the other components.)

Figure 5 shows the corresponding particle measurements. The total electron density n, estimated from the
upper hybrid frequency line suggests that RBSP-A passed through an enhanced density region that is narrow
in the radial direction (about 0.5 R;). In addition, because the densities of the three major ion species of energy
above 30 eV are relatively unchanged (Figure 5d), the total density increase is dominantly contributed by the
cold population whose origin may be a residual plume [Goldstein et al., 2014a, 2014b]. Comparing n, with
the wave power spectrum in Figure 4, it is apparent that wave activity is confined within the two enhanced
density regions. Particularly, the stronger wave activity occurred during the first pass of the increased den-
sity region. Associated with the wave activity, energetic proton fluxes also exhibit fluctuations manifested
by the fine vertical stripes in the energy range from about 1 keV to about 100 keV, which is discussed in the
next paragraph.

Figure 6a shows fluctuations of the electric and magnetic field components during the period of interest. All
three components of the magnetic field contain high-frequency oscillations (especially evident in b ) because
the spacecraft spin effect has not been removed completely. Due to the narrowband nature as shown in
Figure 4, the fluctuations of £, E,, and b, are very monochromatic. In contrast, fluctuations of b, and b,, are
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Figure 6. (a-c) Pulsations of the electric and magnetic field components and energetic proton residual fluxes (from
RBSPICE) between 0350 and 0440 UT. For the magnetic field and residual flux pulsations, a 20 min running average has
been subtracted. (d and e) Power spectral densities of the fields and residual fluxes (>50 keV protons).

less monochromatic and have weaker amplitudes. Figures 6b and 6¢ show the omnidirectional proton resid-
ual fluxes measured by the RBSPICE experiment. Similar to previous studies [Takahashi et al., 1990; Motoba
et al., 2015], the residual fluxes are defined by 6l0gj ~ (j — jpack)/jbacks Where a 20 min running average
of j is taken to be the background flux ji ... The fluctuations of the residual fluxes in all but the 17.4 and
121 keV channels are also monochromatic. Figure 6d shows electric and magnetic field power spectral densi-
ties calculated from the field fluctuations in Figure 6a. Likewise, Figure 6e shows residual flux power spectral
densities calculated from the residual fluxes in Figure 6b. A pronounced peak is located at about 7 mHz for
both the electric and magnetic fields and the residual fluxes. In addition, the electric and magnetic field
power has a distinct secondary peak near 12 mHz, which is also shown in Figure 4 and which may be a higher
harmonic mode.
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Figure 7. (a) High-frequency electric field power spectrum. (b) Total electron density derived from the upper hybrid
frequency line. (c—g) Power spectral density of the electric and magnetic fields measured by RBSP-B with the format the
same as that of Figure 4.

Figure 7 shows electric and magnetic field power spectral densities from RBSP-B. Based on the upper hybrid
frequency line and the total electron density derived from it (Figures 7a and 7b), RBSP-B also passed through
the enhanced density region between 0100 and 0200 UT (first two vertical dashed lines) and between 0450
and 0530 UT (last two vertical dashed lines). Although it has an orbit similar to that of RBSP-A, RBSP-B observed
mostly broadband noise, even within the elevated density regions. We also analyzed the energetic proton
measurements from RBSP-B but did not find any particular signature of wave modulation or resonance (not
shown). One possible explanation is that the waves were more broadbanded or not present when RBSP-B
passed through the wave region and then they were coupled to a standing wave when RBSP-A went through
the same region. Another possibility is the slightly different orbital configuration between the two spacecraft.
As shown in Figure 3b, the orbit of RBSP-B is slightly more inclined than that of RBSP-A. Consequently, RBSP-B
was mapped to the equatorial region farther out than RBSP-A and could have swept through the wave region
more quickly without registering the wave activity.
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Figure 8. Power spectral density of the magnetic field measured by GOES-15. The format is the same as that of Figure 4.

Another interesting observation comes from the GOES-15 spacecraft. Figure 8 shows power spectral densities
of the magnetic field. It clearly shows that there was narrowband wave activity persistent for about 9 h. The
frequency of the waves was about 12 mHz near the dusk sector (beginning of the plot), gradually decreased,
and reached about 8 mHz right after the midnight meridian. This gradual frequency variation is a typical fea-
ture related to the plasma density varying with local time [Takahashi and Denton, 2007]. Large amplitudes of
the b, component compared to the other two components and the proximity of the spacecraft to the mag-
netic equator (within 5° magnetic latitude) indicate that the observed waves are an even harmonic poloidal
mode standing wave [e.g., Motoba et al., 2015]. During the period of interest (vertical dashed lines), RBSP-A
and GOES-15 were separated by about 2.6 h in magnetic local time.

4. Detailed Analyses

In this section, we investigate the wave properties (that is, the m number and the nodal structure of the
poloidal waves) and interpret energetic proton fluctuations observed simultaneously with the waves. The
analysis is based on the wave and particle observations made by RBSP-A during the outbound pass through
the enhanced density region.

4.1. Azimuthal Wave Number

Propagation of a wave signal can be determined by using a pairing of field measurements from multiple
satellites [e.g., Hughes et al., 1978b; Takahashi et al., 2013] or by using finite Larmor radius effects of energetic
particles observed at a single spacecraft [Su et al., 1977; Kivelson and Southwood, 1983; Lin et al., 1988]. The
wavelength to be measured must be longer than the satellite separation or the gyroradius of the particles,
respectively.

Kivelson and Southwood [1983] described that the spacecraft spin phase dependence can occur in the parti-
cle distributions when p, ~ 4, where p, is the gyroradius of a particle and 4, is the wavelength associated
with the wave number perpendicular to B. Imagine that a single particle detector is oriented perpendicular
to the spin axis, which is in turn parallel to B. At a given time and look direction, the detector detects par-
ticles whose gyrocenters are located away from the spacecraft by p,. As the spacecraft completes one spin,
the detector measures particles whose gyrocenters are located at different phases of a wave [see Kivelson and
Southwood, 1983, Figure 6]. Therefore, spin modulation is expected in measured particle distributions. Assum-
ing that the particle flux at the gyrocenter varies with exp(ik, - r — iwt) at a position r due to interactions with
the electric field perturbations, the spin modulation of the flux j seen by the spacecraft may be expressed
as j ~ exp(ik, - g, — iwt) [Su et al., 1977; Kivelson and Southwood, 1983]. Here k| is the perpendicular wave
number, @ is the wave frequency, and p, is the gyroradius times the gyrocenter direction. The gyrocenter direc-
tion is periodic in time with a period equal to the spacecraft spin period [see Kivelson and Southwood, 1983,
Figure 6]. Apparently, the spin period should be less than the wave period to observe the spin modulation.
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Figure 9. (a—g) Local 90° pitch angle proton fluxes obtained from the RBSPICE experiment organized in the gyrocenter

direction and time. (h) Azimuthal (black) and radial (red) components of the electric field oscillations from Figure 6a (these
have been bandpass filtered between 3 and 11 mHz). The vertical dashed lines mark local minima and maxima of .

In practice, the spin axis of a satellite is not aligned with B, nor is B static. Due mainly to the alignment of the
spacecraft, estimates of Su et al. [1977] had large uncertainties. However, satellites can carry more than one
detector. The multiple detectors simultaneously scan the polar angle relative to the spin axis and after one full
spin provide particle measurements in a 4x direction. This allowed Lin et al. [1988] to unambiguously deter-
mine wave propagation by examining 90° pitch angle ion fluxes from back-to-back detectors although the
spin axis of the spacecraft was not aligned with B.

In this study, because only RBSP-A registered the poloidal waves, we examine spin modulation of energetic
proton fluxes obtained from the RBSPICE experiment to determine the m number. As shown in Figures 1a
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Figure 10. Modeled spin modulation using equation (1) for p; /A, =
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and 1b, RBSPICE is mounted on a 16.9° bracket on the bottom spacecraft deck and 170° away from the U direc-
tion (the science coordinate system is called UVW coordinate system) [Mitchell et al., 2013]. Here W direction
is along the spacecraft spin direction. Because the magnetic field data are provided in both the UVW coor-
dinate system (level 2 data set) and the Geocentric Solar Ecliptic (GSE) coordinate system (level 3 data set),
and the spacecraft spin direction in the GSE coordinate system is included in the EFW spinfit data set, one can
construct a coordinate transform that translates the RBSPICE look direction into the gyrocenter direction. For
amore accurate estimate, we focus on the period between 0357 and 0413 UT during which £, and 10s of keV
protons are well correlated.

In Figure 9, the local 90° pitch angle proton fluxes from the seven energy channels are plotted as a function
of gyrocenter direction and time. In addition to the long-period fluctuations with the same frequency as E,
and E, (Figure 9h), the fluxes also exhibit shorter-period spin (or gyrocenter direction) modulation. The phase
difference between £, and E, changes with time, but it is roughly 180° between 0402 and 0410 UT. Based on
visual inspection, the long-period fluctuations of the proton fluxes appear to be correlated with £, better than
with E,. In all energy channels, the flux modulation at the ¢ direction leads the flux modulation at the oppo-
site direction, while the modulations at the ¥ and —¥ directions are roughly in phase. This phase relationship
indicates that the wave is propagating in the —¢ direction (westward) because protons whose gyrocenters are
located eastward of the spacecraft are affected by the waves first. A noteworthy feature is that the flux at the
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Figure 11. Residual proton fluxes in the q§ (red) and —q§ (blue) directions shown in Figure 9. These are bandpass filtered
between 3 and 11 mHz.

—v direction is substantially larger than the flux at the ¥ direction, which indicates an inward radial gradient
(for fixed energy and pitch angle).
Assuming a westward propagating wave, the flux j that would be seen by the spacecraft can be expressed as
. - PL .
j~exp —IZHT cos(Q, t) — it ], (1)
1

where Q,_is the angular spacecraft spin frequency and 4, = 2z/|k, |. After substituting w = 2z - 0.007 rad/s
and Q.. = 2z /11 rad/s into equation (1), the expected spin modulation of protons whose energy corresponds
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Table 1. Result of Cross-Correlation Analyses

Energy (keV)  p; (Re) re () kip® A, Rp) Vph (Re/s) m°©

24.7 0.0183  0.933 8.7 0.191 0.600 0.00420 —56
314 0.0206 0.973 17 0374 0.346 0.00242 -97
40.9 0.0235 0988 19.1 0.420 0.352 0.00246 —-96
54.7 0.0272 0975 235 0517 0.330 0.00231 -102
67.1 0.0301 0907 256 0.563 0.336 0.00235 -100
81.6 0.0332 0855 341 0.750 0.278 0.00195 =121
99.4 0.0366 0794 317 0.697 0.330 0.00231 -102

3Pearson’s correlation coefficient.
PNote that k, p; = rw/2. Wave frequency w is 27 - 0.007 rad s~
The negative sign denotes westward (—¢) propagation.

top /A, = 11—6, 15, 111, and % are shown in Figure 10 with the same format as Figure 9. The phase relationship

between the fluxes at the two opposite directions described previously is clearly illustrated, confirming west-
ward propagation. In addition, the observed spin modulation patterns shown in Figure 9 appear to be more
consistent with the case of p, /4, ~ 0.1. The wavelength can be estimated more accurately by examining the
phase delay = between the residual fluxes in the ¢ and —¢ directions. From equation (1), one can obtain the
relationship tw = 4zp, /4.

Figure 11 shows residual fluxes (i.e., 6logj) in the ¢ (red) and —¢ (blue) directions. These are additionally
bandpass filtered between 3 and 11 mHz. Immediately noticeable is the phase difference increasing with
increasing energy (orincreasing p; /4, ) thatis ideally the consequence of = « p, for fixed wand 4, . We carried
out cross-correlation analysis on the residual fluxes at two opposite directions. The result is summarized in
Table 1. In general, the correlations are very good as suggested by the correlation coefficients greater than
0.8. Assuming that the results of 24.7 and 81.6 keV are outliers, the estimated wavelengths are clustered near
A, = 0.34R;. Because the distance from Earth’s center to the spacecraft is r,. ~ 5.58 R; and the spacecraft
latitude A, »~ 16.5° the azimuthal wave number is estimated to be m ~ —100 with the negative sign signifying
westward (—¢) propagation.

4.2, Field Line Structure of Guided Poloidal Wave

In this subsection, we perform eigenmode analysis of the guided poloidal wave [e.g., Cummings et al., 1969]
to investigate the field line structure associated with the observed poloidal mode waves. Initially, we assumed
the dipole field as the background magnetic field. However, as will be shown, the dipole field line cannot
properly represent the stretched field line near the midnight sector. So following Walker and Pekrides [1996],
we adopt the modified dipole field, which has a few more free parameters that can be adjusted to obtain the
desired local field line geometry. The vector potential is given by

2 ~
A=—k<%+a1x+0227> o, )

where x = rcos Aand z = rsin A (see Figure 1¢); k is constant and has units of, e.g., nT R; a, and a, represent
the deviation from the dipole field (the first term) and may respectively be interpreted as contributions from
ring current and plasma sheet populations [Walker and Pekrides, 1996]. This leads to an azimuthally symmetric
magnetic field, which is unrealistic globally but sufficient for the local field line representation. The cylindrical
components of the magnetic field vector are given by

B B, x?2-272

B
7’( = _3):_52 +202§, <= - 2a,, and 74) =0. (3)

Two of the three unknowns can be determined using the observed magnetic field. One is the constant
k, which is not necessary unless eigenfrequencies in real units are needed. The other can be determined
from the measured B, /B, ratio. The magnetic field averaged between 0400 and 0410 UT is (8,,8,,8,) =
(—173.8,-11.29,86.93) nT in Solar Magnetospheric (SM) coordinates. Although B, has a nonzero value, it is
much smaller than B, so it will be neglected. Then using the distance from Earth’s center to the spacecraft
r. & 5.58 R; and the spacecraft latitude A, ~ 16.5°, a, can be determined by a; = 0.25(0.0041 + 0.58a,).
A model of the mass density distribution along the field line is also needed to obtain the Alfvén speed V,,.
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A commonly used form is p/p, = (r,/r)* [e.g., Motoba et al., 2015], where r is the distance from the Earth’s
center to a point on the field line, p is the mass density at r, r, = LR, p, is the equatorial mass density, and «
varies typically between 1 and 6. (A more general form of mass density distributions was also used [Denton
etal., 2001, 2004].) Finally, the guided poloidal mode wave equation [Walker and Pekrides, 1996] is given by

1d .
)—( &(XE(b) — Ia)bv =0and (4)
d (b)) .
VjBXa <§> - IwE¢ = 0, (5)

where s is the arc length of the field line.

Figure 12a shows the dipole field line, the T89 [Tsyganenko, 1989] model field line, and the modified dipole
field line from equation (3) with a, = —0.004. The spacecraft location is marked with the solid dot. The modi-
fied dipole field line is remarkably consistent with the T89 model field line, whereas the dipole field line failed
to represent the stretched field line. We varied a, between 0 and —0.02 for the sensitivity test. Increasing a,
results in the increasing L and the decreasing foot point latitude of the field line. The total L variation between
the two extreme cases is less than 0.3, whereas the foot point latitude changes quite significantly. Based on
visual inspection, we find that the field line with a, = —0.004 is most consistent with the T89 field line, which
we consider to be the realistic representation of the stretched field line near the midnight sector.

To solve the wave equations (4) and (5), we first assume a, = —0.004 and a = 1. The wave equations are
combined to yield a second-order differential equation of £

d (Li(xg(ﬁ)) S

ds \Bx2 ds (6)

[
WXE(,,.
This is then solved for eigenvalue & = wr,/V,, and eigenfunction £ using the spectral method [Trefethen,
20001, where V, , is the Alfvén speed at the magnetic equator. For the boundary condition, we assume the
perfectly conducting ionosphere at 1 R, for simplicity. Finally, b, is calculated from equation (4) using E,.
Figures 12b and 12c show the three lowest eigenmode solutions of £, and b, along the field line, respectively.
Here units are arbitrary, but £, and b, are related to each other through equation (4) so they can be directly
compared with each other. Because the spacecraft latitude is about 16.5° (vertical dashed line), which is well
above the off-equatorial node of the third harmonic mode, amplitudes of £, are comparable for all three har-
monic modes. In contrast, the second and third harmonic modes have an off-equatorial b, node very close
to the spacecraft, leading to significant reduction in b, amplitudes at the spacecraft for these two harmonic
modes. Because the observed waves exhibit relatively strong £, wave power and relatively weak b, wave
power (Figure 4), it is less likely that the observed poloidal waves are a fundamental mode.

For comparison, Figures 12d and 12e show the eigenmode solutions when the dipole field line is used. The
most notable difference is that the off-equatorial nodes in b, are shifted toward higher latitude. Consequently,
b, has substantial amplitudes at spacecraft latitude for all three harmonic modes. The same calculations
have been done for different values of a, and a. The primary results are as follows. When a, is changed
between 0 and —0.02, the latitude of the off-equatorial nodes of all three harmonic modes remains nearly
unchanged while the amplitude increases with decreasing a,. When « increases from 1 to 6, the latitude of the
off-equatorial nodes increases significantly (beyond 25° for the second harmonic b,). This further indicates
that @ may be close to 1 [e.g., Motoba et al., 2015].

Because the in situ total plasma density is available, one can estimate the average ion mass m;/m, given the
observed wave frequency of f ~7 mHz. We calculate m;/m), using the eigenfrequencies () obtained for sev-
eral a, values with a = 1. The results are summarized in Table 2. In the terrestrial magnetosphere, m;/m,, lies
between 1 amu (all protons) and 16 amu (all oxygen ions). Therefore, it is further confirmed that the observed
waves cannot be the fundamental mode because the estimated m;/m,, is far less than 1 in all cases. Further-
more, Denton et al. [2011] showed that a typical value of m;/m,, varies with solar activity but is less than 4
(m;/m,, ~1 at solar minimum and ~3.8 at solar maximum). Because the cold plasma density of the plasmas-
pheric origin was significantly elevated when the waves were detected, it is unlikely that m;/m,, is larger than
4 unless the cold plasma population contains a substantial concentration of heavier elements than protons.
In addition, the HOPE measurements in Figure 5d indicate that m;/m,, of the three major ion species above
30 eV are about 3 amu. Therefore, we conclude that the poloidal waves observed have the second harmonic
standing wave field line structure.
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Figure 12. Eigenmode analysis results for three lowest harmonic modes. (a) Comparison of the modified dipole field line
for a, = —0.004 with the dipole and T89 field lines. (b and c) Amplitudes of eigenmodes E, and b, along the modified
dipole field line with a, = —0.004 and « = 1, and (d and e) amplitudes of eigenmodes £, and b, for the dipole field line.
The solid dot in Figure 12a and the vertical dashed lines in Figures 12b-12e mark the spacecraft location. The three
colored curves in Figures 12b-12e correspond to solutions of the first three harmonic modes as labeled. Unit of £, is
arbitrary, and b, is related to Ed, through equation (4).

This conclusion is also consistent with the GOES-15 observation. As noted in the previous section, because
the GOES-15 spacecraft was close to the magnetic equator (Figure 3), the poloidal waves observed by the
GOES-15 spacecraft should be an even harmonic mode whose magnetic field fluctuations have an antinode
at the equator (see Figure 12c¢). This argument presumes that the waves seen by GOES-15 are related to the
waves seen by RBSP-A. This scenario is discussed in section 5.

4.3. Interpretation of Energetic Proton Pulsations

A theory of charged particle behavior in a transverse low-frequency wave has been given by Southwood and
Kivelson [1981]. Under the guiding center approximation, the mean rate of change of energy for a particle
of charge g is given by W = gE - V,;, where V, is the magnetic gradient and curvature drift velocity and
E ~ E, exp(i(m¢ — wt))¢. Integration of W along the unperturbed drift orbit yields the average energy gain
of the particle, sW. Because W involves the exponential term whose argument is time dependent, integra-
tion introduces a denominator that can become 0 for a particle in resonance with the wave. This singularity is
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Table 2. Average lon Mass Estimates?

a, Fundamental ~ Second Harmonic  Third Harmonic
0 0.0251 1.96 4.08
—0.001 0.0364 213 4.46
—0.002 0.0476 224 4.71
—0.003 0.0583 233 4.90
—0.004 0.0686 241 5.05
—0.005 0.0783 247 5.16
—0.006 0.0875 252 5.25
—0.008 0.104 2.60 539
—-0.01 0.120 2.66 5.50

2ln atomic mass units (amu). The parameter « is setto 1.

handled by introducing a small imaginary part in the complex frequency w, which represents temporal wave
growth/damping or finite spatial scale of the wave region. The consequence is the energy-dependent phase
variation of §W across the resonance energy. In essence, W of a particle in resonance with the wave can be
in-phase or antiphase with the electric field, while §W of a particle whose energy is above or below the reso-
nance energy has a phase shift by +90° with the electric field [see Southwood and Kivelson, 1981; Glassmeier
et al, 1999; Zhou et al., 2016 for details]. Therefore, the phase of W across the resonance energy shifts by
180°. The phase space density variation 6f, which is the actual observable quantity, is given by [Southwood
and Kivelson, 1981]

] . @)

uw

Because 6f is proportional to §W, the particle fluxes also exhibit the energy-dependent phase variation and
the phase reversal across the resonant energy, both of which are a unique feature of the drift-bounce resonant
interactions of charged particles with poloidal waves and are often used to determine the resonance energy
W, and the m number [e.g., Claudepierre et al., 2013; Dai et al., 2013].

5F = —sW of dL of
ow dw oL

ul

To investigate whether the observed poloidal waves are related to the residual flux pulsations shown in
Figures 6b and 6¢ via the drift-bounce resonance mechanism, Figure 13a compares the residual fluxes of 90°
(local) pitch angle protons from the RBSPICE experiment with the azimuthal electric field component £. (Note
that the residual fluxes and E,, are additionally bandpass filtered between 3 and 11 mHz)

For more quantitative estimation of the phase differences, we also carried out cross-correlation analysis
among the residual fluxes shown in the figure. The result is summarized in Table 3. First, the correlation anal-
ysis suggests that the energy of the residual flux that is in phase with E is 81.6 keV. Visually from Figure 13a,
the 99.4 keV flux also appears to be in phase with £, although the phase delay with respect to £ is about
—7°.The resonant energy W,., may probably be closer to 81.6 keV than to 99.4 keV. From Table 1, this energy
corresponds to k, p, ~ 0.6 consistent with the linear theory prediction of the most unstable mode (note that
the result of 81.6 keV in Table 1 is an outlier). Second, the phase of the residual flux indeed varies with energy
and changes (or appears to change) the sign across the resonant energy. The correlation analysis suggests
that the 17.4 keV residual flux lags £, by almost 90°, while the 99 and 121 keV residual fluxes show the sign of
phase reversal. Unfortunately, the count rate drops, the fluctuations become less monochromatic, and ampli-
tudes decrease at the higher energy channels (probably the 121 keV channel may not be reliable), so the
180° phase shift predicted by the theory cannot be confirmed. The fact that k, p; > 1 at higher energy can
be another factor that decreases efficiency of interactions between the electric field and protons with a rela-
tively larger gyroradius. Nevertheless, we point out that the energy-time diagram of the residual fluxes shown
in Figure 13b is qualitatively consistent with the same diagrams shown in Figure 4 of Zhou et al. [2016] who
considered drift resonance.

On the other hand, given the wave properties (second harmonic poloidal mode with m ~ —100), one can alter-
natively calculate the energy of protons that would be in drift-bounce resonance with the observed waves
using the drift-bounce resonance condition [e.g., Southwood, 1976]:

® — My = Noy, (8)
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Figure 13. (a) Phase relationship among the local 90° pitch angle proton residual fluxes obtained from the RBSPICE
experiment. The oscillations of E, are also shown as a black curve for reference. The vertical dashed lines mark peaks
and valleys in E. Units are arbitrary. (b) Two-dimensional plot of the residual proton fluxes shown above (no bandpass
filtered). The vertical axis corresponds to the nine energy channels shown in Figure 13a. Color bar unit is arbitrary.
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where o, and @&, are the bounce and bounce-averaged drift frequencies, respectively. For the second har-
monic mode, N = %1 is relevant. Assuming that the Earth’s magnetic field is represented by the azimuthally
symmetric modified dipole field with a, = —0.004, we calculate w, and &, as a function of the particle speed
and equatorial pitch angle (Appendix A). Considering the protons mirroring the spacecraft latitude, the cal-
culated resonant energy is about 2.3 keV for N = 1 resonance and about 110 keV for N = —1 resonance.
The former resonance, called low-energy resonance, leads to the condition @ ~ w,, while the latter reso-
nance, called high-energy resonance, leads to the condition ma, ~ w,, [Southwood et al., 1969]. Although the
azimuthally symmetric global magnetic field assumed is certainly unrealistic, the calculated N = —1 resonant
energy (high-energy resonance) is very close to the energy of protons whose residual flux is in phase with £,
as shown in Figure 13a. Therefore, we conclude that the proton flux modulations shown in Figure 13a are the
consequence of drift-bounce wave-particle interactions corresponding to the high-energy resonance.

Proton flux fluctuations corresponding to low-energy resonance (N = 1) is not clear. As shown in Figure 5b
and more clearly in Figure 6¢, the proton fluxes with energy of a few keV were nearly static until 0412 UT.
After this time, the fluxes exhibited nearly sinusoidal oscillations that extended to the energy as low as 1 keV.
However, the waves became less monochromatic and amplitudes were subsequently diminished. It could be
that the lower energy protons did not respond to the poloidal waves observed and some other mechanisms
modulated the later fluctuations, or that they did interact with the waves but it took a while for the signal to
be detected.

MIN ET AL.

SECOND HARMONIC POLOIDAL WAVES 3030



@AG U Journal of Geophysical Research: Space Physics 10.1002/2016JA023770

Table 3. Phase Relationship Between E, and Energetic Protons

W (keV) re Phase Delay?(deg)
17.4 0.883 85.7

24.7 0.907 68.0

314 0.926 65.5

40.9 0.953 60.5

54.7 0.958 454

67.1 0.931 20.16

81.6 0.953 0.00

99.4 0.941 —-7.56

121 0.682 -30.2

aPearson’s correlation coefficient.
b A positive phase indicates that E4 is leading the residual flux.

4.4. Source of Free Energy

So far, we have observationally confirmed that the observed waves are propagating westward with [m| ~ 100,
have the second harmonic standing wave structure, have finite compressional magnetic perturbations, and
interact with energetic (<100 keV) protons via the high-energy drift-bounce resonance. A theory that takes
into account the finite Larmor radius effect also predicts that the second harmonic mode with k, p, ~ 0.5 is the
most unstable solution [Chen and Hasegawa, 1988, 19911. The theory further suggests that the instability can
be fed by the hot ion pressure gradient directed radially inward via the high-energy drift-bounce resonance
mechanism. In this subsection, we provide observational support that protons in high-energy resonance can
have destabilizing effects via drift-bounce resonance as the theory predicts.

Southwood et al. [1969] provided a general picture of the drift-bounce wave-particle interaction mechanism in
analogy to quasi-linear theory of cyclotron resonant interactions. Particles diffuse along unique curves in W-L
space from regions of high density to low-density regions. Waves can be destabilized if particles lose energy
as they diffuse. Formally, the instability condition is given by

dL of
dW oL

df _ of

W= W >0, ©)

uww

uL

where f is the particle distribution function and y is the first invariant. For protons drifting in the dipole
magnetic field, dL/dW is approximately given by [Southwood et al., 1969]

dL - ml?

dW ” eBwR2’
where e is the elementary charge and B; is the equatorial magnetic field magnitude at the Earth’s surface.
This suggests that either bump-on-tail distributions with of /oW > 0 [e.g., Hughes et al., 1978a; Glassmeier et al.,
1999; Baddeley et al., 2004, 2005; Wilson et al., 2006; Liu et al., 2013] or distributions with inward gradients,
of /oL < 0[Takahashietal., 1990; Dai et al., 2013], can destabilize westward propagating waves via drift-bounce
resonance.

(10)

Figure 14a shows the phase space density profile of 90° (local) pitch angle protons averaged between 0357
and 0413 UT. Measurements from three particle experiments are shown. The HOPE fluxes have been raised by
afactor of 2. High-energy ion fluxes measured by the HOPE experiment are often underestimated [Kistler et al.,
2016], and an increase by a factor of 2 generally brings them into agreement with the low-energy RBSPICE
fluxes. There is also discrepancy between the MagEIS and RBSPICE (ToFxE) measurements at the high-energy
tail. We neglect this part because the flux level there is low. Although the particle flux j is related to the phase
space density f by f = j/p?, where p is the particle momentum [e.g., Roederer, 1970], we show j/W as a proxy
for f for convenience. As far as the analysis concerned here, the constant scale factor is not important.

To examine whether the waves can gain energy from the protons in high-energy resonance, we test the sign
of df /dW evaluated at the resonant energy (that is, W, =~ 81.6 keV). Apparently, of /oW < 0 as shown in
Figure 14a. To be more quantitative, we fit a straight line to the phase space density near the resonant energy
and then calculate of /oW from the slope of the line. On the other hand, we approximate of /dL by finite
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Figure 14. (a) Phase space density profile of local 90° pitch angle protons obtained from three particle experiments as a
function of energy. The phase space density from HOPE is raised by a factor of 2. The resonant energy is marked by the
vertical dashed line. The black line represents a linear fit of the phase space density near W = W,,. Unit of phase space
density is 1/cm? s sr eV2. (b) Radial gradient of the phase ZFL)ane density of local 90° pitch angle protons (that is,

. of
of /dL|, w) evaluated at the resonant energy. (c) Ratio of aw oL o ‘W‘ evaluated at the resonant energy.

(c) ratio

difference while keeping u and W constant. The result is shown in Figure 14b. The plot of of /0L is somewhat
oscillatory because the 20 min average does not remove wave modulation completely. For guidance, the
median value as well as the lower and upper quartiles are marked with the horizontal lines. The gradient of the
phase space density is radially inward (of /0L < 0) as expected from Figure 9. Because the m number is neg-
ative, (dL/dW)(of /dL) becomes positive. Figure 14c shows the ratio of (dL/dW)(af /L) to |of /oW|. Because
this ratio greater than unity means df /dW > 0, this result suggests that the protons in high-energy resonance
can provide free energy.
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Figure 15. (a) Proton number densities, (b) proton betas, and (c) mirror mode instability thresholds obtained from the
HOPE and RBSPICE measurements. As for the HOPE processing, proton fluxes of energy above 30 eV are used. The fluxes
are additionally raised by a factor of 2. As for the RBSPICE processing, proton fluxes of energy above 50 keV are used.

It should be noted that there is another resonance at N = 1 (low-energy resonance) which provides stabiliz-
ing effects if af /oW < 0 [Southwood, 1976; Chen and Hasegawa, 1988]. It is in fact the competition between
the destabilizing effects by the N = —1 resonance and the stabilizing effects by the N = 1 resonance that
determines ultimate wave growth. It is generally difficult to quantitatively determine whether growth by the
high-energy resonant protons outweighs damping by the low-energy resonant ones. Besides, the energy
corresponding to N = 1 resonance cannot be determined in the same way as the high-energy resonance.
However, for an adiabatically injected background plasma distribution for which of /dL|, ; ~ 0 where Jis the
second invariant, one requires @ < w; for instability by the high-energy resonance, where the subscript T
denotes a thermal value [Southwood, 1976; Chen and Hasegawa, 1988]. Because the local field line model is
assumed to be realistic, one can determine the bounce frequency more or less accurately. We calculate the
proton thermal speed (v, = m) by taking into account both the HOPE and RBSPICE measurements. For
this event, w,; /o = 1.13, so the instability condition is still satisfied at least for an adiabatic distribution.

As described in section 1, # is an important quantity that determines the wave characteristics and the insta-
bility source. Figure 15 shows the proton number density, proton #, and the mirror mode instability criterion
[Hasegawa, 1969]. The black traces account for protons of energy from above 30 eV to below 50 keV mea-
sured by the HOPE experiment (with the factor-of-2 adjustment), while the red traces account for protons of
energy above 50 keV measured by the RBSPICE experiment (only the ToFxE product). During the whole period,
pis on the order of 0.1 (mostly contributed by the low-energy protons) and the mirror instability condition,
Zj B1;j(B1;/ By — 1) > 1, is far from being met, where the summation is done over the particle populations.
Therefore, it is unlikely that the drift mirror instability can be a viable mechanism for the wave generation.
On the other hand, small but finite # can cause finite coupling between transverse and compressional Alfvén
modes, leading to the finite compressional magnetic field perturbations observed [e.g., Chen and Hasegawa,
1991; Walker and Pekrides, 1996].

Note that the analysis here is rather qualitative. For instance, the dipole magnetic field assumption has been
made in dL/dW, and of course, the energetic proton distribution may not be adiabatic. Nevertheless, the data
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Figure 16. Schematic diagram of the wave excitation region relative to the outer edge of ring current and the residual
plasmaspheric plume.

suggest that the inward radial gradients of protons in high-energy resonance could have provided free energy
as theory predicts.

5. Discussions

Physical interpretation of the wave generation from an inward gradient of the ring current population is
that the resonant protons execute radial excursion in L while they lose energy [Southwood, 1976]. This indi-
cates that the observation was made at the outer edge of ring current that overlapped with the residual
plume region.

Figure 16 schematically illustrates the radial structure of the residual plume and the ring current for this event.
The cold plasma profile (in linear scale) is based on the real data in Figure 5c¢ (taken from the total electron
density in the outbound pass) while the ring current profile, which is based on the energetic proton num-
ber density in Figure 153, is an illustration of the outer edge of the ring current. The wave active region is
where these two regions overlap. Perhaps this region is also where the energetic ring current population pro-
vides free energy while the enhanced cold plasma density lowers the field line resonance frequency and wave
damping [Southwood, 1976; Chen and Hasegawa, 1988; Engebretson et al., 1992; Liu et al., 2013; Dai et al., 2015].
Vetoulis and Chen [1994, 1996] showed that radial localization of poloidal waves can occur in a region where
the poloidal Alfvén frequency exhibits a local minimum (dip) with respect to L and where it is lower than the
toroidal frequency. These authors suggested that sufficiently strong earthward pressure gradient (the outer
edge of the ring current) can lead to such a dip. Denton et al. [2003] tested whether poloidal waves occur in
association with a dip in the poloidal frequency and found instead that it may result from the L dependence
of the background density or magnetic field. For the present event, localization by the background density
variation appears to be the most likely scenario. Qualitatively, the poloidal frequency is related to the Alfvén
speed (@ ~ k,V,) le.g., Denton et al., 2003]. Therefore, the sudden enhancement of the background plasma
density in our event can create a dip in the poloidal frequency, trapping the poloidal waves. It is also possible
that the inward gradient also assists in this localization.

Figure 17 shows the wave active periods obtained from RBSP-A (Figure 4) and GOES-15 (Figure 8). (No
monochromatic poloidal waves were detected by RBSP-B.) GOES-13 was about 4 h ahead of GOES-15, but
magnetometer data were not available on 20 May 2013. In addition, magnetometer data on the previous day
did not show noticeable wave activity (not shown). On the other hand, proton fluxes of ~95 keV from GOES-15
showed pulsations with the same frequency as the magnetic field pulsations simultaneously detected in
Figure 8. So we examined proton fluxes from GOES-13 and found a short period of flux pulsations that are
consistent with those from GOES-15 and a substantial reduction in the flux level thereafter (not shown). This
period is shown in the figure for GOES-13. Note that all orbits are projected onto the magnetic equator along
the dipole field line. Interestingly, the (dipole) L shell of GOES-13 is about 6.8 while the L shell of GOES-15 is
about 6.6. This is because the orbit of GOES-13 was located farther northward than GOES-15. Consequently,
the orbital configurations were such that the orbit of GOES-15 overlaps that of RBSP-A while the orbit of
GOES-13 is located beyond the apogee of RBSP-A at which the wave power reduced significantly (Figure 4).
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Figure 17. Wave active period registered by RBSP-A, RBSP-B, GOES-13, and GOES-15. The thin curves show the
spacecraft orbits projected along the dipole field line onto the magnetic equator. The wave active periods are marked
by the thick curves. The vertical pins mark every hour in UT denoted next. The UT hours less than 12 h are on 20 May
2013 and greater than 12 h on the previous day.

If temporal effects can be ignored (due perhaps to the quiet geomagnetic condition), persistent wave activity
detected by GOES-15 may indicate that the wave active region shown in Figure 16 was quite wide longitu-
dinally covering roughly the dusk-midnight quadrant as shown in Figure 17. Particularly, the fact that the
frequency varies only gradually indicates that the mass density variation is gradual as well; hence, the space-
craft was within the plume. On the other hand, the orbit of GOES-13 was located outside the plume for the
most of time, delineating the outer edge of the wave active region. Therefore, it may be possible that the
radial structure shown in Figure 16 is extended roughly from dusk to midnight.

This view of the global wave active region is supported by the previous statistical study. As introduced in
section 1, Engebretson et al. [1992] statistically investigated the ULF waves detected in the noon and dusk
sectors and found features that are in good agreement with our event. Particularly, they showed that the
waves have a wide longitudinal extent ranging from 1.5 to 8 h in magnetic local time and a narrow extent
in L, occur during geomagnetically quiet times usually after geomagnetic storms, and are found in regions
far outside the plasmasphere but of density characteristic of the outer plasmasphere (n, ~ 10 cm~3). Their
Figures 5, 8,12, 14, and 15, which show the wave active periods superimposed onto the spacecraft orbits, are
very consistent with our Figure 17 apart from the local time of wave occurrence. They further suggested that
the free energy of ~100-keV ring current population drives the observed waves through drift-bounce reso-
nant interactions, while the local plasma density increases are the immediate cause of wave onset by altering
the field line resonance conditions. We suggest that the results of the present paper provide observational
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evidence for this scenario. The role of the background plasma density in the wave onset and the storm time
behavior of the plasmaspheric plume may be a possible explanation for the reported rare occurrence of
nightside poloidal waves.

6. Summary

We have analyzed an observation by Van Allen Probes of radially polarized low-frequency hydromagnetic
waves and associated energetic proton pulsations. The event occurred during geomagnetically quiet time
2 days after a minor geomagnetic storm. Narrowband ULF waves were registered in the premidnight sector
by RBSP-A when it was passing through an enhanced density region, perhaps a residual plume, located near
geosynchronous orbit. The other spacecraft, RBSP-B, which passed through this region earlier, only detected
broadband noise, however.

Despite the measurements from only one spacecraft, we were able to determine various wave properties.
Particularly, we were able to unambiguously determine the azimuthal wave number m by examining spin
modulation of the energetic proton fluxes caused by the finite Larmor radius effect. Furthermore, we fitted
the stretched field line model to data to determine the field line structure of the standing wave. Our findings
are as follows: (1) the waves are a second harmonic poloidal mode propagating westward with the azimuthal
wave number estimated to be |m| = 100, (2) the magnetic field fluctuations have finite compressional com-
ponent associated with small but finite beta of about 0.1, (3) the energetic proton fluxes in the energy range
from above 10 to 100 keV exhibit wave-modulated pulsations and energy-dependent phase delays relative to
the azimuthal component of the electric field providing evidence for drift-bounce resonance, (4) these pro-
tons arein high-energy resonance with the resonant energy about 80 keV, (5) the wavelength in the azimuthal
direction is comparable with the Larmor radius of the resonant protons such that k, p, ~ 0.6, and (6) the
inward radial gradient of ring current protons may have provided free energy to excite the observed waves via
the drift-bounce resonance mechanism. These wave properties are consistent with those of the most unstable
mode solution predicted by Chen and Hasegawa [1988, 1991].

The source of free energy and the existence of the residual plume indicate that the wave active region is
where the plume, which is narrow in the radial direction (less than 1 R;), overlaps with the outer edge of ring
current. In addition, based on the available observations at geosynchronous orbit, we were able to provide a
global context of the wave active region. Particularly, persistent wave activity detected by one of the geosyn-
chronous satellites suggests that the excitation region narrow in L can have a wide longitudinal extent. It
appears that this type of ULF wave commonly occurs in the magnetospheric plasma during geomagnetically
quiet times as the statistical study by Engebretson et al. [1992] suggested. Finally, the important role of the
background plasma density on wave onset is confirmed.

Appendix A: Angular Bounce and Drift Frequencies for Modified Dipole Field

The bounce and bounce-averaged drift frequencies are important to examine the drift-bounce resonant con-
dition given in equation (8). For the dipole field model, they are readily available [e.g., Hamlin et al., 1961;
Roederer, 1970]. We follow the description in the first two chapters of Roederer [1970] and briefly describe how
these characteristic frequencies can be obtained for the modified dipole model used here.

Following Walker and Pekrides [1996] and referencing the coordinate system in Figure 1, one can choose the
v coordinate:

2
V:k<cosr A + a,r* cos® A + ayr? sin? /I>. (A1)

It is useful to use the (r, 1) coordinate system. The magnetic field components in this coordinate system are
given by
1

B agina(d a8 _coss 2a, — 2a, tan® 4 (A2)
& = 2sin (r—3+a1—a2)an < = Cos (r_3_ a, — 2a, tan )
The coordinates (r, A) of a field line are determined by v(r, 1) = v, for a given reference point, e.g., at a

spacecraft location (r, 4,.), and thus
r(a,r* — vy

@ -ar "3

cos? A= —
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where v, = v(r,, 4. Using differential equation of a field line rd4/B, = dr/B,, the element of field line arc
length is given by

ds = Vdr? +r2dA? = 1 /1 + B2/B2dr, (A4)
where 4 is determined by equation (A3). Following Roederer [1970], the integral

1+ B2(r)/B(r)
1- B(r)/Bm

S, =2 (A5)

Sm (]
/ % /
o /1-B(s)/B, I

is related to the bounce frequency w, by w, = w,ry/v = zry/S,. where v is the particle velocity, r, = LR, 1,

is the distance from the center of the Earth to the mirror point, B = /B2 + B> and B,, = B(r,,), and w,, is the
normalized bounce frequency. Here hemispheric symmetry of the field line is assumed.

The gradient-curvature drift velocity [Roederer, 1970] of a proton is given by

v mpv” 2—sina)a x 0 (A6)
=———2—sin“a)ix?,

€6 = " 2eBR. " W

where R_ is the radius of curvature of the field line, a is the pitch angle, and m,, and e are the proton rest mass

and the elementary charge, respectively. The curvature radius can be obtained from the relation (i - V)i =

—V/R. [e.g., Walker, 1987] and (ji - V)ji is given by

’6r+ra/l r

(A-Vip=1\0

TN A P .

b,ob, bb,\ .
or Tron T )t

where b, = B,/B and b, = B, /B. Inserting (A6) into the bounce-averaged gradient-curvature drift speed
[Roederer, 1970]

LY 14 B2(n/B(r)
Vee) = E/ € 075, r, (A8)
Sp Jr, rcosi/ry 1-B(n/B,
the bounce-averaged drift frequency @, is given by
" 2—B(r)/B 1+ B2(r)/B(r)
o 2ek 2 (r)/Bn 2(N/B7 ar. (A9)

W, = —oy = —
4= v, T Sy . rcos ARBI/K | 1 -B(n/B,

where w, is the normalized bounce-averaged drift frequency. Note that w, and w, are determined solely from
the field line geometry. In this study, the integrals of (A5) and (A9) are evaluated numerically.
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