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Abstract The Magnetospheric Multiscale (MMS) spacecraft observed many enhancements of
electromagnetic ion cyclotron (EMIC) waves in an event in the late afternoon outer magnetosphere. These
enhancements occurred mainly in the troughs of magnetic field intensity associated with a compressional
ultralow frequency (ULF) wave. The ULF wave had a period of ~2-5 min (Pc5 frequency range) and

was almost static in the plasma rest frame. The magnetic and ion pressures were in antiphase. They are
consistent with mirror-mode type structures. We apply the Wave-Particle Interaction Analyzer method,
which can quantitatively investigate the energy transfer between hot anisotropic protons and EMIC
waves, to burst-mode data obtained by the four MMS spacecraft. The energy transfer near the cyclotron
resonance velocity was identified in the vicinity of the center of troughs of magnetic field intensity, which
corresponds to the maxima of ion pressure in the compressional ULF wave. This result is consistent with
the idea that the EMIC wave generation is modulated by ULF waves, and preferential locations for the
cyclotron resonant energy transfer are the troughs of magnetic field intensity. In these troughs, relatively
low resonance velocity due to the lower magnetic field intensity and the enhanced hot proton flux likely
contribute to the enhanced energy transfer from hot protons to the EMIC waves by cyclotron resonance.
Due to the compressional ULF wave, regions of the cyclotron resonant energy transfer can be narrow
(only a few times of the gyroradii of hot resonant protons) in magnetic local time.

1. Introduction

In the magnetosphere, plasma waves strongly affect the dynamics of charged particles. One of the waves
is the electromagnetic ion cyclotron (EMIC) wave. This wave mode can exist at a frequency below the
proton cyclotron frequency with a left-handed polarization (L-mode) (e.g., Cornwall, 1965; Kennel & Pet-
schek, 1966). In the magnetosphere, EMIC waves are often generated in the vicinity of the magnetic equator
(Loto'aniu et al., 2005) and the free energy source is a temperature anisotropy of hot protons (e.g., Corn-
wall, 1965; Fu et al., 2016; Gary et al., 2017; Kennel & Petschek, 1966; Kozyra et al., 1984; Ofman et al., 2017;
Shoji & Omura, 2014). Usually, the growth rate has a maximum at the propagation direction parallel (or an-
ti-parallel) to the background magnetic field. There are stop bands, the frequency ranges where the L-mode
wave cannot exist, just above the cyclotron frequencies of ions, when the plasma is composed of multiple
ion species (Kozyra et al., 1984). For example, in the case where the plasma contains protons, He", and O¥,
there are three distinct frequency bands where EMIC waves can exist. The EMIC waves detected between
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the cyclotron frequency of protons (f. ) and that of He" (f. y..) is called the proton-band EMIC wave. The
wave detected between the cyclotron frequency of O* (f; o,) and f, ., is called the He-band EMIC wave.
The wave detected below f; o, is called the O-band EMIC wave. The stop band just above f; g, is clearly
seen in the statistical studies of EMIC waves observed by spacecraft in the magnetosphere (e.g., Fraser &
Nguyen, 2001; Mauk et al., 1981; X.-J. Zhang et al., 2016).

The EMIC waves can scatter relativistic electrons by cyclotron resonance and can contribute to loss of
the electron radiation belt (e.g., Denton et al., 2019; Kubota & Omura, 2017; Kurita et al., 2018; Lyons &
Thorne, 1972; Miyoshi et al., 2008; Mourenas et al., 2016; Nakamura et al., 2019; Summers & Thorne, 2003;
Thorne & Kennel, 1971). They can also heat heavy ions (e.g., Anderson & Fuselier, 1994; Berchem & Gen-
drin, 1985; Fuselier & Anderson, 1996; Kitamura et al., 2018; Ma et al., 2019; Omura et al., 1985; Roux
et al.,, 1982; Young et al., 1981;J.-C. Zhang et al., 2011). Because the EMIC wave scatters ions, it also contrib-
utes to the precipitation of protons to the atmosphere as proton aurora (e.g., Erlandson & Ukhorskiy, 2001;
Miyoshi et al., 2008; Ozaki et al., 2018; Sakaguchi et al., 2008; Yahnina et al., 2000), and the precipitation
of protons is one of the important decay mechanism of the ring current during geomagnetic storms (e.g.,
Cornwall et al., 1970; Jordanova et al., 2001; Kozyra et al., 1997). Because of such importance, global spatial
distributions of EMIC waves have been extensively studied based on various in situ spacecraft observa-
tions (e.g., Allen et al., 2015; H. Chen et al., 2019; Jun et al., 2019; Keika et al., 2013; G.-J. Kim et al., 2016;
Matsuda et al., 2018; Meredith et al., 2014; Min et al., 2012; Nakamura et al., 2016; Saikin et al., 2016; Us-
anova et al., 2012; X. Y. Wang et al., 2017). Some of the statistical studies include the data obtained in the
outer magnetosphere (Allen et al., 2015; Keika et al., 2013; G.-J. Kim et al., 2016; Min et al., 2012; Usanova
et al., 2012; X. Y. Wang et al., 2017), and they show that the EMIC waves are widely distributed on the day-
side and have an occurrence peak in the afternoon sector.

Because these waves propagate away from the source region (Horne & Thorne, 1993), it is hard to prove
that waves observed by a spacecraft are in the wave source region. This is one of the large difficulties in
the study of electromagnetic waves. Recently the linear theory proxy (Blum et al., 2009; Gary et al., 1994)
or the Kennel-Petschek anisotropy parameter (Noh et al., 2018) has been estimated and compared with
observations of EMIC waves (Allen et al., 2016; R.-L. Lin et al., 2014; Noh et al., 2018; Saikin et al., 2018).
Allen et al. (2016) showed that the linear theory proxy is preferable for the wave growth around the region
where the occurrence of the EMIC waves is relatively high, while R.-L. Lin et al. (2014) stated the linear
theory proxy cannot predict the occurrences of EMIC waves very well even in the vicinity of the equator.
The linear theory proxy often also satisfies the criterion even when the EMIC waves were not observed (Noh
et al., 2018; Saikin et al., 2018). The analysis based on the Kennel-Petschek anisotropy parameter implied
that the proton distribution must often stay close to a marginal state (Noh et al., 2018). Thus, it has been
difficult to discriminate the cases when the EMIC waves were and were not generated locally.

Attempts to detect energy transfer between charged particles and various waves or to detect the efficiency of
pitch angle scattering of particles by waves have been reported and discussed (C. H. K. Chen et al., 2019; Er-
gun, Carlson, McFadden, Clemmons, Boehm, 1991; Ergun, Carlson, McFadden, TonThat et al., 1991; Fuku-
hara et al., 2009; Gershman, F-Vifias et al., 2017; He et al., 2019; Howes et al., 2017; Katoh et al., 2013, 2018;
Kitahara & Katoh, 2016; Kitamura et al., 2018; Klein et al., 2017; Kletzing et al., 2005, 2017; T. C. Li
et al., 2019; Shoji et al., 2017). Katoh et al. (2013) focused on the detection of the electron nongyrotropy
that is caused by nonlinear wave-particle interactions between whistler mode waves and electrons (e.g.,
Omura et al., 2008) and tested the feasibility of such analysis in a simulation. The dot product between the
resonant current and the wave component of the electric field is a key parameter for the energy transfer in
the wave-particle interaction. The analysis method is called the wave-particle interaction analyzer (WPIA)
(Fukuhara et al., 2009). Shoji et al. (2017) applied the WPIA method to data obtained by the Time History of
Events and Macroscale Interactions during Substorms (THEMIS) spacecraft and detected a nongyrotropy of
ions (called an ion hole), corresponding to the resonant current, which proved the energy transfer from ions
to EMIC waves in the magnetosphere. Kitamura et al. (2018) identified the energy transfer rates between
ions and EMIC waves at a temporal resolution of about one wave period. They took advantage of ion meas-
urements from the Magnetospheric Multiscale (MMS) spacecraft with full sky field of view and very high
temporal resolution (~80 measurements in one wave period). The WPIA method used in the present study
is the same as that used by Kitamura et al. (2018) and is described in Section 2.

KITAMURA ET AL.

2of 25

85U8017 SUOWWIOD BAER.D 3|edl|dde ay) Aq peusenob afe ol VO ‘SN o S9InJ 10} Akeid1 78Ul UO 8|1 UO (SUOPUOD-PUE-SWLB)ALIOY A8 1WA eI 1[BU 1 [UO//StY) SUORIPUOD PUe SWe | U1 89S *[£202/T0/S0] Uo Ariqiauliuo A8|im ‘ABojouyde L JO aInisul nusnA Aq ZT6820YC02Z02/620T OT/I0p/uLod A8 | Aseiq1jpuljuo'sqndnfe//sdny woly pepeojumod 'S ‘1202 ‘Z0r669T2



/Y ed N |
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2020JA028912

Modulation of one plasma wave mode by another wave mode is an interesting topic in studies of plas-
ma waves. A clear example is the whistler mode waves modulated by compressional mirror mode waves,
called lion roars, that are frequently observed in the magnetosheath (e.g., Ahmadi et al., 2018; Breuillard
et al., 2018; Kitamura et al., 2020; Maksimovic et al., 2001; Smith et al., 1969; Smith & Tsurutani, 1976; Y.
Zhang et al., 1998). Whistler mode waves are generated in the troughs of magnetic field intensity in the
compressional mirror mode waves and cannot escape from the troughs, in cases where the amplitude of
the compressional mirror mode waves is large (Kitamura et al., 2020). Thus, whistler mode waves are ob-
served by a spacecraft only in the troughs of magnetic field intensity, and this condition causes very clear
modulation (on-off) of whistler mode waves. Similar compressional waves, which are identified as ultralow
frequency (ULF) waves around the frequency range of Pc 5 (period: 150-600 s), are often observed in the
magnetosphere (e.g., Baumjohann et al., 1987; Constantinescu et al., 2009; Lanzerotti et al., 1969; Taka-
hashi, Lopez et al., 1987; X. Zhu & Kivelson, 1994), and some of them include whistler mode waves only in
the vicinity of the troughs of magnetic field intensity (Baumjohann et al., 2000; Dubinin et al., 2007; W. Li
et al., 2011; Xia et al., 2016; X.-J. Zhang, Angelopoulos et al., 2020; X.-J. Zhang, Chen et al., 2019). On the
other hand, the effect of ULF waves on EMIC waves is less understood, although the generation process of
the whistler mode wave and the EMIC wave have much in common, except for the energy source: aniso-
tropic electrons and ions, respectively. Events where the EMIC waves were likely modulated by a Pc 5 ULF
wave were found and analyzed by Barfield and Coleman (1970) and Barfield and McPherron (1972). Large
magnitude Poynting fluxes of EMIC waves were detected in the vicinity of the troughs of the magnetic
field intensity (compressional component) of the ULF wave. This modulation is the same as that of lion
roars. Although there are some studies of EMIC waves in ULF waves that followed these studies, most of
the later studies focused on the toroidal mode of ULF waves (Mursula et al., 2001; Rasinkangas et al., 1994)
or could not investigate the wave modes of ULF waves in space because only ground-based observations
were available (Kakad et al., 2019; Plyasova-Bakounina et al., 1996; Rasinkangas & Mursula, 1998). Using
the magnetic field and electric field data obtained by the Combined Release and Radiation Effects Satellite,
Loto'aniu et al. (2009) found events with modulations of EMIC waves in compressional ULF waves similar
to the example studied by Barfield and Coleman (1970) and Barfield and McPherron (1972). A decrease
in Alfvén velocity and the cyclotron resonance energy due to the compressional ULF wave is suggested as
the cause of the modulation, while a lack of particle measurements made it difficult to discuss the detailed
feature of modulation of ions, for example, the temperature anisotropy. Loto'aniu et al. (2009) also found
time intervals during which the EMIC wave appeared near the peaks of magnetic field intensity, contrary
to the modulation discussed above. S. Liu et al. (2019) reported an event of modulations of EMIC waves in
a ULF wave with a large compressional component. The EMIC waves were detected near the troughs of the
magnetic field intensity, and the authors suggested that a fast mode wave, which was generated by quasipe-
riodic solar wind proton dynamic pressure enhancements observed in the interplanetary medium, was the
cause of the ULF wave, while limited temporal resolution of the in-situ ion data (70 s) made it difficult to
investigate the modulation of ions in the ULF wave in detail. Although X.-J. Zhang, Mourenas et al. (2019)
also studied the EMIC waves in compressional ULF waves in the inner magnetosphere, no clear modulation
was found. Thus, the detailed feature of modulations of EMIC waves and ions in compressional ULF waves
is not well understood.

Statistical studies by X. Zhu & Kivelson (1991) and Nishi et al. (2018) showed that many magnetospheric
compressional ULF waves have an antiphase relation between the magnetic and ion pressures. Based on
event studies, such compressional ULF waves in the magnetosphere are thought to be generated by the
drift mirror instability in many cases because of the antiphase relation and/or their small phase velocities
in the plasma rest frame (e.g., Baumjohann et al., 1987; Constantinescu et al., 2009; Korotova et al., 2009;
Lanzerotti et al., 1969; Rae et al., 2007; Soto-Chavez et al., 2019; Takahashi, Lopez et al., 1987; Vaivads
et al., 2001; X. Zhu & Kivelson, 1994). The condition of the mirror instability is

T

1
PR - >0, 1
T 0

para ﬁi _perp

where T perp and T pqra are the ion temperatures perpendicular and parallel to the magnetic field, respec-
tively, and B;_perp is the ratio of the perpendicular ion pressure to the magnetic pressure (Hasegawa, 1969). As
shown in Equation 1, the ion temperature anisotropy (Ti_perp > Ti_para) is necessary for the mirror instability.
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Origin at MMS centroid Origin at MMS centroid

®vMms1 @ vvs2 @ MMS3 @ vMS4a ® vMS1 @ vMMS2 @ MMS3 @ MMS4

Figure 1. Formation of the MMS spacecraft in the field-aligned coordinates during EMIC wave events, where the burst data are available. (a) Event 1, and (b)
Event 2. Magenta bars indicate the wave normal directions. EMIC, electromagnetic ion cyclotron; MMS, Magnetospheric Multiscale.

This anisotropy is the same as that for the cyclotron instability to generate EMIC waves. Thus, the co-ex-
istence of mirror mode structures and EMIC waves itself has been a subject of many studies (Ahmadi
et al., 2016; Gary, 1992; Hubert et al., 1998; Shoji et al., 2009).

In the present study, using data obtained by the four MMS spacecraft (Burch et al., 2016), we investigate the
propagation properties of ULF waves and EMIC waves observed in a ULF wave event in the late afternoon
magnetosphere. Furthermore, we demonstrate an energy transfer from hot resonant anisotropic protons to
EMIC waves, which is a strong indicator of the wave growth. We show that the observed ULF wave is almost
a static structure in the plasma rest flame. Thus, we estimate the spatial extent of the EMIC wave and the
region of the energy transfer in the ULF wave (or the magnetic field structure).

2. Geomagnetic Conditions, MMS Spacecraft and Data set

The event in this study was observed near the beginning of the first orbit of Phase-1a (September 1, 2015)
of the MMS mission. The apogee of MMS in Phase-1a, which focused on the dayside magnetopause region,
was ~12 Earth Radii (Rg). The spacecraft separation on September 1, 2015 was ~160 km (~0.025 Rg) (Fig-
ure 1) (Fuselier et al., 2016). This scale is much smaller than the wavelengths of ULF and EMIC waves and
the gyro-radius of hot protons (10-30 keV) as discussed in Appendices A and B. Thus, data are averaged
over all four MMS spacecraft unless otherwise noted.

Using data from the fluxgate magnetometers (FGM) (Russell et al., 2016), we determined the background
magnetic field (By_yrr and By_gwmic), wave magnetic field (By_yrr and By gmic), magnetic field intensity
(By), and ion cyclotron frequencies (f; = Q./27 = qB,/(2nm;)), where q and m; are the charge and mass
of ions, respectively. In the time interval shown, the sampling rate of FGM was 16 samples/s (fast survey).
A fast Fourier transform (FFT) is applied to the FGM data to isolate the component of ULF and EMIC
waves. To create waveform data (By, yrr and By, gmic), an inverse FFT is applied to the Fourier-transformed
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components of the FGM data between 0.001 and 0.05 Hz (period: 20-1,000 s) and between 0.05 and 0.15 Hz
(period: 6.67-20 s), respectively. The same method (a combination of FFT and inverse FFT) is also used
for frequency filtering hereafter. The low-pass filtered components below 0.001 and 0.05 Hz are derived
for the background magnetic field data (By_yrr and By_gmic, respectively), and they are used to define the
field-aligned coordinates (FAC) for the analysis of ULF and EMIC waves. For the analysis of ULF (EMIC)
waves, the intervals of 10:30:00-12:46:32 (12:11:14-12:15:30 and 12:15:28-12:24:00) UT on September 1,
2015 were used for this filtering. The +z-direction of FAC corresponds to the direction of the background
magnetic field. The +x-direction is defined as the cross product of the geographically eastward vector and
the +z-direction. Thus, the x-direction is close to the radially outward direction. The remaining direction
(y) is defined to complete an orthogonal right-handed coordinate system, and is close to the azimuthally
eastward direction.

Only the component below 0.05 Hz (E,) of fast survey electric field data from the double probes (EDP) (Er-
gun et al., 2016; Lindqvist et al., 2016; Torbert et al., 2016) with a sampling rate of 32 samples/s were used
to derive the E x B drift velocity of the background plasma in Appendix A. As described in supplemental
material of Kitamura et al. (2018), EDP data could not be used to analyze the EMIC wave electric field in
the present case (wave frequency, fy gmic ~ 0.1 Hz), because there was a fluctuation with an amplitude
comparable to the EMIC wave electric field around a frequency of ~0.1 Hz (half of the spin period) that
was likely caused by ion beams from the Active Spacecraft Potential Control (ASPOC) neutralizers (Torkar
et al., 2016). Because f, gvic was much lower than f; g, in the events analyzed, perpendicular EMIC wave
electric fields (Ey _gmic) wWere estimated from the cross product of the magnetic field and the cold ion veloc-
ity (vi_coa) calculated as a moment of distribution functions of ions observed by the Fast Plasma Investiga-
tions (FPI)-Dual Ion Spectrometer (DIS) (Pollock et al., 2016), with a correction because of the non-zero fre-
quency. The ions in the energy range of 10-257 eV are used for the moment calculations of v;_¢e4. Kitamura
et al. (2018) described a more detailed explanation in their supplemental material.

We use data from FPI-DIS, which has a full-sky field of view with temporal resolutions of 0.15 and 4.5 s in
the burst and fast survey modes, respectively. The angular resolution is 11.25°. In Phase-1a, DIS covered the
energy from 10 eV to 30 keV. Because wave observations in the magnetosphere are not the main target of the
MMS mission, burst data exist only in a very limited part (two EMIC wave events in troughs of By yrr) of the
time interval of the ULF waves. We analyzed energy transfer from hot protons to EMIC waves in detail for
the two EMIC wave events using burst mode data. Fast survey data are mainly used for the analysis related
to the ULF waves. To determine v;_cq1q for the analysis related to the ULF waves, fluctuations above 0.05 Hz
were removed from v;_ce1q. Fast survey data (temporal resolution: 4.5 s) from FPI Dual Electron Spectrom-
eter (DES) (Pollock et al., 2016), which cover the energy range from 10 eV to 30 keV, are additionally used
mainly for calculations of plasma pressure. Although the upper limit of the energy range is 30 keV, the con-
tribution from the population with energies >30 keV is taken into account for the moments in the Level-2
data by extrapolation as described by Pollock et al. (2016). Internal photoelectrons are subtracted from DES
data (Gershman, Avanov et al., 2017).

We derive the energy transfer rate (perpendicular to By gmic) using the WPIA method (e.g., Fukuhara
et al., 2009; Katoh et al., 2013, 2018; Kitamura et al., 2018; Shoji et al., 2017). The energy transfer rate be-
tween ions and waves is calculated as the dot product of Ey, gmrc and ion current (j). Negative j - E indicates
that the wave is gaining energy from ions (wave growth). We derived j - Ey, gmic in various ranges of energy
(~11-30 keV) and pitch angles (33.75°-146.25°) using the same method as Kitamura et al. (2018). To reduce
the effect of the diamagnetic current associated with the large gradient of ion pressure in a compressional
ULF wave, which does not rotate with Ey, gmic and sometimes causes large fluctuations of j - Ey,_gmic, 15-5
(~one wave period of the EMIC wave) moving averaged j - Ey, gvrc Was used (Kitamura et al., 2018). Be-
cause a detailed analysis of the distribution function was performed by Kitamura et al. (2018) for one of the
events, we focus on the observed temporal variation of j - Ey, gwmic in the present manuscript.

FPI-DIS sampled odd energy steps (32 steps), called parity 0, in the first half of each 0.3 s interval, and sam-
pled even energy steps (parity 1) in the second half during Phase-1a. This sampling causes a change of the
energy range and a fluctuation of j with a period of 0.3 s when data in both parties are used. Nevertheless,
because only the 15-s moving averaged j - Ey,_gmic is used as discussed above, the effect of the fluctuation
is smoothed out. The energy ranges shown in the titles of figure panels are the average of those of parity 0
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Figure 2. Overview of the EMIC waves and plasma data in the ULF wave. (a) Wave components of the magnetic field in the frequency range of 0.001-0.05 Hz
(Bw_uLp), (b) plasma (ion and electron) and magnetic pressures, (c) ion temperature ratio (T_perp/ Ti_para), (d) the condition of the mirror instability, and (e)
wavelet power spectrum of magnetic fields in the perpendicular (x-y in FAC) plane with cyclotron frequencies of He" (f, 1.4, gray curve) and O* (f; ., white
curve). Fast survey data are used for this plot. The period when the burst data are available is indicated by a blue bar above this plot. The intervals shown in
Figure 3 (Event 1) and 4 (Event 2) are indicated by black and red bars, respectively, above the panels. Vertical dashed lines indicate the minima of By, yir ,
when enhancements of EMIC waves were detected around the minima. EMIC, electromagnetic ion cyclotron; FAC, field-aligned coordinates; ULF, ultralow

frequency.

and parity 1. In the case where we calculate j - Ey, gmic using the data from all four spacecraft, j and Ey _gwmic
were averaged separately, and then the dot product between them was calculated.

We verified that the FPI-DES burst mode data used in this study are not lossy compressed before the down-
link (see Barrie et al., 2017, 2019 about lossy compression of the FPI data). Although the temporal resolu-
tion of the fast survey data obtained by FPI is higher than the wave period of the EMIC wave, as shown in
the next section, the fast survey data always has high lossy compression (Barrie et al., 2017). Furthermore,
because the fast survey data of FPI-DIS is the average of a series of 30 burst data points, breaking down to
higher resolution data, as performed by Shoji et al. (2017) for the ion data obtained by the THEMIS space-
craft, is impossible. Thus, the burst data are necessary for the analysis of energy transfer on the basis of the
WPIA method.

Fast survey data from the Hot Plasma Composition Analyzer (HPCA) (Young et al., 2016), which measures
protons, He**, He™, and O" in the energy range of ~1 eV-40 keV at a temporal resolution of 10 s, are used to
confirm that protons were the dominant ion species (>95%). Because the E X B drift velocity was ~30 km/s
(Appendix A), even cold He" and O* with zero velocity in the plasma rest frame must have energies of ~19
and 75 eV, respectively, in the frame of the spacecraft and these energies are within the energy range of
HPCA when ASPOC is on (spacecraft potential ~4 V).

3. Results
3.1. Overview of ULF and EMIC Waves

The ULF waves were observed from ~10:30 UT to at least 13:30 UT on September 1, 2015. During the period
shown in Figure 2 (11:00—12:30 UT), MMS spacecraft traversed the late afternoon outer magnetosphere at
the magnetic local time (MLT) from 15.9 to 16.2 h, the magnetic latitude (MLAT) from —23.3° to —23.6°,
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and dipole-L value from 11.7 to 12.9. This magnetic latitude is calculated as the angle from the z = 0 plane
in the solar magnetic coordinate.

The geomagnetic activity and the solar wind conditions were quiet. The AL and SYM-H indices were
>—154 nT and —7 to —3 nT, respectively. The Kp index was 1+ (09:00-12:00 UT) and 1 (12:00-15:00 UT).
After August 30, 2015, which was in the recovery phase of a geomagnetic storm that had multiple minima of
the SYM-H index around August 27—28, 2015, the Kp index was 2— or smaller. The time-shifted solar wind
(OMNI 5-min) data between 11:00 and 12:30 UT indicate that the y and z components of interplanetary
magnetic fields in Geocentric Solar Magnetospheric (GSM) coordinates stayed in the ranges from —4.20 to
0.64 and from —2.21 to 1.06 nT, respectively. The solar wind dynamic pressure was ~1.2 nPa (1.12-1.31 nPa)
without large pressure pulses, although many EMIC wave events related to enhancements of solar wind
dynamic pressure have been reported (e.g., Cho et al., 2016; Cho et al., 2017; Engebretson et al., 2018; K. H.
Kim et al., 2017).

The MMS spacecraft encountered a density enhancement (Appendix C) until ~12:21 UT, interpreted to
be a plasmaspheric plume. Upon exiting the plume at ~12:21 UT a strong enhancement is observed in the
differential electron energy flux (Figure S1a) at energies higher than ~200 eV. Ions fluxes (Figure S1b) are
observed with energies higher than ~1 keV that do not show clear changes, except for semi-periodic fluc-
tuations related to the ULF wave that is discussed in detail later. The plume exit was likely the boundary
between the region of eastward drifting hot electrons originally injected from the nightside and the inner
region of high-density cold plasma, where injected hot electrons cannot penetrate.

The ULF wave periods were about 2-5 min, which is in the Pc5 frequency range (Figure 2a and Figure S1c).
Because the velocity of propagation is estimated as ~30 km/s (westward) (Appendix A), the wavelength
is estimated as ~3,600-9,000 km that corresponds to the azimuthal wave number m from ~—55 to —140.
The feature of the ULF waves at 10:30-11:00 UT (not shown) was similar to that at 11:00-11:30 UT. The
fluctuation of By, yrr (0.001-0.05 Hz) was largest in the compressional component (z component in FAC),
especially after ~11:50 UT (Figure 2a). The plasma (ion + electron) pressure was dominated by ions, and
the fluctuations of the magnetic and ion pressures were in antiphase, such that the total pressure remained
almost constant (Figure 2b). The plasma f3, the ratio of the plasma pressure to the magnetic pressure, was
close to 1, except for some large troughs of magnetic field intensity (8 ~ 2-3) (Figure S1d). Hot ion fluxes
at 14-30 keV had a peak around the pitch angle of 90° (Figure Sle), and thus perpendicular §8 is larger than
parallel 8. In many cases, the ion temperature ratio (T} _perp/ T’ para) had a peak in a trough of magnetic field
intensity (Figure 2c). These characteristics are consistent with the idea that the compressional fluctuations
are generated by the mirror mode type instability (e.g., Hasegawa, 1969). Nevertheless, the condition of the
mirror instability (Equation 1) was satisfied only at the center of some of the troughs (Figure 2d). This will
be discussed in Section 4.3. Interestingly, butterfly type pitch angle distributions of ions, which have been
predicted and observed in mirror structures (Kivelson & Southwood, 1996; Soucek & Escoubet, 2011), were
identified around 2 keV in Event 1 (Figure S2a) and around 3 keV in Event 2 (Figure S2b).

Rae et al. (2007) and X. Zhu & Kivelson (1991) indicate that such compressional fluctuations are confined
in the vicinity of the magnetic equator (= minimum of magnetic field intensity along field lines here). This
confinement is consistent with the estimation by Kitamura et al. (2018) that the location of the MMS space-
craft was close (~1.5 Rg) to the minimum of magnetic field intensity (minimum-B).

Many enhancements of He-band EMIC waves (below f; ye.) Were detected in the vicinity of the troughs of
the magnetic field intensity (Figure 2e), although the one-to-one correspondence is less clear than in the cas-
es of whistler-mode waves observed in compressional waves (Baumjohann et al., 2000; Dubinin et al., 2007;
W. Li et al., 2011; Xia et al., 2016; X.-J. Zhang, Angelopoulos et al., 2020; X.-J. Zhang, Chen et al., 2019). This
point is discussed in Section 4.2. In some cases, weaker proton-band EMIC waves (between proton cyclo-
tron frequency (f. 14 and f; yey) Were observed simultaneously with He-band EMIC waves. Burst data are
available only during the last two enhancements (Event 1 and Event 2) of He-band EMIC waves, for which
detailed analyses are performed in the next section.
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Figure 3. The detailed characteristics of the EMIC wave (Event 1). (a) The magnetic field from FGM in the GSM coordinates, (b) wave components of the
magnetic field in the frequency range of 0.05-0.15 Hz (By, gmic), (¢) wave components of the estimated electric field in the frequency range of 0.05-0.15 Hz
(Ew_gmic), (d) 15-s moving averaged Poynting flux parallel to By gmic, (€) 15-s moving averaged j - Ey_gmic (ions in the pitch angle (PA) range of 33.75°-78.75°
with energies of 14-30 keV), and (f-i) pitch angle spectra of j - Ey, gmic in the energy ranges of 23-30, 18-23, 14-18, and 11-14 keV. EMIC, electromagnetic ion
cyclotron; FGM, fluxgate magnetometers; GSM, Geocentric Solar Magnetospheric.

3.2. Energy Transfer Between Hot Protons and EMIC Waves

The trough of magnetic field intensity in the vicinity of Event 1 was a relatively small structure because the
period of By, urr , Was short compared with other troughs (Figure 2a). An enhancement of EMIC waves was
observed in the vicinity of the center of the trough (Figures 3a-3c). Because the field-aligned component of
the Poynting flux was negative (Figure 3d), the EMIC wave propagated southward (anti-parallel to By gmrc)-
Because the z (field-aligned) component of grad B, gmic wWas continuously negative (Figure S1g), the EMIC
wave came from the region where the magnetic field intensity was smaller. Thus, the wave generation
would start in the vicinity of minimum-B along the field line and the generated wave propagated toward
the polar region. Although sometimes minimum-B points can exist at mid-latitude in the outer part of the
magnetosphere (mainly in the dayside) and EMIC waves can be generated there (Allen et al., 2013; J. H.
Lee et al.,, 2019; Y. H. Liu et al., 2012; Vines et al., 2019), the model magnetic fields (Thébault et al., 2015;
Tsyganenko & Stern, 1996) suggest that this was not the case here, as described by Kitamura et al. (2018)
in their Supplemental Material. The model magnetic field intensity at the location of the spacecraft is ~8%
larger than that at the minimum-B.

Because the EMIC wave propagated anti-parallel to the magnetic field, the cyclotron resonance velocity
became positive and some of the ions with pitch angle <90° can resonate. For the background magnetic
field intensity of 26 nT and the wave frequency (fgmic) of 0.0769 Hz as observed, the parallel components
of the phase velocity (Vpn_para) @and the cyclotron resonance velocity (Vi) were calculated as ~—330 and
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~1,370 km/s, respectively (Appendix B). In the energy range of 18-30 keV, this V., corresponds to the pitch
angle of 42°-55° (Figure S2a). Negative j - Ey gmic in the energy range of 14-30 keV and the pitch angle
range of 33.75°-78.75° was seen by all four spacecraft (Figure 3e). This demonstrates that the cyclotron res-
onance transferred energy from hot anisotropic (and nongyrotropic) protons. A large magnitude of negative
Jj - Ew_emic appeared in the top two energy bins (Figures 3f and 3g) (For comparison, j - Ey, gmic in the next
two energy bins are also shown in Figures 3h and 3i.) Because the wave looks coherent around the large
negative j - Ey, gmic, @ spread of the large magnitude of negative j - Ey, gmic in the pitch angle is likely caused
by nonlinear trapping of resonant protons and a spatial variation of the magnetic field intensity (and other
plasma parameters) that affects the dispersion relation of the EMIC wave and the resonance condition. Be-
cause the frequency variation of the EMIC wave is unclear (Figure S3a), the gradient of the magnetic field
intensity along the field line (increase in magnetic field intensity with wave propagation) would mainly
contribute to the nonlinear trapping of resonant protons with a negative j - Ey, gmic (Omura et al., 2010).
The nonlinear trapping of resonant protons will be discussed in detail in another manuscript.

The positive j - Ey,_gmic for ions moving in the opposite direction could be the effect of the Landau reso-
nance. The Landau resonance condition (=V}_para) is also shown in Figure S2a. Note that because only the
components of j and Ey, gmic perpendicular to By gmic are considered in the present study, on average the
protons are accelerated in the direction perpendicular to By gmic due to the energy transfer. The interaction
would be the same type as of the interaction between the oblique whistler-mode waves and electrons (Hsieh
& Omura, 2017, 2018; Omura et al., 2019; Shklyar & Matsumoto, 2009). The small but non-zero amplitude
of the z component of By, gmic compared with the magnitude of the x-y component of By_gmic (Figure 3b)
indicates that the wave normal angle of EMIC wave is slightly oblique (~22° estimated in Appendix B).

The magnetic trough in the vicinity of Event 2 was a relatively large structure (long period of By, yr ;) in the
troughs (Figure 2a). An enhancement of EMIC waves was widely distributed in the large trough of magnet-
ic field intensity (Figures 4a-4c). The EMIC wave tended to propagate southward (anti-parallel to the mag-
netic field) (Figure 4d). Thus, the situation was similar to Event 1. Negative j - Ey, gmic in the energy range
of 14-30 keV and the pitch angle range of 33.75°-78.75° was seen around 12:18:30 UT by all four spacecraft
(Figure 4e). For the background magnetic field intensity of 22.5 nT and frmic = 0.0851 Hz (=2/23.50) as ob-
served, Vi _para and Vies were calculated as ~—320 and ~960 km/s, respectively (Appendix B). In the energy
range of 18-30 keV, this Vs corresponds to the pitch angle of 59°-66° (Figure S2b). A large magnitude of
negative j - Ey,_gmic concentrated above ~18 keV (top two energy bins) (Figures 4f-4i). The detailed feature,
especially nongyrotropic distribution of ions, in the vicinity of the minimum of j - Ey, gmic Was studied by
Kitamura et al. (2018). In addition to the gradient of the magnetic field intensity along the field line, slight
increase in time of the wave frequency (~12:18:10-12:18:35 UT in Figure S4a) would contribute to the non-
linear trapping of resonant protons with a negative j - Ey, gmic (Omura et al., 2010).

4. Discussion
4.1. Size of EMIC Waves

Interestingly, the temporal variation of the Poynting flux observed by MMS4 in Event 1 preceded that ob-
served by MMS1-3 by ~1-5 s (Figure 3d). If the EMIC wave is fixed in the mirror mode like structure, which
is observed as the compressional ULF wave, moving westward with a velocity of ~40 km/s (Appendix A),
the time difference must be ~3.5 s, because the position of MMS1-3 is ~140 km westward from MMS4.
Thus, the EMIC wave was probably generated quasi-continuously (at least longer than the time scale of
the passage of the spacecraft) at the magnetic trough and the variation of the magnitude of the Poynting
flux was probably caused by a spatial effect (limited spatial extent of the EMIC wave). Such a measurement
of an apparent wave packet (due not to temporal but to spatial effect) is similar to the situation for some
whistler-mode waves in the compressional structures in the magnetosheath (Kitamura et al., 2020). Un-
der the assumption that the observed variation of j - Ey, gwmic is also such a spatial effect, we can estimate
the spatial extent along the direction of the propagation (~—y in FAC) of the mirror mode like structure
(compressional ULF wave) of the region where the energy transfer was occurring. The extent was ~920
(~1,740) km on the basis of the velocity of ~40 km/s and the duration for which j - Ey, gmic for the pitch
angle of 33.75°-78.75° and the energy range of 14-30 keV was more negative than 50% (10%) of the mini-
mum value (Figure 3e). This extent is comparable with the diameter of cyclotron motion (2 X gyro-radius)
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Figure 4. The detailed characteristics of the EMIC wave (Event 2). The format is the same as that of Figure 3. EMIC, electromagnetic ion cyclotron.

of protons that had a large magnitude negative j - Ey, gmic. For example, the gyro-radius of protons with
an energy of 23 keV and a pitch angle of 50° is ~650 km in the vicinity of the minimum of magnetic field
intensity (~26 nT). A large-amplitude EMIC wave (maximum By, gvrc/Bo gmic ~ 0.08) would be generated
even in such a nonuniform region. J. Lee et al. (2013) reported that the typical coherent dimension of EMIC
waves is 10-16 gyroradii of 100 keV protons. In the present case, the gyroradius of 100 keV protons with a
pitch angle of 90° is 1,760 km, which is comparable with the spatial extent of the region where the energy
transfer was occurring. Thus, the spatial extent can be much smaller than the typical scale of EMIC waves,
and the modulation by the mirror mode like structure (compressional ULF wave) would produce such a
small spatial extent.

Similar estimation of the spatial extent of the region where a large energy transfer occurred can be per-
formed for Event 2, under the assumption that the observed variation of j - Ey,_gmic is a spatial effect. The
extent was ~960 (~2,500) km on the basis of the velocity of ~45 km/s and the duration for which j - Ey, gmic
for the pitch angle of 33.75°-78.75° and the energy range of 14-30 keV was more negative than 50% (10%)
of the minimum value (Figure 4e). In this case (IBy_gmicl ~ 22.5 nT), the gyro-radius of protons with an
energy of 23 keV and a pitch angle of 63° (on the cyclotron resonance condition) is ~870 km. This extent is
comparable with the diameter of cyclotron motion (2 X gyro-radius) of protons that had a large magnitude
negative j - Ey,_gmic. It is similar to the case of Event 1.

Interestingly, the region with a large magnitude of negative j - Ey, gmic Was localized as compared with the
duration of the EMIC wave in Event 2 (Figure 4c and 4e). The region was close to the minimum of B, gyic
in the mirror mode like structure (compressional ULF wave), and the situation is similar to Event 1. Because
of the much smaller magnitude of the z component of By, gmic than that of the x-y component of By gwmic
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(Figure 4b), and the southward propagation, the propagation angle must
be almost anti-parallel to By_gmic. Thus, the EMIC wave observed outside
the region with a large magnitude negative j - Ey,_gmic Was probably gen-
erated elsewhere, and would not be directly connected to the EMIC wave
observed in the region with the large magnitude of negative j - Ey, gmic.
Probably, there were multiple coherent EMIC waves with a spatial ex-
tent perpendicular to By_gmic much smaller than that of the single large

-——- trough of By gmic. Some differences in the Poynting flux among the space-
craft (Figure 4d), which had separations of only ~160 km, support this
idea.

B Note that it is not clear how often such a spatial effect becomes important

for observations of wave packets. Probably, real temporal changes of the
wave amplitude also produce wave packets. In some case, co-existence
of multiple waves with different frequencies, as reported by X.-J. Zhang,
Mourenas et al. (2020) for whistler mode waves, can also produce wave
packets. On the basis of the present study, we suggest that very local-

Figure 5. The schematic of the observed and expected features of ULF ized waves can also become a candidate of the causes of observed wave
waves and EMIC waves. The dotted line is the location of the magnetic packets. Fully revealing the cause of each wave packet is difficult, and is

equator if the compressional structures do not exist. The compressional
ULF waves probably have an antisymmetric standing structure about the

beyond the scope of this study.

magnetic equator as suggested by other studies (Baumjohann et al., 1987; If the EMIC waves are spatially localized perpendicular to By gyc, it will

L. Chen & Hasegawa, 1991; Cheng & Lin, 1987; Cheng & Qian, 1994;
Korotova et al., 2013, 2009; Takahashi, Fennell et al., 1987; Takahashi,

be difficult to detect an EMIC wave from a specific coherent source for

Lopez et al., 1987; Tian et al., 2020; Vaivads et al., 2001; X. Zhu & a long time because of the small spatial extent of the EMIC wave and
Kivelson, 1994). EMIC waves are expected to be generated in the vicinity of  the drift of the background plasma (=motion of the compressional struc-
the minimum-B along field lines in the trough of magnetic field intensity ture). For example, if an EMIC wave with a period of 15 s has no tem-
and to propagate northward and southward. EMIC, electromagnetic ion poral amplitude variations with a transverse spatial extent of 1,500 km

cyclotron; ULF, ultralow frequency.

and the drift velocity of ~40 km/s is assumed, a spacecraft crossing the

EMIC wave will observe a wave packet for a duration of 37.5 s, which

corresponds to only 2.5 times the wave period. The apparent wave packet
observed by the spacecraft would then have a broad power spectrum in frequency, even if the EMIC wave in
the plasma rest frame is perfectly coherent and has no temporal variation of the frequency and amplitude
(infinitely narrow in the power spectrum). In Event 2, there were likely multiple coherent EMIC waves with
a small spatial extent perpendicular to By_gmic in the single large trough of B, gumic. Especially in such a case,
we need to be careful when discussing detailed characteristics of the wave using observed wave spectra, and
the observed waveform may appear not to be very coherent.

4.2. Entire Picture of the Mirror Mode like Structure (Compressional ULF Wave) and EMIC
Waves

Other spacecraft observations of similar compressional structures (Korotova et al., 2013; Takahashi, Fennell
et al., 1987; Takahashi, Lopez et al., 1987; Vaivads et al., 2001; X. Zhu & Kivelson, 1994) and theoretical stud-
ies (L. Chen & Hasegawa, 1991; Cheng & Lin, 1987; Cheng & Qian, 1994) indicate that the compressional
structures have an antisymmetric standing structure about the magnetic equator (Figure 5). During the
interval studied here, the parallel component of grad B, gyvic wWas almost continuously negative (Figure S1g).
Thus, the spacecraft stayed south of minimum-B along the field lines in the compressional structures, al-
though we cannot prove the antisymmetric standing about the minimum-B directly from the observed data.
Such an antisymmetric standing can explain the appearance of (weak) EMIC waves even in the vicinity of
the peaks of observed By gmic, as discussed below.

The energy transfer from hot anisotropic protons to EMIC waves (negative j - Ey gmic) by cyclotron res-
onance was detected only in the vicinity of the center of the troughs of B, gvic (A and B in Figure 5). In
some cases, there were multiple EMIC waves in a trough of B, gwmic as observed in Event 2 (B in Figure 5). A
decrease in cyclotron resonance velocity due to a decrease in magnetic field intensity and an increase in hot
proton pressure (and usually temperature anisotropy) in the upstream region in the vicinity of minimum-B
along field lines can enhance the growth rate of EMIC wave in the linear stage and can enhance the local
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nonlinear growth rate owing to an increase in number of particles around the cyclotron resonance velocity.
The observed characteristics are consistent with the idea, although the usable burst data are limited (only
two EMIC wave events).

Because the distribution functions of hot ions were almost symmetric about the pitch angle of 90° (Fig-
ures Sle and S2), the EMIC waves must be generated bi-directionally in the vicinity of the minimum-B
along field lines in the regions of small magnetic field intensity in the compressional structures (Figure 5),
although any asymmetry of gradient of the magnetic field intensity along the field line with respect to the
minimum-B may cause asymmetry of nonlinear wave growth. If the antisymmetric standing of the com-
pressional structure occurred as expected, the magnetic field lines in the vicinity of the peak of By gyic must
be connected to a compressional structure on the northern side. If bi-directional EMIC waves are generated
there and damping along the propagation path is not sufficiently strong, the EMIC waves may reach the lo-
cation of the spacecraft on the southern side (C in Figure 5). If damping along the propagation path is large,
EMIC waves would not be detected (D in Figure 5). The EMIC waves that appeared outside the trough of
By gmic (relatively weak in most of the cases) may be explained by such propagation. Future investigations
of not only the modulation of EMIC but also the energy transfer (j - Ey,_gmic) Will be necessary for a more
robust understanding of the effect of mirror mode like structures (compressional ULF waves) on the EMIC
waves.

The situation seems to be similar to that of whistler-mode waves that are frequently modulated by com-
pressional structures in the magnetosheath (e.g., Ahmadi et al., 2018; Breuillard et al., 2018; Kitamura
et al., 2020; Maksimovic et al., 2001; Smith et al., 1969; Smith & Tsurutani, 1976; Y. Zhang et al., 1998) and
sometimes even in the magnetosphere (Baumjohann et al., 2000; Dubinin et al., 2007; W. Li et al., 2011;
Tenerani et al., 2013; Xia et al., 2016; X.-J. Zhang, Angelopoulos et al., 2020; X.-J. Zhang, Chen et al., 2019).
The EMIC waves were, however, detected even out of troughs of By guic in the present study, whereas whis-
tler-mode waves appear only in the trough of the magnetic field intensity in most of the cases. Perhaps, this
difference is related to the propagation and/or damping outside of the troughs rather than the generation
process. Such a perspective will be important for further progress in understanding of the effect of mirror
mode like structures (compressional ULF waves) on higher frequency waves.

4.3. Condition of the Mirror Instability in ULF Waves

The condition of the mirror instability was satisfied only at the center of some troughs of magnetic field
intensity (Figure 2d). Similar situations have been reported in many events in the magnetosphere (Koroto-
va et al., 2009; Vaivads et al., 2001; X. Zhu & Kivelson, 1994) and sometimes even in the magnetosheath
(Balikhin et al., 2009). Although some studies about compressional ULF waves with the antiphase relation
stated that the ULF waves were not consistent with the mirror mode because the condition of the mirror
instability was not satisfied (Nishi et al., 2018; Takahashi, Fennell et al., 1987), once a mirror mode structure
is generated by the instability, the structure would not collapse soon even if the surrounding environment
changes to the condition under which the mirror instability cannot grow. Statistical studies of mirror mode
structure in the magnetosheath showed that there are significant numbers of mirror mode like structures
that do not satisfy this condition (Génot et al., 2009; Soucek et al., 2008). This fact supports the possibility
that the mirror structure would not collapse soon in the stable region. Thus, the observed feature of the ULF
wave is consistent with the idea that the ULF wave was the structure generated by the mirror instability at a
different time and location and drifted to the location of the spacecraft without collapsing.

We cannot rule out the possibility that the structure was generated locally by the effects that were not
considered by Hasegawa (1969) (for example, coupling with ballooning mode (L. Chen & Hasegawa, 1991;
Cheng & Qian, 1994)). It is also possible that the structure was mainly generated at a different location (near
minimum-B?), because the condition of the mirror instability might be more frequently satisfied at mini-
mum-B along field lines where the magnetic pressure was lower and the ion pressure was higher than that
at the spacecraft location. If rapid growth of mirror structures occurred simultaneously with the growth of
EMIC waves, we could not conclude that the EMIC wave growth is modulated by mirror mode like struc-
tures (ULF wave), nonetheless, there is no evidence of rapid local growth of mirror mode like structures.
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The compressional ULF waves were quasi-continuously detected for at least ~3 h. This would be the result
of a passage of fairly stable structures rather than continuous observations of local rapid growth. Because
MMS took 2-5 min to pass through a trough of magnetic field intensity, the time needed for the generation
must have been longer than 2-5 min, if local generation was important. Thus, we believe that the EMIC
wave growth (at least within ~5 min just before the observation) was probably modulated by (preexisting)
mirror mode structures (ULF wave). Further detailed analysis of the generation process of the compression-
al ULF wave is beyond the scope of the present study.

4.4. Limitation for Understanding of the Wave Growth (or Damping) of EMIC Waves

The WPIA method used in the present study is a very powerful way to understand the detailed characteris-
tics of wave-particle interactions. Recently some studies on waves (and/or turbulence) use current densities
from the curlometer for calculation of j - E (Gershman, F-Vifias et al., 2017; He et al., 2019, 2020; Hull
et al., 2020). Their method has an advantage in terms of being able to derive the total energy transfer rate.
On the other hand, the method that focuses on partial j - E at the various parts of the distribution func-
tion, as used in the present and some other studies (C. H. K. Chen et al., 2019; T. C. Li et al., 2019; Katoh
et al., 2013; Kitamura et al., 2018; Shoji et al., 2017), can resolve which part of the distribution function
contributes to energy exchange with waves. The information is important to understand which types of
interaction occur. During Event 1, positive j - Ey,_gmic around the Landau resonance velocity and negative j
- Eyw_emic around cyclotron resonance velocity appeared simultaneously. During Event 2, positive j - Ey, gmic
related to He* was reported by Kitamura et al. (2018) during the detection of negative j - Ey, gmic around the
cyclotron resonance velocity for protons. In such cases, the current from different interactions can cancel
each other out, if one sees only the total current. Comparison between the total j - E that is obtained by
the curlometer and patrial j - Ey gmic that is obtained by the particle measurements will be an interesting
subject for future studies.

It is possible to show the acceleration/deceleration of the particles in a distribution function because the
partial j - E,, divided by partial number density corresponds directly to the rate of energy variation of parti-
cles at a certain part of the distribution function (Kitamura et al., 2018). In contrast, it is still difficult to in-
vestigate the growth/damping of the wave. The energy transferred to the wave is total (—j - E,). This energy
is partitioned into the local (in the plasma rest flame) increase in energy of the wave and convective growth
of the wave. In cases where the single plane wave approximation with constant amplitude (perpendicular
to wave number vector) is valid in a wide region or the drift velocity is small, if temporal variations of the
amplitude exist, we can estimate the local increase in energy of the wave. In the present case, the EMIC
waves were so localized in the troughs of magnetic field intensity that it was difficult to discriminate the
local variation in the plasma rest frame from the spatial variation owing to the drift of plasma.

Because larger magnitude partial j - Ey, gmic Was detected around the upper energy limit (~30 keV) of FPI-
DIS (Figures 3f and 4f), the energy transfer at the energy above 30 keV where the high temporal resolution
measurements of ions with a full-sky field of view and a good angular resolution were not available (Blake
et al., 2016; Mauk et al., 2016), could not be negligible for the total energy transfer. For a further complete
understanding of total j - Ey, gmic in the future, measurements in the energy range of ~10-100 keV with a
good angular resolution will be important. Now, the energy range is covered by, for example, the energetic
ion spectrometer (Mauk et al., 2016) on MMS and the medium-energy particle experiments—ion mass ana-
lyzer (Yokota et al., 2017) on the Arase satellite. To cover multiple gyro-phases in this energy range, mass
installation of such instruments on one spacecraft, such as FPI on MMS, will be ideal, which should be
considered in future missions.

In the present study, we have analyzed the component of j - Ey, gmic perpendicular to By gmic. Direct meas-
urements of electric fields in the low-frequency range are still technically challenging, especially for the
component parallel to the magnetic field. The Landau resonance with the component of Ey, gmic parallel to
By_emic that could not be measured might also cause some energy exchange between protons and the EMIC
wave. This will become important, especially in cases where the wave normal angle becomes large. Note
that the wave normal angles were not very large (<22°) in Events 1 and 2.
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Background thermal electrons can also interact with EMIC waves by the Landau resonance (B. Wang
et al., 2019; Yuan et al., 2014; Zhou et al., 2013). Low-energy electrons (~10-50 eV in Figure S1a) had field-
aligned distribution (not shown) and might be generated by such an interaction. Nevertheless, there were
no clear one-to-one correspondences with the EMIC waves (Figure Sla). Thus, strong interaction might
occur at different locations (at higher latitudes?) or different times, or it might be the integrated result of
many weak interactions with many EMIC waves on the time scale much longer than each wave packet.
These Landau type interactions will also be the subject of future studies.

There are still other types of wave-particle interactions. Although the EMIC waves can strongly interact
with relativistic electrons (e.g., Albert & Bortnik, 2009; Kubota & Omura, 2017; Miyoshi et al., 2008; Na-
kamura et al., 2019; H. Zhu et al., 2020), especially in the outer magnetosphere, relativistic electron fluxes
are extremely small and the relativistic electrons definitely do not contribute to the total j - Ey, gmic. There
might be some non-resonant energy transfers between cold (plume) protons and the EMIC wave. A full
understanding of all the various types of interaction will be needed to quantify the total energy transfer rate.
The present study is the first step of such an attempt.

5. Conclusions

The MMS spacecraft observed compressional ULF waves and EMIC waves simultaneously in the late af-
ternoon (MLT: 15.9-16.2 h) outer magnetosphere (dipole-L: 11.7-12.9). Because of the high background
plasma density of ~5/cm’ in the vicinity of the enhancements of the EMIC waves, the region was probably
in the vicinity of the eastward edge of a plasmaspheric plume where the EMIC waves have been believed to
be active (e.g., L. Chen et al., 2010; Fok et al., 2016; Jordanova et al., 2007; Kozyra et al., 1997) (Appendix C).
The high background plasma density probably played an important role in the appearance of EMIC waves.
Although the magnitude of MLAT was not small (—23.3°-—23.6°), the location of MMS was close (~1.5 Rg)
to the minimum-B along field lines (Kitamura et al., 2018). The geomagnetic condition was not active, and
there were no sudden changes in solar wind dynamic pressure.

For the ULF wave, which had the period of about 2-5 min and the plasma £ of order of 1, the magnetic
pressure and the plasma (mostly ion) pressure were in antiphase, such that the total pressure remained
almost constant. The ion temperature ratio (T;_perp/ Ti_para) tended to have peaks in the troughs of magnetic
field intensity. Because the fluctuations of the magnetic field gradient were mostly in the azimuthal direc-
tion (y-component in FAC), the troughs of magnetic field intensity in the compressional ULF wave prob-
ably had been elongated along the magnetic field and radial directions (Appendix A). The analysis by the
multi-spacecraft timing method (TM) indicates that the ULF wave (mirror mode like structure) tended to
move westward almost continuously with a velocity of ~30-50 km/s (Appendix A). This velocity is close to
the background plasma velocity, and the westward propagation velocity in the plasma rest frame was very
slow (<20 km/s). The wavelength of the structure is estimated as ~3,600-9,000 km that corresponds to the
azimuthal wave number m of ~—55-—140. Because the propagation direction was sunward, the source of
the ULF wave was unlikely at the dayside magnetopause. This is different from the case reported by S. Liu
et al. (2019). Based on the observations, anisotropic ions coming from the nightside, which were probably
injected from the plasma sheet due to gradual convection and/or small substorms (the AL index >—154 nT),
seem to be the energy source for the ULF (and EMIC) wave generation. These characteristics are consistent
with the idea that the compressional ULF fluctuations are generated by the mirror mode type instability.
Nevertheless, the condition of the mirror instability was satisfied only at the center of some troughs of
magnetic field intensity. This is similar to the situations of some other observations of mirror mode like
structures (Korotova et al., 2009; Vaivads et al., 2001). If the wave structure was generated by the mirror in-
stability, the structure has probably been generated at the different time and/or location, although the pos-
sibility of local generation due to effects not considered by Hasegawa (1969) cannot be completely denied.

Many enhancements of He-band EMIC waves (below the cyclotron frequency of He") were detected in
the vicinity of the troughs of the magnetic field intensity, although (weak) EMIC waves appeared even in
the vicinity of the peaks of the magnetic field intensity. An antisymmetric standing compressional struc-
ture (observed as ULF waves) (Baumjohann et al., 1987; Korotova et al, 2009, 2013; Takahashi, Fennell
et al., 1987; Takahashi, Lopez et al., 1987; Tian et al., 2020; Vaivads et al., 2001; X. Zhu & Kivelson, 1994)
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and EMIC wave generation (and propagation) at the side opposite to that of the observation (Figure 5) can
explain the feature. At least, during the two events when the burst data are available, the energy transfer
from hot protons to the EMIC wave (negative j - Ey, gmic) around the cyclotron resonance condition was
identified only in the vicinity of the center of the troughs of magnetic field intensity. It is consistent with the
idea that the energy transfer responsible for the generation of the EMIC waves is modulated by the mirror
mode like structure (compressional ULF wave). For deriving the total energy transfer rate, which is the most
important factor for wave growth, it will be necessary to understand all various types of interactions. The
present study that investigated important parts of partial energy transfer rate in the ion distribution func-
tion is the first phase of such an attempt. The observed feature of the energy transfer around the cyclotron
resonance suggests that the growth of the EMIC wave was modulated by the mirror mode like structure
(compressional ULF wave).

A decrease in the cyclotron resonance velocity due to a decrease in magnetic field intensity and an increase
in hot proton pressure in the troughs of magnetic field intensity can enhance the growth rate of EMIC
waves in the initial stage of linear growth in the upstream region (Loto'aniu et al., 2009). Additionally, in
many cases, an increase in temperature anisotropy of ions that were dominated by protons in the troughs
of magnetic field intensity would raise the linear growth rate of EMIC waves. Furthermore, the decrease in
cyclotron resonance velocity and the increase in hot proton pressure will lead to an increase in number of
particles around the cyclotron resonance velocity, raising the nonlinear growth rate. Because the identified
j * Ew_emic is due to the nongyrotropy of protons (Kitamura et al., 2018), the energy transfer identified in the
present study is of the nonlinear part of the growth of EMIC waves (e.g., Omura et al., 2010).

The regions where protons around the cyclotron resonance condition had clear negative j - Ey,_gmic would
be very narrow (only a few times the gyroradii of hot resonant protons) at least in azimuthal (MLT) direc-
tion in the mirror mode like structure (compressional ULF wave), if the temporal variation came from the
spatial effect (drift motion of the background plasma perpendicular to the background magnetic field). This
may produce apparent wave packets observed by a spacecraft and cause a broadening in frequency in the
power spectrum. Considering the possibility of localization of EMIC waves will be important to understand
the observed wave packets. How often such localization produces apparent wave packets is left for future
studies.

Clear positive j - Ey,_gmic Was identified around the Landau resonance velocity in Event 1 with a slightly
oblique wave normal angle (~22°) (At least around this time interval, measurements by all four individual
spacecraft showed clear positive j - Ey gavic simultaneously (not shown).) This is likely a sign of the begin-
ning of the damping, and the location of the observation may have been near the end of the convective
growth of the EMIC wave. Around the time interval when the magnitude of j - Ey, gmic Was large, the wave
propagating away from the minimum-B along the field line was dominant. The situation was likely very
fortunate for the use of the WPIA method. In the vicinity of the center of wave source, the forward- and
backward-propagating waves may frequently exist simultaneously with comparable amplitudes. In such
cases, it can be difficult to discriminate Ey,_gmic for one of the waves from that of another wave, although
such discrimination is necessary to evaluate j - E,, gmic for the wave growth or damping. Thus, similar inves-
tigations will be possible only in the region where one of the EMIC waves is dominant and at times before
the end of nonlinear convective wave growth.

Appendix A: Shape and Propagation of Compressional ULF Waves

Because the fluctuations of the magnetic field gradient (grad B, gmic) were dominated by the y component
in FAC (Figure S1g) the troughs of magnetic field intensity in the compressional ULF wave probably had
been elongated along the magnetic field and radial directions (knife-blade or pancake shape (Figure 1 of
Fadanelli et al., (2019)). This characteristic of the compressional ULF wave is similar to some other space-
craft observations in the magnetosphere (Korotova et al., 2009, 2013; Tian et al., 2020). Note that the gra-
dient larger than ~0.6 pT/km is reliable, because the accuracy of FGM is ~0.1 nT (Russell et al., 2016) and
the separation of the MMS spacecraft was ~160 km around Event 1 and Event 2 (Figure 1). As can be seen
in Figures Ala and Alb, the changes in z component of By, yrr (Bw uLr ») Observed by MMS4, which was
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located eastward (+y) from the others (Figure 1), preceded that observed by MMS1-3. This fact means that
the compressional ULF wave propagated westward.
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Figure Al. The waveform of the magnetic fields in the frequency range of 0.001-0.05 Hz (B, yrr) and velocities
related to background plasma motion and the ULF wave around the EMIC wave events. (a and b) Compressional (z in
FAC) component of waveforms of By, yrr, (¢ and d) E X B drift velocity (curves) and wave normal velocities (crosses)
calculated by timing method (TM) of the waveform of By, yir , in FAC, (e and f) azimuthal (y in FAC) component of E
X B drift velocities and wave normal velocities, and (g and h) azimuthal (y in FAC) component of cold ion velocity and
wave normal velocities. EMIC, electromagnetic ion cyclotron; FAC, field-aligned coordinates; ULF, ultralow frequency.

The hot (14-30 keV) component of ions had the highest differential energy fluxes (Figure A2a). The hot
ions around the direction perpendicular to By gmic (pitch angle: 78.75°-101.25°), which had the highest dif-
ferential energy fluxes (Figure A2b), became nongyrotropic (Figure A2c) in the vicinity of a large temporal
change of By, uir_, that must be caused by a large magnitude y (azimuthal) component of grad By gwic (Fig-
ures A2d and A2e). An ion sounding technique can be applied to this nongyrotropy to estimate the shape
and propagation of compressional ULF waves (Korotova et al. 2009, 2013; N. Lin et al., 1988; Su et al., 1977;
Takahashi, Lopez et al., 1987; Vaivads et al., 2001; X. Zhu & Kivelson, 1994). Variations of ions coming from
the —x direction (180° in Figure A2c), which correspond to the ions with their gyrocenters eastward of
the spacecraft, preceded those coming from the other directions. In many cases, differential energy fluxes
of ions coming from +y and —y directions (90° and 270° in Figure A2c) showed similar variations. These
characteristics are consistent with the expectation from the fluctuations of grad B, gmic that the troughs
of magnetic field intensity in the compressional ULF wave probably had been elongated along the radial
direction, as discussed in the last paragraph.

If the compressional ULF wave can be regarded as a plane wave locally, the multi-spacecraft timing method
can be used to derive the normal direction and velocity along the normal vector. First, increments of 0.1 nT
in the compressional component By, yrr , Were used as thresholds. As the reference times, we identified
the times when By, yrr , crossed one of the increments. If |[dBy, yir ,/dtl >0.05 nT/s at the crossing, times
for TM were searched for By, uyrr , mmsi4 Within 15 s of each reference time. If the times for the same incre-
ment crossing were found for all four spacecraft, the velocity along the normal vector was calculated as the
solution to the system of three equations about the separation vectors at the reference time and the timing
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Figure A2. Features of ions and gradient of the magnetic field intensity around Event 1 and Event 2. (a)
Omnidirectional energy-time spectrum of ions, (b) 15-s moving averaged pitch angle-time spectrum of hot ions

(14-30 keV), (c) 15-s moving averaged gyro angle-time spectrum of hot ions around the pitch angle of 90°, (d) wave
components of the magnetic field in the frequency range of 0.001-0.05 Hz (B, yrr), and (e) gradient of the magnetic
field intensity (grad By guvic). In the gyro angle-time spectrogram, ions observed at 0° and 90° correspond to ions that go
toward x and y directions in FAC, respectively. The intervals shown in Figure 3 (Event 1) and 4 (Event 2) are indicated
by black and red bars, respectively, above the panels. FAC, field-aligned coordinates.

differences (MMS2-1, 3-1, and 4-1) (Schwartz, 1998). To get the timing difference as accurate as possible,
the data points of By urr , and By urr_, mmsi4 Were linearly interpolated.

Figures Alc and Ald indicate that the propagation directions derived by TM tend to be very close to —y
(westward) except for short fluctuations around the trough of By, yir ,, Which is discussed in the next par-
agraph, and the velocity was ~30-50 km/s in the vicinity of the middle of large variations of By, uyrr .. The
westward velocities are almost equal to or slightly larger than the low pass filtered (<0.05 Hz) E X B drift
velocity. Note that the accuracy of the electric field measurements is ~0.5 mV/m (Lindqvist et al., 2016),
which corresponds to the E x B drift velocity of 20 km/s for the magnetic field intensity of 25 nT. Thus,
some of the differences between the normal velocity from TM and the E X B drift velocity might come from
the limitation in the accuracy of electric field measurements, and thus detailed comparison may be difficult.
Because the magnitude of the y component of the normal velocity sometimes exceeded the range of the dif-
ference among the spacecraft in the low pass filtered E X B drift velocity (Figures Ale and A1f) and/or bulk
velocity of cold ions (10-257 eV) (Figures Alg and Alh) among the spacecraft in the negative direction, the
compressional ULF wave probably propagated westward very slowly (<20 km/s) even in the plasma rest
frame. This almost zero or small westward velocity in the plasma rest frame is consistent with the results
from other observational studies on compressional ULF waves (Baumjohann et al., 1987; Constantinescu
et al., 2009; Korotova et al., 2009, 2013; Takahashi, Fennell et al., 1987; Takahashi, Lopez et al., 1987; Tian
et al., 2020). Thus, the compressional ULF wave itself is probably one of the typical events. The authors of
these manuscripts stated that the most likely source of the waves is the mirror instability.

Although the wave normal directions and velocities calculated by the timing method show fluctuations
around the center of the troughs of B, urr , (Figures Alc-Alh), the duration of such fluctuations is much
shorter than the period of the compressional ULF wave. Thus, such fluctuations may be caused by localized
structures with a spatial scale much smaller than the compressional ULF wave. If the plane wave approxi-
mation becomes invalid in the spatial scale of the spacecraft separation (~160 km), the wave normal direc-
tions and velocities calculated by the timing method become unreliable.
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Because the phase difference of B, yrr , among the spacecraft is small (Figure S5a), the wavelength of the
ULF wave must be much larger than the spacecraft separation (~160 km). Figures S5b-S5d indicate that
the y component of the normal velocity derived from TM, the low pass filtered E x B drift velocity, and the
bulk velocity of cold ions tended to stay around —30 km/s, when the normal velocity derived from TM was
almost stable and cold ions (a few tens of eV) were detected (sometimes around 11:10 and ~11:50-12:23 UT
in Figure S1b). Some short fluctuation of the wave normal velocities from TM without fluctuations of the
drift velocity nor ion drift velocity can be explained by the same way as that discussed in the last paragraph.
Because the period of the ULF wave was ~2-5 min, the wavelength is estimated as ~3,600-9,000 km that
corresponds to the azimuthal wave number m from ~—55 to —140.

Appendix B: Wave Number and Wave Normal Angle of EMIC Waves

Because there are four-point data, we can derive the wave number vector (k) and the wavelength (4 = 27/k,
k = Ikl), if we can identify the phase differences between three pairs of spacecraft or the phase difference
between one pair provided the information on the direction of k (Pakhotin et al., 2013; Walker & Moiseen-
ko, 2013). In the present cases, the phase is calculated in x-y (perpendicular to By_gmic) plane, and the phase
difference from MMSI1, which was located upstream (north) from the others, was computed. However, be-
cause the difference in By, gvic Was small, it is difficult to derive a phase difference accurately, especially for
the pairs of MMS3-1 and MMS4-1 (Figures S3b-S3d and S4b-S4d). Thus, we used minimum variance anal-
ysis to derive the wave normal angle and used the phase differences between MMS1 and MMS?2 to derive k.

For Event 1, a minimum variance analysis was performed for By, gmic from 12:12:33.82 to 12:12:59.83 UT
(26.01 s), which includes two rotation of By, gmic. We used a very short window because the minimum vari-
ance analysis can give misleading results, if the window includes multiple wave packets whose orientations
are not constant (Anderson et al., 1996; Denton et al., 1996). The minimum variance direction correspond-
ing to the direction of k is (x, y, z) = (0.3212, —0.1996, and —0.9257) in FAC, which is ~22° from the direction
anti-parallel to By gmic (Figure 1a). The vector with z < 0 was chosen because of the negative (southward)
Poynting flux (Figure 3d). This direction is close (~13°) to the separation between MMS1 and 2. Using the
average of the phase difference (13.4°) and separation along k (149 km), we obtain k of ~1.6 x 10~° rad/
km and A of 4,000 km. The wavelengths parallel and perpendicular to By gmic (Aparas Aperp) are ~4,300 km
and ~11,000 km, respectively. For the background magnetic field intensity of 26 nT and the wave frequency
(femic = wemic/2m) of 0.0769 Hz (= 2/26.01), the parallel components of the phase velocity (Vyn_para = @/
kpara = femicApara) and the cyclotron resonance velocity (Vies = (Wemic — Qc_n)/kpara = (femic — fe_n)Apara) are
calculated as ~—330 and ~1,370 km/s, respectively.

For Event 2, a minimum variance analysis was performed for By, gmic from 12:18:15.20 to 12:18:38.70 UT
(23.50 s), which includes two rotation of By, gmic. The estimated direction of k is (x, y, z) = (—0.1384, 0.0016,
and —0.9904) in FAC, which is only ~8° from the direction anti-parallel to By gmic (Figure 1b). Using the
average of the phase difference (12.8°) between MMS1 and 2 and the separation along k (132 km), we obtain
kpara of ~1.7 X 10~° rad/km and Apara Of 3,700 km. For the background magnetic field intensity of 22.5 nT
and femic = 0.0851 Hz (= 2/23.50), Vph_para and Vi, are calculated as ~—320 and ~960 km/s, respectively.

Appendix C: EMIC Waves and Background Plasma Density

The event of the present study was observed probably in the vicinity of the eastward edge of a plasmas-
pheric plume. The spacecraft was located in the late afternoon MLT sector (~16 h MLT) where high-density
plasma tends to appear most frequently and is likely related to the plasmaspheric plume (Chappell, 1974;
S. H. Chen & Moore, 2006; Darrouzet et al., 2008; J. H. Lee & Angelopoulos, 2014). The eastward edge of
the plasmaspheric plume is expected to be the best location for the growth of EMIC waves according to
modeling studies (e.g., L. Chen et al., 2010; Fok et al., 2016; Jordanova et al., 2007; Kozyra et al., 1997). Note
that the effect of the plasmaspheric plumes on the occurrence of EMIC waves is still a topic of observational
investigations (Fraser & Nguyen, 2001; Halford et al., 2015; G.-J. Kim et al., 2016; Tetrick et al., 2017; Usa-
nova et al., 2013).
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To investigate the background plasma density, high-frequency electric field spectra with a temporal res-
olution of 16 s and spacecraft potential data (32 Hz sampling in the fast survey) from EDP on MMSI1 are
used. Although ASPOC was on for the interval of observation of EMIC waves and ULF waves, we can see
the variation of the background plasma density on the basis of the variation of the spacecraft potential
(Andriopoulou et al., 2016, 2018; Torkar et al., 2019). When the spacecraft potential was ~3.2-3.4 V (Fig-
ure S1h), an enhancement of electric field waves was seen around ~20 kHz (Figure S1i), which must be
close to the electron plasma frequency. Thus, the background plasma density was ~5/cm” in the vicinity of
the enhancements of the EMIC waves. This level of the background plasma density is comparable to that
of typical plasmaspheric plumes (J. H. Lee & Angelopoulos, 2014; S. H. Lee et al., 2016; Walsh et al., 2013).
Because a low-frequency cutoff of weak wave emissions (10-15 kHz), which probably corresponds to the
L-O mode cutoff (=electron plasma frequency) or the R-X mode cutoff (~electron plasma frequency in
the present case), can be seen around 10 kHz after ~12:25 UT (Figure S1i), the background plasma den-
sity probably reduced to the order of 1/cm’. This time corresponds to an increase in spacecraft potential,
which is consistent with a decrease in background plasma density. This region would be in the vicinity of
the eastward edge of a plasmaspheric plume (or plasmapause of very inflated plasmasphere). Although it
is difficult to discriminate the edges of a plasmaspheric plume and plasmapause, the dipole L-value of ~13
at the density decrease is much larger than the typical location of the plasmapause (L ~ 6) under quiet ge-
omagnetic conditions (Kwon et al., 2015). He-band EMIC waves disappeared after ~12:22 UT (Figure S1f).
There were only a limited number of weak enhancements of H-band EMIC waves after 12:30 UT, although
the compressional ULF waves are observed at least until 13:30 UT (not shown). Thus, the high background
plasma density probably played an important role for the appearance of EMIC waves. On the other hand,
because the spacecraft potential (background plasma density) does not show a clear correlation with the
compressional ULF wave (Figure S1h), the plasma density is unlikely the main cause of the appearance and
disappearance of EMIC waves in the compressional ULF wave (mirror mode like structure).

Data Availability Statement

The data presented in this study are the Level-2 data of MMS, which can be accessed from MMS Science
Data Center (https://lasp.colorado.edu/mms/sdc/public/).
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