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Abstract we report the electron flux modulations without corresponding magnetic fluctuations from
unique multipoint satellite observations of the Arase (Exploration of Energization and Radiation in
Geospace) and the Van Allen Probe (Radiation Belt Storm Probe [RBSP])-B satellites. On 30 March 2017,
both Arase and RBSP-B observed periodic fluctuations in the relativistic electron flux with energies ranging
from 500 keV to 2 MeV when they were located near the magnetic equator in the morning and dusk local
time sectors, respectively. Arase did not observe Pc5 pulsations, while they were observed by RBSP-B. The
clear dispersion signature of the relativistic electron fluctuations observed by Arase indicates that the source
region is limited to the postnoon to the dusk sector. This is confirmed by RBSP-B and ground-magnetometer
observations, where Pc5 pulsations are observed to drift-resonate with relativistic electrons on the duskside.
Thus, Arase observed the drift-resonance signatures “remotely,” whereas RBSP-B observed them “locally.”

Plain Language Summary Magnetohydrodynamic waves in the outer radiation belt with periods
of ~150-250 s occasionally cause the acceleration of energetic electrons drifting eastward around the Earth.
We examined the longitudinal distributions of the interaction region in which magnetohydrodynamic waves
with periods of ~150-250 s interacted with energetic electrons on 30 March 2017, using simultaneously
observed data by multisatellite observations from the Arase and the Radiation Belt Storm Probe (RBSP)-B
satellites. Both satellites observed radiation belts at different local times but at almost the same Earth radii.
The Arase satellite located in the dawn sector observed energetic electron flux modulations that had clear
energy dispersion signatures, while magnetohydrodynamic waves with the same period were not identified.
However, the RBSP-B located in the dusk sector simultaneously observed magnetohydrodynamic waves and
the energetic electron modulations with the characteristics of the interaction. This multipoint measurement
indicates that the interaction region is limited from the postnoon to the dusk sector.

1. Introduction

Ultralow frequency (ULF) waves, especially Pc5 pulsations with a frequency of 2-7 mHz in the inner mag-
netosphere, play an important role in the acceleration of energetic electrons in the outer radiation belt
(e.g., Shprits et al., 2008). It is thought that the drift resonance between the ULF waves and the drifting
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electrons leads to this acceleration and contributes to flux enhancements of the outer radiation belt
(Elkington et al., 1999).

The drift-resonance condition is given by the following equation (Southwood et al., 1969):
w—mwg = 0 (1)

where w, wq, and m are the angular frequency of the wave, the angular drift frequency of the electron, and the
azimuthal wave number (m number) of the wave, respectively.

Comparing the pulsation power with ground observations and the energetic electron flux in the outer radia-
tion belt based on measurements of the geostationary satellite GOES7, Mathie and Mann (2000) determined
that the MeV electron flux in a geostationary orbit increases during extended intervals of enhanced ULF pul-
sation power. They suggested that ULF waves cause an acceleration of relativistic electrons, generating
storm-time electrons via drift resonance. The results of satellite observations have shown simultaneous mod-
ulations of the energetic electron flux and the ambient magnetic field and the drift resonance between them
(Claudepierre et al., 2013; Tan et al., 2004; Zong et al., 2009).

The radial transport of trapped particles has been modeled as radial diffusion. The radial diffusion coeffi-
cients have been estimated assuming that the modulations between ULF wave and drifting electrons occur
over all Magnetic Local Times (MLTs; e.g., Ozeke et al., 2013; Walt, 1994). In this case, the modulations of
both the ambient electric (magnetic) fields and the electron flux should be observed simultaneously.
However, observed ULF waves have local time asymmetry of the amplitude and azimuthal wave numbers
(e.g., Rae et al., 2005; Tan et al., 2011). Therefore, it is expected that the energetic electron fluxes would be
modulated by the ULF waves at specific local times, and these electron flux modulations will be observed
at different local times. To evaluate the radial transport as well as the acceleration of energetic electrons
by ULF waves, it is important to identify the longitudinal distribution of the modulation region between
the ULF waves and the electrons.

In the present paper, we present observational results obtained with the Arase and Radiation Belt Storm
Probe (RBSP)-B satellites on 30 March 2017, when both satellites observed radiation belts at different
MLTs but the same L-shell. Using time-of-flight analysis for the energetic electron modulations observed
by both satellites and the data from the ground observations, we identify the modulation region of the ener-
getic electrons due to the ULF waves. We also show that the actual interactions occur at specific MLTSs even
though the estimated mode number, m, is relatively small.

2. Data

In this study, we have used energetic electron, magnetic, and electric field data obtained from the Extremely
High-Energy Electron Experiment (XEP; Higashio et al., 2018), the Magnetic Field instrument (MGF;
Matsuoka et al., 2018), and the Electric Field Detector (EFD; Kasaba et al., 2017; Kasahara et al., 2018),
onboard the Arase satellite (Miyoshi et al., 2018). The XEP provides differential electron flux data for relati-
vistic energies from 400 keV to 20 MeV. The spin-averaged flux data were used with a time resolution of 8 s.

We used the RBSP-B data for this study, which reached apogee at ~18 MLT when the Arase satellite was
located at its apogee at ~04 MLT. The Magnetic Electron Ion Spectrometers (MagEIS; Blake et al., 2013)
onboard the two RBSP spacecraft. We used the electron flux data observed by the MagEIS covering the
energy range from ~460 keV to 2.6 MeV. We also used the magnetic field data observed by the Electric
and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) experiment (Kletzing et al., 2013).
The magnetic field and spin-averaged electron flux data were used with resolutions of 4 and 11
s, respectively.

3. Observations and Analysis

Figure 1a displays the solar wind speed, solar wind number density, the Z component of the interplane-
tary magnetic field in the Geocentric Solar Magnetospheric coordinate system, and the SYM-H and aur-
oral electrojet (AE) indices from 0400 to 0800 UT on 30 March 2017. This interval corresponds to the
storm recovery phase beginning from 27 March. Typical Alfvénic fluctuations embedded in the high-
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Figure 1. (a) Solar wind measurements and geomagnetic indices. (b) Locations of ground stations (blue diamond
symbol) and footprint of Arase and Radiation Belt Storm Probe-B (green triangle symbol) estimated with the
Tsyganenko 96 model field at 06:30UT on 30 March 2017 in Altitude-Adjusted Corrected GeoMagnetic coordinate
(AACGM) and Magnetic Local Time (MLT). The red dash circle indicates 65° geomagnetic latitude. (c) The residual
electron flux from XEP/Arase (top) and the magnetic field in the mean field-aligned coordinate system from MGF/Arase
and EFD/Arase (bottom).

speed coronal hole streams (Miyoshi et al., 2013) were observed during this period, and the highest solar
wind speed was ~600 km/s. The shaded region in Figure 1a corresponds to the time interval when Arase
and RBSP-B observed energetic electron modulations in the ULF frequency range in the outer radiation
belt. Figure 1b represents the locations of the ground geomagnetic stations (blue diamonds) around 65°
geomagnetic latitude (red dashed circle) and the ionospheric footprints of the Arase and RBSP-B
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satellites (green triangles) in Altitude Adjusted Corrected Geomagnetic Coordinates (Baker and Wing,
1989) at 06:30UT. The satellite footprints were estimated by mapping along magnetic field lines of the
Tsyganenko T96 model (Tsyganeko,1995) driven by the observed IMF and solar wind pressure shown in
Figure 1a. Arase was located slightly to the east of Nain (NAIN), and RBSP-B was located between Pevek
(PBK) and Kiana (KIAN).

Figure 1c shows the residual electron fluxes from XEP/Arase for 550-2,140 keV. The residual flux at time ¢ is
defined as (J(t) — Jo)/Jo, Where J(t) is the spin-averaged electron flux observed in each energy channel of XEP
and Jy is the running average of J(f) with a time window of 600 s centered around time t. Energetic electron
fluxes were periodically modulated with periods of ~170-250 s, i.e., in the Pc5 frequency range and had an
isolated spectral enhancement at 4-6 mHz (see Text S1 in the Supporting Information). Clear energy disper-
sion signatures in the electron fluxes indicate that higher energy electrons had arrived earlier. The bottom
three and two panels in Figure 1c show the ambient magnetic and electric field variations measured by
MGF/Arase and EFD/Arase, respectively. The MGF and EFD data are shown in the mean field-aligned
(MFA) coordinate system; i.e., the e, is in the direction of the 600-sec averaged magnetic field (the compres-
sional component). The e, and e, components are directed radially outward (the radial component) and
eastward (the azimuthal component), respectively, in the plane perpendicular to the averaged magnetic field.
No ULF wave activity was observed by either the MGF or the EFD during this period, indicating that the
electron flux modulations occurred at a different MLT.

The residual electron fluxes observed by XEP/Arase show clear energy dispersions, and we estimated the
source region using a time-of-flight analysis. Considering the azimuthally localized drift resonance
region, the phase lags of the electron fluxes near the resonant energies in the drift resonance region
are shorter than those observed at different local times (Hao et al., 2017). Although we do not know
the exact phase lags of the electron fluxes, now we assume that electrons forming the flux modulations
are accelerated simultaneously at the source region and magnetic drifted into the region of the satellite
position. As indicated in Figure 2a, the times of the electron flux peaks shown with the vertical lines are
06:33:03 UT (At = 215 s) for 550-keV electrons and 06:29:28 UT (At = 0 s) for 2.0-MeV electrons, where
At is the elapsed time from 06:29:28 UT. We calculated the electron trajectories for 550 keV and 2.0
MeV using GEMSIS-RB, which is a relativistic electron tracing code (Saito et al., 2010). As an ambient
magnetic field model, we used the Tsyganenko 04 model (Tsyganenko & Sitnov, 2005) with the observed
solar wind data in Figure 1(a). The magnitude of the magnetic field observed by Arase is 1.02 times
larger than that of the Tsyganenko 04 model field, indicating that the observed magnetic field is almost
comparable to the model. We calculated backward-trajectory of many electrons at various energies and
90° pitch angle from the Arase satellite position. As shown in Figure 2b, the 550-keV and 2.0-MeV elec-
trons were backtraced from the initial MLT at At = 210 s and At = 0 s, respectively. The trajectories of
the energetic electrons cross at ~18 MLT and At = ~—90 s, indicating a modulation region for electrons
with energies of 550 keV and 2. MeV. We applied this method to three peaks and three valleys and the
pair of each energy channel with energies ranging from 550 keV to 3.0 MeV. Figure 2c shows the MLT
distributions of the estimated source regions. Most of these regions lie in the range 15-18 MLT, with the
maximum occurrence at 15-16 MLT. Applying this TOF analysis for the energetic electrons with the 90°
pitch angles in the magnetic equator from the Arase MLT, the error of the estimated MLT is less than
0.72 hr. The pitch angle difference does not affect the MLT distribution in Figure 2c.

If the electron flux modulations occur on the duskside as the preceding calculations suggest, the ULF waves
responsible for the flux modulations should be observed in this region. To investigate the ULF activities on
the duskside, we analyzed the ground magnetic field data using the Time History of Event and Macroscale
Interactions During Substorm network of ground magnetometers (Angelopoulos, 2008). Figure 3 presents
the Y component of the geomagnetic field data on the ground for ~08 to ~03 MLT at nearly the same geomag-
netic latitude of 64-68° MLat. Pc5 pulsations with isolated spectral enhancements at 4-6 mHz appeared at
Tiksi (TIK), Pevek (PBK), and Kiana (KIAN) located in the postnoon to dusk sector (14-18MLT), while there
were no ULF waves at Gilliam (GILL), Whitehorse (WHIT), Fort Simpson (FSIM), and Nain (NAIN) in the
night sector at 24-04 MLT (See Text S2). Such Pc5 pulsations with isolated spectral enhancements are also
observed in the X components by PBK, and KIAN and WHIT (see Text S3). The regions in which Pc5 pulsa-
tions were observed corresponding to the estimated source regions of the energetic electron flux modulations
observed by Arase. We estimated the azimuthal wave numbers of the Pc5 pulsations on the ground from the
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Figure 2. (a, b) An example of an estimation of the source region of the relativistic flux modulations from XEP/Arase. (a)
Residual fluxes at 550 keV and 2.0 MeV. (b) The energetic electron trajectories at 550 keV and 2.0 MeV via backtracking in
the Tsyganenko 04 model. (c) Histogram of the estimated source regions using the backtracking method.

phase differences between PBK and KIAN (TIK and PBK). A fast Fourier transform analysis was applied to
the magnetic field data at PBK and KIAN (TIK and PBK), from which the 20-min running averages were
subtracted, with a 33-min time window from 6:20 to 6:53 UT. The cross-phase, A6, of the Y component at
KIAN (PBK) relative to that at PBK (TIK) was —114° (—98°) at 5 mHz. Given the longitudinal difference,
Ag, of approximately 28° (33°) between the two stations, the azimuthal wave number is estimated to be
~4 (~3) with an eastward propagation based on the equation m = A8/Ag. Pc5 pulsations also occurred at
Muono (MUO), Amderma (AMD), and Norilsk (NOR), located at 8-13MLT. With the phase difference of
ULF waves at MUO and AMD, we estimate an azimuthal wave number of ~6 with a westward
propagation in the dawn sector.

During this time period, RBSP-B was on the duskside at ~18 MLT, and the ionospheric footprint was close
to KIAN. Figure 4a represents the residual flux of the energetic electrons with energies ranging from 600
keV to 2.6 MeV from MagEIS and the magnetic field from EMFISIS. The frequency of electron flux mod-
ulations and magnetic field perturbations are almost same as those of the electron modulations observed
by XEP and Pc5 pulsations on the duskside ground stations (see Text S4). The time lags of the peaks from

TERAMOTO ET AL.

11,646



Geophysical Research Letters 10.1029/2019GL084379

2150 T T T LI T
= E 1 MUo
£, 2100 =<4 MLT=UT+2.1 h
s F 1 MLAT=65.4 deg
= F 1 AMD
= b= 7 MLT=UT+4.2 h
> F ] MLAT=66.1 deg
= E 1 NOR
A=A r - MLT=UT+5.9 h
> F ] MLAT=65.4 deg
'1-g8:””I"”’””I’”’”’”I”’”“”}”””’”I””:
= F 1 TK
£ -100 =7 MLT=UT+8.3 h
> k 1 MLAT=66.8 deg
:}?8:::::}:::::::::|:::::::::I:::::::::}:::::::::I:::::
= E 1 PBK
£ 7881 7 MLT=UT+10.5h
> F { MLAT=66.1 deg
<838 ]
= [ 1 KIAN
£ -6375 -4 MLT=UT+12.0 h
s E 1 MLAT=65.8 deg
:?ﬂgg:.:::|:::::::::|:::::::::|:::z:::::l::z::::::l:::::
= L 1 WHIT
£ -1500 < MLT=UT+13.7 h
- L 1 MLAT=64.1 deg
1589 Fres
= L FSIM
£ -406¢ MLT= UT+14.7 h
> F MLAT=67.6 deg
= : ] Gl
£ 3621 7 MLT=UT+17.3 h
- E ] MLAT=66.3 deg
= 1 NAN
S 400 -4 MLT=UT-34h
- F { MLAT=64.1 deg
<110 s BN I I L L]
hhmm 0620 0630 0640 0650 0700
2017 Mar 30

Figure 3. The Y component of the geomagnetic field data at Muono, Amderma, Norilsk, Tiksi, Pevek, Kiana, Whitehorse,
Fort Simpson, Gilliam, and Nain.

lower energy to higher energy are much smaller than those of Arase, suggesting that RBSP-B was close to
the modulation region. The compressional component of the magnetic field at RBSP-B oscillates at the
Pc5 period of ~250 s with an amplitude of ~1 nT. To identify the dominant frequency of the residual
flux and the cross phase of the residual flux relative to the Pc5 pulsations in the compressional
component, we applied an FFT analysis with an 8-min time window from 6:27 to 6:35 UT after 10-min
running averages of the magnetic field were subtracted from the original geomagnetic field data.
Figures 4b and 4c represent the power spectra of the residual flux at 5-6 mHz and the cross phase of
the residual fluxes relative to the Pc5 pulsations at 5-6 mHz as a function of energy, respectively. Note
that the residual flux modulations have a maximum amplitude at 1 MeV, at which the phase at 5.5
mHz becomes 90° relative to magnetic field data. These features are consistent with the drift-resonance
theory of Southwood and Kivelson (1981, 1982). We estimate the m number for the drift resonance
condition described as equation (1). The azimuthal drift frequency of a 1.0-MeV electron with a 90°
pitch angle at the magnetic equator is ~1.3 mHz at L ~ 6 in a dipole field (Walt, 1994). Using this drift
frequency and the observed ULF wave frequency (5.5 mHz), the m number is estimated as ~4.2, which
is consistent with ground observations. This consistent result provides further support for the
interpretation based on drift resonance.
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Figure 4. (a) The residual electron flux from MagEIS-B (top) and the magnetic field in the mean field-aligned coordinate
system from EMFISIS-B magnetometer (bottom). (b) Power of the residual flux from MagEIS at 5-6 mHz and (c) the phase
difference of the residual flux modulations from MagEIS relative to the magnetic field modulations in the compressional
component from EMFISIS at 5-6 mHz as a function of energy.

4. Summary and Discussion

The observational results are summarized as follows: (a) energetic electron flux modulations at the Pc5 fre-
quency with an energy dispersion signature from 550 keV to 3.0 MeV were observed in the morning local
time sector by the Arase satellite, and corresponding ULF waves were not observed in the electric and mag-
netic field; (b) RBSP-B observed energetic electron modulations with nearly the same frequency as the Pc5
pulsations in the ambient magnetic field. The drift resonance occurred during the period as indicated by
the energy dependence of the power and phase of the residual flux relative to the magnetic field at a fre-
quency of 5.5 mHz; (c) Multipoint ground magnetometers observed eastward-propagating Pc5 pulsations
with a small m number of ~4 in the afternoon-dusk sector of 14-18 MLT, which is consistent with the source
region based on the relativistic electron observations.

From these observations, we suggested the following processes as the origin of the periodic flux oscillations
observed by Arase. First, the energetic electrons drifting eastward around the Earth go through the
afternoon-dusk sector, in which Pc5 pulsations are propagating eastward. In this region, the Pc5 pulsations
modulate the energetic electron flux near the energy of 1 MeV via drift resonance interaction. After modula-
tion in the afternoon-dusk sector, the energetic electrons further drift eastward in the dusk-night-morning
sector without corresponding ULF waves. These oscillations have energy dispersion signatures because
the drift velocity of the electrons is dependent on their energy.
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The drift resonance interaction observed on the duskside is likely due to the fundamental poloidal mode Pc5
pulsations. Assuming that the proton number density is comparable to the local electron number density of
~50 cm >, which was obtained from the RBSP-B between 6:20 and 6:30 UT at L ~ 5.5, we estimate the funda-
mental poloidal eigenfrequency (fy) of a flux tube using the numerical result of Cummings et al. (1969),
and Orr and Matthew (1971) obtained f, ~ 3-4 mHz, which is consistent with our observation.
Pulsations in the Y component on the ground at high latitudes correspond to a poloidal mode wave in the
magnetosphere, considering that the magnetic polarization of Alfven waves is rotated by roughly 90° when
they pass through the conducting ionosphere and the magnetic field is nearly vertical to the ionosphere
(Hughes & Southwood, 1976).

The poloidal mode waves in the magnetosphere had oscillations in the compressional and radial components
of the magnetic field, in addition to the azimuthal component of the electric field. At the magnetic equator,
the electric field perturbations in the azimuthal component are much easier to identify than the magnetic
field perturbation in the radial component because fundamental Pc5 pulsations in the magnetic and electric
fields have a node and an antinode, respectively, at the magnetic equator. However, we could not obtain the
azimuthal component for this event because the ambient magnetic field direction was almost parallel to the
spin plane of the RBSP-B. Instead of the azimuthal component of the electric field, we investigated the energy
dependence of the cross phase between electron flux modulations and the Pc5 pulsations in the compres-
sional component of the magnetic field.

So far, we estimated the source regions located at 15-18 MLT, by assuming that electrons that form
the flux modulations were accelerated simultaneously at the source region. However, as shown from
the RBSP-B observations, flux modulations of energetic electrons in the drift resonance region
have slight lag times across the resonance energy. In fact, the phase shift of energetic electron modula-
tions across the frequency of the power maximum provides an evidence that the drift resonance interac-
tion took place at or near the RBSP-B position on the duskside (Claudepierre et al., 2013). If we consider
this possibility, the actual drift resonance region is located eastward of the estimated source region.
Applying the time-of-flight technique with this assumption, the lag times estimated based on XEP obser-
vations were almost consistent with those actually observed by the RBSP-B (not shown). This estimation
indicates that the flux modulations of the XEP just drifted from the RBSP-B location to the
Arase location.

Periodic energetic electron modulations without ULF waves are frequently observed. Using the RBSP-B
satellite, Hao et al. (2017) showed that energetic electrons with energy near 450 keV had periodic dispersion
signatures in the pitch angle spectra when RBSP-B was located on the morning side after the arrival of an
interplanetary shock, and corresponding ULF waves were not observed in the magnetic and electric fields.
Applying a time-of-flight technique similar to that presented in this paper and numerical calculations to
the energetic electrons, they also suggested that the ULF waves localized on the duskside accelerate energetic
electrons in that region. After three cycles of electron flux modulations appear, the flux modulations of the
energetic electrons observed by both RBSP-B and Arase exhibit the signature of drift echoes, for which the
period of modulation at lower energies becomes longer. These features are also consistent with the drift reso-
nance between azimuthally localized damping ULF waves and energetic electrons (Hao et al., 2017; Zhou
et al., 2016; Zong et al., 2017). Due to the lack of observational data for the noon-dusk side, Hao et al.
(2017) indirectly estimated the m number of Pc5 pulsations on the duskside from the periods of the flux mod-
ulations. The m number estimated by Hao et al. (2017) was ~6. Using the data set of the magnetic field and
the energetic electron flux from the RBSP-B and the magnetic field data on the ground, we confirm that the
ULF with an asymmetric low m number of ~4 interacts with the energetic electrons with an energy of
approximately 1 MeV.

This study suggests that periodic energetic electron modulations without local ULF activity are the result of a
“remote” drift-resonance interaction with the energetic electrons and the ULF waves. In general, the radial
diffusion coefficients are derived based on measurements of the power spectral densities observed by satel-
lites or ground stations (e.g., Ozeke et al., 2012), assuming that ULF waves with small m numbers are glob-
ally excited. However, our results indicate that the azimuthal distributions of ULF waves as well as the
latitudinal distributions of these waves can be limited. It is expected that the radial diffusion coefficients will
be modified if we consider a realistic azimuthal distribution of ULF waves, which could contribute to some
improvements in the radiation belt modeling.
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From the observational features that the Pc5 pulsations propagate eastward in the noon-dusk sector and
have a small m number, we consider that the Pc5 pulsations observed in this study are likely driven by exter-
nal sources: solar wind dynamic pressure perturbation (Viall et al., 2009) or Kelvin-Helmholtz (K-H) waves
generated at the magnetopause (Agapitov et al., 2009; Rae et al., 2005). Attenuation of Pc5 pulsations with
small m numbers is caused by the spatial structure of the source region. Numerical simulation studies on
ULF waves driven by solar wind dynamic pressure variations and K-H instabilities show that ULF waves
appear dominantly on the dayside (Claudepierre et al., 2010) and flank side (Claudepierre et al., 2008),
respectively. The periodic modulations with the same period as the Pc5 pulsations do not appear in the solar
wind number density although the solar wind speed is quite high. These solar wind conditions might support
K-H instabilities rather than dynamic pressure perturbations as the possible generation mechanism of these
Pc5 pulsations. In the realistic magnetosphere, externally driven ULF waves might have an azimuthally lim-
ited structure even though their wave numbers are small.
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