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Key Points: 

 A large-amplitude Pc5 wave is observed by Arase and MMS1 in the postmidnight region 

at L > 5.4 during the storm recovery phase. 

 We estimate the m-number of the Pc5 wave to be −8 to −15 by using two independent 

methods with satellites and ground observations. 

 We simultaneously observe the drift resonance for H+ and O+ ions at ≥ 56.3 keV and 

bounce resonance for O+ ions at ≤ 18.6 keV. 
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Abstract 

A Pc5 wave is observed by the Exploration of energization and Radiation in Geospace 

“Arase” satellite in the inner magnetosphere (L ~ 5.4–6.1) near postmidnight (MLT ~ 1.8–

2.5 h) during the storm recovery phase on 27 March 2017. Its azimuthal wave number 

(m-number) is estimated using two independent methods with satellites and ground 

observations to be −8 to −15. The direct measurement of the m-number enables us to 

calculate the resonance energy. The flux oscillations of H+ and O+ ions at ≥ 56.3 keV are 

caused by drift resonance and those of O+ ions at ≤ 18.6 keV by bounce resonance. 

Resonances of O+ ions at multiple energies are simultaneously observed for the first time. 

The enhancement of the O+/H+ flux ratio at ≤ 18.6 keV indicates selective acceleration of 

O+ ions through bounce resonance.  

 

Plain language summary 

Geomagnetic pulsations are magnetic fluctuations excited by solar wind or plasma 

instabilities in the magnetosphere. Pc5 waves are continuous geomagnetic pulsations with a 

period of 150–600 s. A Pc5 wave was observed in the inner magnetosphere during a 

magnetic storm on 27 March 2017. It propagated westward with a wave number of 8 to 15 

and resonated with charged particles, resulting in oscillations of the H+ and O+ ion fluxes at 

≥ 56.3 keV and the O+ ion fluxes at ≤ 18.6 keV. Resonances of O+ ions at multiple energies 
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are simultaneously observed for the first time. At the same time, the O+/H+ flux ratio at ≤ 

18.6 keV enhanced corresponding to the O+ ion flux oscillations, which indicates selective 

acceleration of O+ ions through resonances. 
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1. Introduction 

Dynamics of O+ ions in the inner magnetosphere plays an important role for the ring 

current development and decay. Researchers have suggested that O+ ions can be accelerated 

or decelerated through a wave-particle interaction with ultra-low frequency (ULF) waves 

called drift-bounce resonance (e.g., Li et al., 1993; Yang et al., 2011a; Keika et al., 2013). 

The drift-bounce resonance condition is expressed as 

 𝜔𝜔 −𝑚𝑚𝜔𝜔𝑑𝑑 = 𝑁𝑁𝜔𝜔𝑏𝑏, (1) 

where ω is the wave angular frequency, ωd is the particle bounce-averaged drift angular 

frequency, ωb is the particle bounce angular frequency, and N is an integer (Southwood et 

al., 1969). The drift-bounce resonance condition can be satisfied with odd mode waves 

when N = 2k (where k is an integer), while it can be satisfied with even mode waves when 

N = 2k+1 (Southwood and Kivelson, 1982). Particles are accelerated or decelerated by 

oscillating wave electric field in the azimuthal direction of poloidal ULF waves (e.g., 

Elkington et al., 2003). 

Azimuthal wave number (m-number) of ULF waves is an important parameter for the 

drift-bounce resonance because the resonance mode and energy are strongly dependent on 

it. ULF waves excited by internal instabilities tend to have a dominant magnetic oscillation 

in the radial direction and large m-number (|m| > ~50), while ULF waves excited by 

external sources tend to have a dominant magnetic oscillation in the azimuthal direction 
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and small m-number (|m| < ~20). To estimate the m-number, several methods have been 

proposed: phase delay method using multiple satellites (e.g., Takahashi et al., 1985, 2018; 

Le et al., 2017) or ground stations (e.g., Baker et al., 2003), and the finite Larmor radius 

effect method (e.g., Min et al., 2017; Takahashi et al., 2018).  

To our knowledge, in these two decades, there have been only six observational studies 

about the drift-bounce resonance of O+ ions at < 40 keV in which data obtained by 

Composition and Distribution Function analyzer (CODIF) instrument onboard Cluster 

satellite were used (Yang et al., 2010, 2011a, 2011b; Zong et al., 2012; Ren et al., 2016, 

2017). Acceleration or deceleration of O+ ions by the drift-bounce resonance on the dayside 

has been reported (Yang et al., 2011a; Zong et al., 2012). Ren et al. (2017) statistically 

analyzed the O+ drift-bounce resonance occurrence and found that most of the events 

occurred on the dayside and few events in the midnight to dawn region. In addition, most of 

these previous studies did not determine the m-number from direct observations. To clarify 

the influence of the drift-bounce resonance on the ring current, we need to examine whether 

the drift-bounce resonance can occur on the nightside and accelerate or decelerate O+ ions 

based on the direct measurement of the m-number. 

In this study, we conduct an event analysis of a Pc5 wave and energetic particle flux 

oscillations in the nightside inner magnetosphere during the storm recovery phase on 27 

March 2017, by using Exploration of energization and Radiation in Geospace “Arase” 
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(ERG) and Magnetospheric Multiscale 1 (MMS1) satellites data as well as ground 

magnetometer data. We directly estimate the m-number of the Pc5 wave using two 

methods: satellite and ground observations. Based on the estimated m-number, we examine 

if the ion flux oscillations are caused by the drift-bounce resonance. Finally, we discuss the 

selective acceleration of O+ ions at the resonance energy. The following are considered to 

be new and significant findings of the present study: (1) we first find the drift-bounce 

resonance of O+ ions in the nightside inner magnetosphere at multiple energies that 

predominantly contribute to the ring current, and (2) such analysis was enabled by the 

simultaneous observations by the recently-launched Arase and the MMS1 satellites. 

 

 

2. Data Set 

The Arase satellite was launched on 20 December 2016 into a highly elliptical orbit with an 

inclination of ~31°, an apogee of ~6 RE, and a perigee altitude of ~460 km (Miyoshi et al., 

2018). Its spin period is ~8 s and the spin axis is approximately pointing to the Sun. 

Magnetic field data are obtained by the triaxial fluxgate magnetometer for the Magnetic 

Field Experiment (MGF) (Matsuoka et al., 2018) onboard Arase with a sampling rate of 

256 Hz. We used the spin-averaged (~8 s) data. 

This article is protected by copyright. All rights reserved.
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Medium-Energy Particle Experiments - Ion Mass Analyzer (MEP-i) instrument (Yokota et 

al., 2017) carried by Arase can distinguish the following ion species: H+, He+, He2+, O+, 

O2+, and O2
+. MEP-i has 16 azimuthal channels, each of which has a 22.5° field of view 

(FOV) to cover 360° FOV. The vector normal to the plane of the azimuthal channels is 

perpendicular to the spin axis. One spin is divided into 16 sectors. There are 16 energy 

channels covering ~10 to ~180 keV/q, corresponding to the sweeping voltage (SV) of ±5 

kV at a maximum. However, the SV had been set to ±3 kV during the early phase of data 

acquisition until 21 April 2017, and the observed energy range is 5.1–109.6 keV/q in the 

present event. There are three observational modes: normal (NML) mode, time-of-flight 

(TOF) mode, and solid-state detector (SSD) mode. We used the 2 spin-averaged (~16 s) 

flux data of the NML mode, which yields 16 (azimuthal sectors)×16 (spin sectors) data in 

one spin.  

Medium-Energy Particle Experiments - Electron Analyzer (MEP-e) instrument (Kasahara 

et al., 2018) onboard Arase detects electrons (e-) with 16 energy channels covering 7.0–

87.5 keV. 

Magnetic field and electric field data are also obtained by MMS. MMS mission consists of 

four identical spacecraft in tetrahedral formation and spacecraft were launched in March 

2015 into high inclination orbit with an apogee and a perigee of 12 and 1.2 RE, respectively 

(Burch et al., 2016). The fluxgate magnetometer (FGM) measures the magnetic fields 
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(Russell et al., 2016), and the electric field double probes (EDP) measures the electric fields 

(Ergun et al., 2016; Lindqvist et al., 2016). We surveyed the magnetic field and electric 

field data with a 0.125 s resolution.  

Additional dataset used in this study comes from ground geomagnetic observations at Tixie 

(TIK, 62.35° geomagnetic latitude (GMLAT), 194.71° geomagnetic longitude (GMLON)) 

and Pebek (PBK, 64.31° GMLAT, 225.14° GMLON). These geomagnetic field data have a 

1-s sampling rate.  

 

 

3. Observations of the 27 March 2017 Event 

3.1 Pc5 Wave Observations 

Figures 1a and 1b show the spacecraft orbits during 1820–1910 UT on 27 March 2017 in 

the L-magnetic local time (MLT) plane and in the �XSM
2 +YSM

2  - ZSM plane, where SM 

denotes the solar magnetic coordinates. The Arase spacecraft is located in the postmidnight 

region at L = 5.4–6.1 and magnetic latitude (MLAT) = −32° to −25° during the recovery 

phase of a geomagnetic storm with the minimum Dst of −74 nT (not shown here). MMS1 is 

located near Arase in MLT (Figure 1a) and gradually moving to higher latitude (Figure 1b). 

The separations between Arase and MMS1 in L, MLT and MLAT are ΔL ~ 2.0, ΔMLT ~ 0.9 

hr, and ΔMLAT ~ 9°, respectively. In this time interval, only the MMS1 satellite is located 
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close to Arase while the other MMS satellites are far from the Arase and MMS1 satellites. 

Figure 1c illustrates the footprints of Arase and MMS1 calculated with the Tsyganenko 89 

model (Tsyganenko, 1989) at 1820–1910 UT and location of the ground stations (PBK and 

TIK) in geographic coordinates.  

Figures 1d–1f illustrate the magnetic field observed by Arase at 1820–1910 UT in the mean 

field aligned (MFA) coordinates, in which 10-min moving averages are subtracted, and the 

radial component is perpendicular to the International Geomagnetic Reference Field 

(IGRF)-12 (Thébault et al., 2015) model field and radially outward (Br), and the azimuthal 

component (Ba) is perpendicular to both the parallel (Bp) and radial components to 

complete the right-handed orthogonal system. A Pc5 wave has large amplitudes in both Br 

and Ba, and the peak-to-peak amplitude of Ba (~30 nT) is larger than that of Br (~10 nT). 

This is the evidence of an external source and a mode coupling between poloidal and 

toroidal modes (e.g., Takahashi et al., 2018). Figure 1g illustrates the 10-s averaged Br and 

Ea observed by MMS1. We find that Pc5 wave oscillations appear in both Br and Ea, and 

the peak-to-peak amplitude of Ba (~12 nT, not shown) is also larger than that of Br (~8 nT). 

In addition, Ea leads Br by ~90° at 1830–1905 UT. This is the characteristic of odd mode 

standing oscillations in the southern hemisphere (e.g., Dai et al., 2013). Since the wave 

period of the Pc5 wave is quite long (~450 s), this Pc5 wave is likely a fundamental 

standing wave. Fundamental mode waves are easily detected in the off-equatorial regions, 
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which is consistent with both Arase and MMS1 observations that the Pc5 waves are clearly 

observed far from the equatorial plane.  

Figure 1h shows the Y (east-west) component of the ground magnetic field at TIK and PBK 

from which 10-min moving averages are subtracted. These two stations are chosen because 

they are located close to the satellite footprints as shown in Figure 1c. A Pc5 wave with a 

period similar to that observed by Arase is detected at both stations. Figure 2a illustrates the 

power spectra of Br observed by Arase, Br and Ea observed by MMS1, and Y component of 

the magnetic field at TIK and PBK during 1830–1910 UT. We find spectral peaks at 2–2.5 

mHz in all power spectra, which indicates that the Pc5 waves observed by Arase, MMS1, 

and the ground magnetometers at TIK and PBK are identical.  

 

3.2 Particle Flux Oscillations Observed by MEP 

We investigate the particle fluxes measured by MEP-i and MEP-e. Figures 1i–1k are the 

60-s averaged omni-directional residual fluxes ((J−J0)/J0), where J is the particle flux and 

J0 is the 10-min moving average, of H+ and O+ ions, and of electrons. Figure 1i shows that 

H+ fluxes in wide energy ranges oscillate with the Pc5 wave period, and their oscillation 

amplitudes are large at ≥ 56.3 keV during 1830–1910 UT. Figure 1j shows that the O+ ion 

fluxes are also clearly modulated at 1830–1910 UT with the same period of the Pc5 wave. 

The oscillation amplitudes are larger at ≥ 56.3 keV and ≤ 18.6 keV. We can find negative 
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energy dispersions (e.g., Southwood et al., 1981) for both H+ at ≥ 56.3 keV and O+ ion 

fluxes at ≥ 56.3 keV and ≤ 18.6 keV in Figures 1i and 1j. Despite the large electron flux 

oscillations at 14.3–35.0 keV, the energy dispersion signature cannot be seen in Figure 1k. 

We calculate the omni-directional flux ratio of O+/H+ (Figure 1l), which exhibit a distinct 

structure in the O+/H+ flux ratio. The ratio is ~0.1 until 1825 UT, and then it reaches the 

maximum of ~0.4 at ≤ 23.3 keV and ≥ 45.1 keV during 1840–1910 UT, corresponding to 

the O+ ion flux oscillations.  

Figures 2b and 2c illustrate the power spectra of the residual fluxes ((J−J0)/J0) of H+ and 

O+ ions at different energies. Clear spectral peaks can be seen in wide energy ranges for 

both H+ and O+ ions at 2–2.5 mHz, which is similar to the Pc5 wave frequency. The 

spectral peaks of O+ ions are larger than those of H+. In Figures 2d and 2e, we plot power 

spectral peaks for H+ and O+ ions near 2–2.5 mHz for different energies. The peak power of 

H+ at ≥ 56.3 keV is more than ~3 times larger than that at lower energies. It also should be 

noted that we can find a small peak at ~7 keV (Figure 2d), though the width of the peak is 

too narrow without plateau structure like that at high energy, indicating that the H+ flux 

oscillations mainly occur at higher energies. Figure 2e shows two energy bands with large 

peak power for O+ ions at ≥ 56.3 keV and ≤ 18.6 keV, while there is a “dip” of the peak 

power of O+ ions at 23.3–45.1 keV. This structure of the peak power is similar to that of 

O+/H+ in Figure 1l, suggesting a relation between O+ ion oscillations and the O+/H+ 
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structure. The power enhancement of H+ and O+ ions may extend up to ≥ 109.6 keV, which 

cannot be detected with the MEP-i. 

 

 

4. Discussion 

The value of the m-number generally reflects the energy source of Pc5 waves: external 

solar wind for a small m-number or internal plasma instability for a large m-number. Also, 

the drift-bounce resonance mode and the resonance energy strongly depend on the 

m-number. In this section, we estimate the value of the m-number, and discuss the energy 

source and the resonance characteristics.  

 

4.1 Estimation of m-number of the Pc5 Wave 

The Pc5 wave is observed by Arase, MMS1, and ground stations at TIK and PBK. We 

examine the m-number by two methods. 

First, we estimate the m-number using Arase and MMS1 data. Figure 1a shows that both 

satellites are close each other in MLT, but not close in L. To calculate the m-number, we 

assume that the wave structure is uniform in L. We can estimate the m-number from a 

phase delay of the Pc5 waves observed by two satellites that are azimuthally separated; that 

is, m = Δθ/Δφ, where Δθ is the phase difference, and Δφ is the azimuthal separation between 
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satellites. Figures 1d and 1g show a clear time lag in Br. We determine a time lag that 

provides the maximum value of the cross-correlation coefficient between Br observed by 

Arase and MMS1. Cross-correlation analysis shows that the time delay is 240 s at 1830–

1910 UT. Since Figure 2a shows the wave period of ~ 450 s, we obtain Δθ ~ −192°, where 

the negative sign means westward propagation. Δφ between Arase and MMS1 is ~13° at 

1830–1910 UT. Thus, these values of Δφ and Δθ give m ~ −15.  

Second, we estimate the m-number using ground magnetometer data at TIK and PBK with 

the same method as first estimation. The cross-correlation analysis at 1830–1910 UT gives 

305 s time delay between TIK and PBK, which corresponds to Δθ ~ −244°, and Δφ = 30.4° 

in the geomagnetic coordinate. Then, m-number is estimated to be m ~ −8.  

From the two independent methods, we obtain the similar values of m ~ −8 to −15. 

(Although there is a possibility that the phase difference includes a 2nπ ambiguity, the 

cross-correlation coefficients become maximum when n = 0.) These values are consistent 

with the fact that the Pc5 wave is observed on the ground with a less ionospheric screening 

effect. According to Hughes et al. (1976), the wave amplitude of |m| = 10 on the ground is 

~86% that of m = 0. The westward propagation in the morning sector is also consistent with 

the result of previous studies (e.g., Baker et al., 2003).  

 

4.2 Energy Source of the Pc5 Wave 

This article is protected by copyright. All rights reserved.
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Pc5 waves are mainly excited on the dayside magnetosphere by the Kelvin-Helmholtz 

(K-H) instability due to high solar wind velocity, solar wind dynamic pressure variation, 

and ion foreshock (e.g., Ukhorskiy et al., 2009; Takahashi et al., 2016). Past studies on 

ULF wave distributions showed that Pc5 waves can occur in the dawn to the postmidnight 

region (e.g., Anderson et al., 1990; Nosé et al., 1995; Liu et al., 2009). The Pc5 wave in the 

present study has quite large amplitude in the azimuthal component of the magnetic field on 

the nightside (Figure 1e) when the solar wind velocity is high (~600–650 km/s) according 

to the OMNI database. Pc5 waves excited by solar wind tend to have small m-number, 

which is consistent with the above result (m ~ −8 to −15). Thus, we suggest that this Pc5 

wave is excited by solar wind, not by internal plasma instabilities.  

 

4.3 Examination of the Flux Oscillations 

Flux oscillations associated with ULF waves are often observed in the magnetosphere. 

Betatron acceleration, drift-bounce resonant interaction, and radial convection of particles 

are proposed as the reason of the flux oscillations (e.g., Southwood et al., 1981; Takahashi 

et al., 1985; Korotova et al., 2015). Direct measurements of the m-number from the satellite 

and ground observations enable us to calculate the resonance energy based on equation (1).  

The approximation of ωb and ωd in a dipole magnetic field are given by ωb = π�2W/mi
2LRET(sinαE)

 

and ωd = −
6WLP(sinαE)

qBERE
2  + 2ψ0L3sinφ

BERE
2   + ΩE, where mi is the ion mass, RE is the Earth’s radius, 
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αE is the pitch angle at the geomagnetic equator, BE is the equatorial magnetic field at the 

surface of the Earth, q is the electric charge, φ is the azimuthal angle which is positive 

eastward with 0° at midnight, ΩE is the angular frequency of the corotation of the Earth, 

and ψ0 is the electric potential of the convection electric field. We adopt BE = 30,000 nT, 

and the following formulae: T(sinαE) = 1.351 − 0.925sinαE + 0.558sin2αE − 0.248sin3αE and 

P(sinαE) = 0.340 + 0.226sinαE − 0.154sin2αE + 0.088sin3αE (Hamlin et al., 1961; Yang et al., 

2011a; Oimatsu et al., 2018). We use the Volland-Stern model electric potential as ψ0 

(Volland, 1973; Stern, 1975; Maynard and Chen, 1975). Figure 3 shows the theoretical 

drift-bounce resonance energy with fundamental mode wave (N = 0 and 2) as a function of 

the m-number in a dipole magnetic field for H+ and O+ ions. Particles with equatorial pitch 

angle of 90° most effectively resonate with fundamental mode waves. In general, ULF 

waves are not monochromatic, and wave frequency and m-number have a finite bandwidth 

(e.g., Takahashi et al., 1990; Korotoba et al., 2015). We use wave frequencies of 1.75 and 

3 mHz, L = 5.8, and a local pitch angle of 90° to calculate the resonance energy. The 

vertical dashed lines denote m = −8 and −15, which are estimated from the satellite and 

ground observations. There are two solutions: ω ~ mωd (N = 0, drift resonance) and ω ~ 

2ωb (N = 2, bounce resonance). For the finite bandwidths of m-number and wave frequency, 

the drift resonance energy of H+ and O+ ions are estimated to be ~70–200 keV for both ion 

species, and the bounce resonance energies are estimated to be ~0.2–0.6 keV for H+ and 
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~3–9 keV for O+ ions, respectively. These results of the theoretical resonance energy are 

generally consistent with the observational facts of large power spectral peaks for both H+ 

and O+ ions at ≥ 56.3 keV (drift resonance) and for O+ ions at ≤ 18.6 keV (bounce 

resonance) in Figures 2d and 2e. 

Drift-bounce resonance theory predicts a 180° phase shift over the resonance energy (e.g., 

Southwood et al., 1981; Takahashi et al., 1990). Figures 1i–1j show the dispersive flux 

peaks for H+ at ≥ 56.3 keV and for O+ ions at ≥ 56.3 keV and ≤ 18.6 keV, which are similar 

to the past observational results (e.g., Ren et al., 2016). This implies the drift-bounce 

resonance for H+ and O+ ions because of the measurable phase shifts over the energy 

channels. In this study, the drift resonance and bounce resonance for O+ ions are 

simultaneously observed for the first time. Previous studies found O+ drift-bounce 

resonance at ≤ 40 keV because of the instrument limitation of the energy coverage. The 

wide energy coverage of MEP-i enables us to find the resonances at multiple energies. The 

phase shift of O+ ion flux at ≤ 18.6 keV is much larger than those of H+ and O+ ion fluxes at 

≥ 56.3 keV (Figures 1i and 1j). We suppose that the drift resonance energy, which is 

estimated to be 70–200 keV from the theoretical calculations, is close to or higher than the 

upper limit of the energy coverage of MEP-i (109.6 keV) and, consequently, the overall 

phase shifts cannot be detected. Electron fluxes at 14.3–35.0 keV oscillate, but they do not 
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show energy dispersion (Figure 1k), indicating that the electron flux oscillations are not 

caused by the drift-bounce resonance. 

The observed Pc5 wave has a toroidal mode component. If there is a gradient of particle 

flux distribution in the azimuthal direction, toroidal mode waves can influence the particle 

fluxes. However, the variation of the particle distribution in the azimuthal direction is 

expected to be smaller than that in the radial direction. Therefore, the particle fluctuations 

are mainly generated by poloidal mode waves.  

 

4.4 Implication of Selective Acceleration of O+ Ions 

O+/H+ flux ratio becomes high at two energy bands (≤ 23.3 keV and ≥ 45.1 keV) 

corresponding to the energy ranges of the drift resonance and the bounce resonance of ions 

during 1830–1910 UT in Figure 1l. One may think that this is caused by the spatial effect. 

However, in such case, the O+/H+ ratio is expected to become high in wider energy ranges, 

unlike what shown by the present results. Hence, we suggest that the enhancement of O+/H+ 

flux ratio in the low-energy band (≤ 23.3 keV) is mainly caused by selective acceleration of 

O+ ions due to the bounce resonance at ≤ 18.6 keV, because only the bounce resonance of 

O+ ions occurs without that of H+ ions at the same energy. It would be appropriate to 

consider that the solar wind generates the Pc5 wave and it feeds energy to the O+ ions 

through the bounce resonance. Mitani et al. (2018) proposed that the drift-bounce 
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resonance contributes to the selective penetration of O+ ions into the inner magnetosphere 

from the plasma sheet during the late main phase to early recovery phase, which is 

consistent with our scenario. The present study first demonstrates the selective acceleration 

of O+ ions due to the bounce resonance in the nightside inner magnetosphere. The 

enhancement of the O+/H+ flux ratio in the high-energy band (≥ 45.1 keV) may be due to 

the acceleration efficiency of the drift resonance between H+ and O+ ions (≥ 56.3 keV). It 

should be examined in the future how effectively the drift resonance take place for H+ and 

O+ ions, which is expected to depend on the radial and energy gradients of the phase space 

density of ion species (e.g., Southwood et al., 1969).  

 

 

5. Conclusions 

We first examine the drift-bounce resonance between a fundamental mode Pc5 pulsation 

and O+ ions in the nightside inner magnetosphere at L = 5.4–6.1 during a storm recovery 

phase on 27 March 2017, using data from Arase, MMS1, and ground magnetometers at 

TIK and PBK. We directly estimate the m-number of the Pc5 wave to be m ~ −8 to −15 by 

two independent methods using satellites and ground observations. The H+ fluxes show the 

largest oscillation amplitude at ≥ 56.3 keV and the O+ ion fluxes also show the largest 

amplitude at the same energy (≥ 56.3 keV) and at ≤ 18.6 keV. The O+/H+ flux ratio 
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becomes higher during the ion flux oscillations at ≤ 23.3 keV and ≥ 45.1 keV. The 

theoretical drift resonance energy is ~70–200 keV for both H+ and O+ ions, while the 

theoretical bounce resonance energy is ~3–9 keV for O+ ions. These theoretical resonance 

energies are consistent with the results of the Arase/MEP-i observation. The H+ and O+ ion 

oscillations at ≥ 56.3 keV are generated through the drift resonance, while the O+ ion 

oscillations at ≤ 18.6 keV are caused by the bounce resonance. These resonances of O+ ions 

at multiple energies are simultaneously observed for the first time. The enhancement of the 

O+/H+ flux ratio at ≤ 18.6 keV indicates a selective acceleration of O+ ions due to the 

bounce resonance. 
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Figure 1.  

Satellite orbits, satellite data, and ground station data for 1820–1910 UT on 27 March 2017. 

First letters “A” and “M” of orbit information denote “Arase” and “MMS1”, respectively. 

(a) Arase and MMS1 satellite orbits in the L-MLT plane. (b) Arase and MMS1 orbits in the 

�XSM
2 +YSM

2  - ZSM plane of SM coordinates. (c) Satellite footprints and the location of the 

ground magnetic stations at Tixie (TIK) and Pebek (PBK) in geographic coordinates. (d, e, 

f) Magnetic fields in radial (Br), azimuthal (Ba), and parallel components (Bp) observed by 

MGF. (g) Magnetic field in the radial component (black) and electric field in the azimuthal 

component (Ea, blue) observed by MMS1. (h) Ground magnetic field in the Y (east-west) 

component at TIK (black) and PBK (blue). (i, j, k) 60-s averaged residual fluxes of H+ and 

O+ ions detected by MEP-i, and 60-s averaged residual flux of electrons detected by MEP-e. 

(l) O+/ H+ ratio of the omni-directional fluxes. 
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Figure 2.  

(a) Power spectra of the magnetic field in the radial component observed by MGF and 

MMS1, the magnetic field in the Y component observed at TIK and PBK, and the electric 

field in the azimuthal component observed by MMS1 at 1830–1910 UT. (b, c) Power 

spectra of the residual fluxes of H+ and O+ ions detected by MEP-i at 1830–1910 UT. 

Colors delineate different energies as indicated in the legend. (d, e) Spectral peak power of 

H+ and O+ ion fluxes at ~2–3 mHz as a function of energies.  
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Figure 3.  

Resonance energies of H+ and O+ ions with fundamental mode (N = 0, 2) waves as a 

function of m, when a dipole magnetic field is assumed. We use frequencies of 1.75 and 3 

mHz, L = 5.8, and a local pitch angle of 90° to calculate the energy.  
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