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Abstract Ultralow frequency (ULF) waves generated in the ion foreshock are a well-known source of
Pc3-Pc4 waves (7-100 mHz) observed in the dayside magnetosphere. We use data acquired on 10 April 2013
by multiple spacecraft to demonstrate that ULF waves of upstream origin can propagate to the midnight
sector of the inner magnetosphere. At 1130-1730 UT on the selected day, the two Van Allen Probes
spacecraft and the geostationary ETS-VIII satellite detected compressional 20 to 40 mHz magnetic field
oscillations between L ~ 4 and L ~ 7 in the midnight sector, along with other spacecraft located closer to
noon. Upstream origin of the oscillations is concluded from the wave frequency that matches a theoretical
model, globally coherent amplitude modulation, and duskward propagation that is consistent with
expected entry of the upstream wave energy through the dawnside flank under the observed interplanetary
magnetic field. The oscillations are attributed to magnetohydrodynamic fast-mode waves based on

their propagation velocity of ~300 km/s and the relationship between the electric and magnetic field
perturbations. The magnitude of the azimuthal wave number is estimated to be ~30. There is no evidence
that the oscillations propagated to the ground in the midnight sector.

1. Introduction

Upstream ultralow frequency (ULF) waves are a well-known source of fast-mode waves observed in the mag-
netosphere. The waves are generated in the ion foreshock region by an ion beam cyclotron instability [Fairfield,
1969]. Once generated, the waves are convected toward the Earth in the superAlfvénic solar wind flow, are
transmitted through the bow shock and magnetopause, and propagate into the magnetosphere as magne-
tohydrodynamic (MHD) fast-mode waves according to MHD theory [McKenzie, 1970; Wolfe and Kaufmann,
1975], although wave propagation through the boundaries is more complicated when ion cyclotron waves
and mirror-mode waves are taken into account [Narita and Glassmeier, 2005]. Spacecraft in the dayside mag-
netosphere routinely detect the fast-mode waves as compressional magnetic field oscillations in the Pc3 band
(22-100 mHz) [Greenstadt et al., 1983; Yumoto et al., 1985; Takahashi et al., 1994; Heilig et al., 2007, 2013; Clausen
etal., 2009]. The waves are believed to propagate to the ground and produce Pc3 geomagnetic pulsations on
the dayside [Troitskaya et al., 1971; Vellante et al., 1996; Kim et al., 1998]. At times the frequency of the com-
pressional waves may become low and falls into the Pc4 band (7-22 mHz) [Troitskaya et al., 1971; Troitskaya,
1994]. Evidence of the upstream source mechanism includes the following: (1) dependence of Pc3-Pc4 wave
amplitude on the angle between the interplanetary magnetic field (IMF) and the Sun-Earth line, denoted 6,
and referred to as the IMF cone angle [Bol’shakova and Troitskaya, 1968], and (2) dependence of Pc3-Pc4 wave
frequency on the magnitude of the IMF [Troitskaya et al., 1971]. When the cone angle is small, upstream waves
develop in a large volume in front of the bow shock and the resulting fast-mode waves in the magnetosphere
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become stronger. As for the frequency of the upstream waves, f;y, a theoretical formula has been derived by
Takahashi et al. [1984] as

fuw(mHz) = 7.6B,(nT)cos 6,5, )]

where B, is the magnetic field magnitude. Equation (1) is close to empirical formulas obtained from ground
observations [Troitskaya and Bolshakova, 1988] and is in good agreement with spacecraft observations [e.g.,
Clausen et al., 2009].

A remaining question on fast-mode waves of upstream origin is whether they propagate to the nightside.
Previous studies using ground-based experiments provided possible evidence of the propagation. Takahashi
et al. [2005] suggested that 5 to 20 mHz magnetic pulsations observed on the nightside originated from
upstream waves. Ponomarenko et al. [2010] presented magnetometer and HF radar observations in support
of the propagation. This paper presents the first evidence of the day-to-night propagation in spacecraft data.
The waves had perturbations in the magnetic field magnitude mostly in the Pc3 band with a center frequency
of ~30 mHz. Accordingly, we term them compressional Pc3 waves.

The remainder of the paper is organized as follows. Section 2 describes experiments and data. Section 3
presents an overview of the observations on 10 April 2013. Section 4 presents analyses of the properties of
the waves. Section 5 presents discussion, and section 6 concludes the study.

2. Experiments

We use data from Earth-orbiting spacecraft and ground magnetometers. We have analyzed data from four
spacecraft in low-inclination elliptical orbits: Time History of Events and Macroscale Interactions during
Substorms (THEMIS) C (also known as ARTEMIS P2), THEMIS D, Radiation Belt Storm Probes (RBSP, also known
as Van Allen Probes) A, and RBSP B; and two spacecraft in geostationary orbits: Geostationary Operational
Environmental Satellite (GOES-15) (135° west geographic longitude) and Engineering Test Satellite (ETS)-VIII
(146° east). The primary data used in the study, magnetic field vectors, were acquired at each of these space-
craft with a three-axis fluxgate magnetometer as described by Auster et al. [2008] for THEMIS, by Singer
et al. [1996] for GOES, by Koga and Obara [2008] for ETS-VIIl, and by Kletzing et al. [2013] for RBSP. Note
that we have made an offset correction to the ETS-VIII data following Nosé et al. [2014]. We also use elec-
tric field data [Wygant et al., 2013] and electron density data (inferred from plasma wave spectra) [Kurth
et al., 2015] that are available from the RBSP spacecraft. Electron density can also be inferred from the
spacecraft potential measured at RBSP and THEMIS. For observations in the magnetosphere we specify the
spacecraft magnetic coordinates using a centered dipole: field line equatorial distance L normalized to Earth
radius R¢ (= 6371.2 km), magnetic latitude (MLAT, in degrees) and magnetic local time (MLT, in hours). The
ground magnetometer data have been acquired at Boulder [Love et al., 2015], Pine Ridge [Russell et al., 2008],
Bennington [Chi et al., 2013], Zyryanka [Yumoto and The 210° MM Magnetic Observation Group, 1996], and
Kakioka [Tsunomura et al., 1994].

3. Overview of the Observations

The compressional Pc3 waves featured in this paper were observed on 10 April 2013. We have chosen the time
interval 1130-1730 UT for detailed analysis because of a continuous wave activity and good distribution of
spacecraft in local time. This section presents an overview of the observations.

Figure 1 illustrates spacecraft positions, IMF parameters, and the dynamic spectra of the magnetic field mag-
nitude (denoted B, for the selected 6 hinterval. Figure 1a indicates that THEMIS D was located in the prenoon
sector, GOES-15 was located in the dawn sector, and RBSP A, RBSP B, and ETS-VIIl were located on the nightside.
This figure includes the model magnetopause by Shue et al. [1998] plotted for solar wind dynamic pressure
of 1.3 nPa and IMF B, of 0.5 nT, which are the averages of 1130-1730 UT, and the model bow shock by
Fairfield [1971].

THEMIS C was located in the solar wind ~60 R; upstream of the Earth, within 3.5 R; of the Sun-Earth line.
Figures 1b-1d show the IMF magnitude, cone angle, and azimuthal angle ¢, (= tan“(By/BX)) at THEMIS C,
where the field components are given in the Geocentric Solar Ecliptic (GSE) coordinates. The solar wind veloc-
ity measured by THEMIS C [McFadden et al., 2008] (data not shown) was nearly constant with an average value
of 343 km/s and a standard deviation of 11 km/s, implying that the solar wind took ~15 min to reach the bow
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Figure 1. Overview of multispacecraft observations of ULF waves during a 6 h interval on 10 April 2013. (a) Spacecraft positions projected onto the GSE X-Y
plane. The dots indicate the start positions. The black arrow indicates the IMF direction representative of the time interval shown. (b-d) IMF magnitude B,,, cone
angle 6,3, and azimuthal angle ¢,, at THEMIS C that are time shifted by 15 min to account for solar wind convection from the spacecraft to the bow shock nose.
The red dashed line in the ¢, plot indicates a nominal Parker spiral angle of 135°. (e) Upstream wave frequency estimated using the IMF data from THEMIS C,
plotted for 6,5 < 45°. (f-j) Dynamic spectra of the B, component at five spacecraft located in the magnetosphere. The local time of each spacecraft is shown at
the bottom.

shock nose from the position of THEMIS C. Accordingly, we have shifted the IMF data by 15 min. The IMF cone
angle varied significantly but did not reach very small values which would have generated ULF waves in a
large volume in front of the bow shock. The IMF azimuthal angle was mostly in the 90-180° range with an
average close to the nominal Parker spiral angle of 135°, shown by a red dashed line in Figure 1d. With this
IMF orientation (see the black arrow in Figure 1a), an ion foreshock must have formed in the prenoon sector,
and it is likely that transmission of upstream waves into the magnetosphere occurred primarily through the
morning flank of the magnetopause.

Figure 1e shows the upstream wave frequency f,;, given by equation (1) for the IMF measured by THEMIS C.
The frequency is plotted only if 6,5 < 45°, considering statistical studies reporting diminished magnetospheric
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Figure 2. (a) Root-mean-square amplitudes of the B, components in the 20 to 40 mHz band at five spacecraft located
within the magnetosphere. The colors indicate the source spacecraft. (b—d) Magnetic coordinates of the five spacecraft.

Pc3-Pc4 ULF wave power under large 0,5 [Greenstadt and Olson, 1976; Takahashi et al., 1984]. The predicted
frequency is mostly in the range 20-40 mHz.

Figures 1f-1jshow the dynamic spectra of the B, components at the five spacecraft located within the magne-
tosphere. The spectra are generated from the Fourier transform of data contained in a 15 min moving window.
The trend, a quadratic function fitted to the time series data by the least squares method, is removed, and the
spectra are smoothed by taking 3-point running averages in the frequency domain. This method was used to
generate other dynamic spectra presented in this paper.

The dynamic spectra indicate that each spacecraft detected oscillations with frequencies close to the pre-
dicted upstream wave frequency. At THEMIS D, which was located closest to the model magnetopause,
compressional Pc3 waves are visible after 1400 UT at frequencies above 15 mHz. Prior to this time, there are
strong irregular variations, which are caused by the entry of the spacecraft into the magnetopause boundary
layer. The boundary layer variations dominate the dynamic spectra and mask the compressional Pc3 waves
which may have been present before 1400 UT. At the other spacecraft, compressional Pc3 waves are more
clearly visible throughout the 6 h interval as spectral enhancements in the 20 to 40 mHz band. We attribute
the strong low-frequency power at ETS-VIII, seen from 1130 UT to ~1400 UT, to compressional Pc5 waves
[Barfield and McPherron, 1972] most likely generated by ions injected during a small substorm that started at
~1100 UT (see Figure 3b).

The global nature of the Pc3 waves can be deduced from the overall similarity of amplitude modulations
observed by multiple spacecraft. For example, the waves disappeared at ~1520 UT at all spacecraft. At this
time, the IMF cone angle (Figure 1¢) did not vary much, but the azimuthal angle (Figure 1d) became close to
180°, which means that a quasiparallel shock was formed at high magnetic latitude, where transmission of
upstream waves into the magnetosphere may not be effective.

As another demonstration of the global nature of the compressional Pc3 waves, we show in Figure 2 the
amplitude of the waves at the five spacecraft in the magnetosphere (Figure 2a) along with the magnetic
coordinates of the spacecraft (Figures 2b-2d). The L maxima of RBSP A and RBSP B occurred at 1319 UT and
1513 UT, respectively, both very near midnight. RBSP A and RBSP B covered L ranges of 1.6—5.8 and 2.7-5.9,
respectively. The amplitudes are root-mean-square (RMS) values obtained by taking the square root of the
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Figure 3. Geomagnetic activity indices covering the 6 h interval studied in the present paper, marked by black
horizontal bars and vertical dashed lines. (a) Dst index. (b) Auroral electrojet indices AU and AL.

integral from 20 to 40 mHz of the B, power spectra that are computed in a 10 min moving data window.
Except at THEMIS D, which detected oscillations associated with the magnetopause boundary layer during
the first half of the interval shown, the amplitudes are below 0.15 nT. The amplitudes vary significantly, and
many of the variations occur simultaneously at multiple spacecraft, indicating that the waves are not localized.
In particular, the amplitude modulations occurring after 1500 UT are very similar among the five spacecraft.

The wave amplitude also depends on the spacecraft position. For example, from 1130 UT to 1330 UT, the
amplitude at RBSP B is much lower than at RBSP A or ETS-VIII, although these spacecraft were all located on
the nightside and were not far apart from each other. We believe that the larger distance of RBSP B from the
magnetic equator (see Figure 2c¢) is the reason for the lower amplitude at this spacecraft. Equatorial confine-
ment of compressional magnetic oscillations has been theoretically discussed by Lee [1996]. The amplitude
should also depend on L. We examine the L dependence of the amplitude in section 4.2 in relation to the
radial profile of the electron density.

The compressional Pc3 waves were observed when geomagnetic activity was low, making it unlikely that the
waves were excited within the magnetosphere. Figure 3a shows that Dst was close to zero during the selected
6 h interval, meaning a very weak ring current. Figure 3b shows that the waves occurred following weak sub-
storm activity that began at ~1100 UT and recovered by ~1300 UT after producing an AL minimum of —167 nT.
There was no obvious substorm activation between 1130 UT and 1730 UT. Under these circumstances, it
is reasonable to assume that the compressional Pc3 waves were not excited by processes occurring in the
near-Earth magnetotail. Pi2 pulsations may be excited when the AL index does not exhibit strong changes
[Kim et al., 2005], but these Pi2 pulsations tend to have periods longer than 100 s [Kwon et al., 2013], which is
much longer than that (~30 s) of the compressional Pc3 waves reported here.

4. Wave Properties

In this section we use various time series analysis techniques to determine the physical properties of the
compressional Pc3 waves.

4.1. Waveforms and Spectra

Figure 4 shows 30 min snapshots of B, waveforms (Figure 4b) and the corresponding power spectra (Figure 4c)
for the five spacecraft located in the magnetosphere (Figure 4a). The time resolution of the magnetometer
data used for this figure is 0.5 s (GOES-15 and ETS-VIII), 1 s (RBSP), or 3 s (THEMIS D). To suppress high-frequency
(f > 40 mHz) noise lines caused by satellite spin (RBSP) or heater currents (ETS-VIII) in the time series plots,
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Figure 4. Comparison of B, oscillations at five spacecraft during a 30 min interval of compressional Pc3 waves.

(a) Spacecraft positions in the GSE equatorial plane. (b) Time series plots of the B, components. For each spacecraft,
slow variations have been removed by subtracting the best fit quadratic function from the original time series. (c) Power
spectra computed from the time series. The spectra were smoothed by taking 5-point averages, and a factor of 10" or
102 offsets along the vertical axis are added between spacecraft.

we have smoothed the data by taking boxcar running averages with the boxcar length of 17 s for ETS-VIIl and
11 s for RBSP. For consistency, data from THEMIS and GOES were also smoothed by 11 s boxcar averaging. In
addition, we have suppressed near-dc variations by removing a quadratic function that is fitted to the original
time series using the least squares method. Note that the power spectra were computed using the original
time series without boxcar averaging. During the selected 30 min interval, THEMIS D was located at L ~9.3
and MLT ~ 8.3 h. GOES-15 was located at L = 6.7 and MLT ~ 6.0 h. RBSP A, RBSP B, and ETS-VIIl were very close
to midnight and maintained a triangular formation with relative distances in the range 1.6-2.2R;.

At each spacecraft, the B, time series exhibits slow variations that we attribute to solar wind dynamic pres-
sure variations and fast oscillations that are the Pc3 waves we are interested in. The Pc3 waves have very low
amplitudes, only a fraction of 1 nT, but they are clearly detected by each spacecraft, as was already seen in the
dynamic spectra presented in Figure 1. Pc3 waves appear in wave packets lasting a few minutes, but the tim-
ing of the packets does not exactly match between spacecraft. Another notable feature is that the amplitude
does not differ much between dayside (THEMIS D) and nightside (RBSP A, RBSP B, and ETS-VIII), and there are
even instances (e.g., 1450 UT) when the amplitude is much larger at RBSP B (L = 5.9, MLT = 23.6 h) than at
THEMISD (L = 9.4, MLT = 8.2 h) or GOES-15 (L = 6.7, MLT = 5.7 h). Overall, the waves produce a broad spectral
enhancement approximately between 20 and 40 mHz. The spectra at GOES-15 and ETS-VIII exhibit a peak
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10 April 2013 at 17 mHz, which might be related to field
e ‘ 1130-1730 U‘T ‘ (@) line resonance as discussed by Takahashi
etal. [2015b].
10* - =

WL w B 4.2. Pc3 Amplitude and Electron Density
. Previous spacecraft studies reported that the
c"’% 10 - 7 plasmapause is a site of shielding [Hartinger
= 10 - | et al., 2010], trapping [Takahashi et al., 2010],
o or amplification [Clausen and Glassmeier,
10~ B 2014] of MHD fast-mode waves. Takahashi
10" ‘ ‘ et al. [2005] discussed the possibility that
10° g ‘ ‘ E (b) nightside Pc4 waves detected on the ground
B ] are plasmaspheric cavity-mode waves. These
g A0 f studies motivate us to examine the relation-
2 10F 3 ship between the plasma density and the
gi’—c‘ E 3 Pc3 waves. Figure 5 presents the L profiles
é 02k | ofelectron density (Figure 5a), B, amplitude
& E 3 (Figure 5b), and MLAT at each spacecraft for

F b 1130-1730 UT.

10° ! ! ©) The density data from THEMIS D indicate
20 I I ] that the outer edge of the plasmapause,
10 - RBSP-A = where the density gradient becomes small,
% oL THEMIS-D 3 was located at L ~8. This is far outside the
=3 E ] normal range L = 3-5 [e.g., Moldwin et al.,
-10 E E 2002], but a distant plasmapause is not
-20(; ‘ ‘ ;5 unusual during quiet times [Kwon et al.,

2013]. It is difficult to define the inner edge
Figure 5. Quantities at five spacecraft for 1130-1730 UT plotted as  Of the plasmapause because of the data gap
a function of L of the spacecraft. The source spacecraft are shown at L ~ 6. However, it is clear that both RBSP
by different colors as marked in Figure 5c¢. (a) Electron density at A and RBSP B were within the plasmasphere
RBSP A(from plasma wave spectra), RBSP B (from spacecraft because the density at these spacecraft was
potential) and THEMIS D (frc?m spacecraft potential) L. higher than 70 cm-3

(b) Root-mean-square amplitude of the B,, component. igher than 70 cm™.
(c) Magnetic latitude. Because the B, amplitude depends on UT
as well as on MLT and MLAT, its L profile for
each spacecraft is not a simple monotonic
function (Figure 5b). The vertical lines at L ~ 6.7, which come from the geostationary satellites GOES-15
(MLAT = 5°) and ETS-VIIl (MLAT = —8°) and span 0.01-0.2 nT, are a measure of how the amplitude varies with
UT and/or MLT. As noted in Figure 2, the amplitude at RBSP B is substantially lower than at RBSP A, possibly
because the former had a larger distance from the magnetic equator. At RBSP A, which stayed within 10° of
the magnetic equator, the amplitude was in the range 0.01-0.05 nT at L < 5. This is ~30% of the amplitude
0.03-0.2 nT detected by THEMIS D on the dayside near the outer edge of the plasmasphere and very close to

the magnetic equator (|MLAT| < 2°)

Data plotted in Figure 5 do not provide sufficient information regarding the occurrence of cavity-mode reso-
nance. Previous studies presented observationally determined radial amplitude and phase structures of ULF
waves as evidence of the mode. For example, the B, component of the mode should exhibit an amplitude
minimum and a 180° phase shift at the L shell of a node. Nightside observations of Pi2 pulsations [Takahashi
etal., 2003a] and a dayside observation of a Pc4 wave [Takahashi et al., 2010] provided this evidence, and the
node was found near the plasmapause in these studies. In Figure 5b, the L profile of the amplitude is highly
variable, which makes it impossible to identify a node.

4.3. Interspacecraft Cross-Spectral Analysis

Propagation phase delay and coherence length of ULF waves can be studied by cross-spectral analysis of data
from two spacecraft [e.g., Takahashi et al., 2015al. In the present study, we have three nightside spacecraft
that maintained short distances from each other for an extended period. This orbital configuration allows us
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Figure 6. Dynamic display of spectral parameters computed from the B, time series at RBSP B and ETS-VIIl. The
magnetic coordinates of the spacecraft are shown at the bottom. (a) Power spectral density at RBSP B. (b) Power spectral
density at ETS-VIIL. (c) Coherence. (d) Cross phase.

to obtain information on how the compressional Pc3 waves were propagating. Figure 6 dynamically displays
spectral parameters computed from the B, components at RBSP B and ETS-VIIl. From 1330 UT to 1720 UT,
when RBSP B was outside L ~ 5, the spectra at RBSP B (Figure 6a) and ETS-VIII (Figure 6b) are very similar and
the coherence (Figure 6¢) is elevated in the band occupied by the Pc3 waves. This indicates that the coherence
length of the waves is at least of the order of the spacecraft separation, 0.9-1.8 in L and 0.6—1.6 h in MLT.

The cross-phase spectra (Figure 6d) exhibit a pattern that depends on both UT and frequency. If we follow
the cross phase at 30 mHz (the center of the band occupied by the compressional Pc3 waves) along the time
axis, we find that the color changes from orange at ~1400 UT to yellow/green at ~1500 UT and then to blue at
~1600 UT. A similar color transition is seen along the frequency axis at each time step. Qualitatively, the same
cross-phase pattern is found in the cross-phase spectra generated from the RBSP A and ETS-VIII data.

To learn more about the propagation of the compressional Pc3 waves, we display in Figure 7 the cross-phase
value at 30 mHz by the color of a pixel moving in the AMLT — AL plane, where AMLT = MLTgg — MLTggsp and
AL = Lgrg — Lggsp, respectively. A 15 min data window is used to calculate the cross phase, and the results
are shown at 7.5 min intervals. The cross-phase value is shown only when the coherence is higher than 0.7.
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Figure 7. Color display of the cross phase between the 8, components span of ~1 h. This pattern is seen for both
at RBSP and ETS-VIII evaluated at 30 mHz and plotted as a function of R K

the spacecraft relative distance in MLT and L, denoted AMLT and AL, spacecraft pairs and can be expl.alned
respectively. The cross-phase values are shown only if the B, by westward or duskward propagation of
coherence is higher than 0.7 at the selected frequency. See text for the  the oscillations.

explanation of the arrows. . .
To describe the wave propagation quan-

titatively, let us use the azimuthal phase
velocity Vg, azimuthal wavelength A and dimensionless azimuthal wave number m [e.g., Green, 1976]. These
parameters are related to each other and to the wave frequency f as

27LR;

where L is evaluated at the position of the spacecraft. We define m to be positive for eastward propagating
waves to be consistent with longitude (¢) being measured positive eastward.

We use the cross-phase analysis shown in Figure 7 to determine m and then use equation (2) to determine
Ay and V. In Figure 7, zero cross phase (marked by a black arrow) occurs at AMLT = —0.88 h for the pair of
RBSP A and ETS-VIIl and at AMLT = 0.96 h for the pair of RBSP B and ETS-VIIIl. Because the cross phase goes
through a ~360° variation over a AMLT range of ~1 h for each spacecraft pair, it is reasonable to assume
that one azimuthal wavelength spans ~1 h in longitude. This means that we have two wavelengths between
AMLT = —0.88 h and AMLT = 0.96 h and that zero cross phase occurs at the midpoint AMLT = 0.04 h,
as marked by a gray arrow in Figure 7. Two wavelengths over a AMLT range of 1.84 h (= 0.96 — (—0.88))
and westward phase propagation translate to m = —26. From this m value, we get 4, = 8900 km and
V,, =270 km/s, if we choose L = 5.8 to represent measurements at the RBSP apogee.

The same velocity applies not only to f = 30 mHz but also to other frequencies within the band occupied
by the compressional Pc3 waves. Figure 8 shows spectral parameters computed from the B, components at
RBSP B and ETS-VIII for 1440-1510 UT. The coherence exceeds 0.7 between 28 and 37 mHz (Figure 8b), and
in this band the cross phase decreases linearly (Figure 8c), which corresponds to the color shift along the
frequency axis that is seen in Figure 6d. The straight line in Figure 8c, which is fitted to the cross-phase data
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Figure 8. Frequency domain properties of the B, components at RBSP B and ETS-VIIl for 1440-1510 UT on 10 April
2013. (a) Power spectra, repeated from Figure 4c. (b) Coherence. (c) Cross spectra shown at frequencies with coherence
higher than 0.7. The vertical bars indicate the 95% confidence intervals described by Green [1976]. The red-dotted line
gives cross phase for a signal propagating from ETS-VIII to RBSP B with a delay time of 33 s.

points and forced to intersect zero at f = 0, corresponds to a delay time of 33 s from ETS-VIII to RBSP B. This
delay corresponds to the delay of the wave packets from ETS-VIII to RBSP B that is visible in Figure 4b. At
1455 UT, which is the middle of the 30 min interval considered, the spacecraft were separated by 5600 km
in the radial direction and 9200 km in the azimuthal direction. If we attribute the 33 s delay time to purely
azimuthal propagation, then the propagation velocity is 280 km/s, which is practically identical to the velocity
determined from the phase delay at 30 mHz shown in Figure 7.

We infer that the wave phase varied little along L. While inspecting Figure 7, we inferred that zero cross phase
occurred at (AMLT, AL) = (0.04 h, ~1). By interpolation of zero cross phase at (—0.88 h, ~1) and (0.96 h, ~1), we
estimate the cross phase at (0, ~1) to be ~ —10°. Now noting that the cross phase is always zero at the origin
(AMLT, AL) = (0, 0) (consider ETS-VIll versus ETS-VIII cross phase), we infer that the phase changes only by ~10°
over an L distance of ~1 or a radial distance of ~6000 km. By contrast, the phase changes by 360° over a sim-
ilar azimuthal distance. It appears that the waves were propagating nearly purely azimuthally. Alternatively,
the small variation of phase with L could be attributed to radially standing modes such as cavity/waveguide
modes [e.g., Wright, 1994] or to radially evanescent modes.

4.4, Relationship Between Electric and Magnetic Fields

Until now, we examined only the compressional component of the magnetic field. We now use all field com-
ponents available from RBSP A to examine the polarization and propagation mode of the waves. Figure 9
shows the electron density (Figure 9a), the power spectra of two components of the electric field and three
components of the magnetic field (Figures 9b-9f), and cross phase (Figure 9g) between E s and B,,. The
electric field was measured using two pairs of spherical probes mounted at the ends of four wire booms placed
in the spacecraft spin plane. The measured components have been rotated into the Modified Geocentric
Solar Ecliptic (MGSE) coordinates, in which e,ycse is the direction of the spin axis, e ygse is duskward,
and e,cse is northward. By definition, the spin plane measurements do not provide the E,;qse component.
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Figure 9. RBSP A data covering L > 2.7 on the orbit that contains the compressional Pc3 wave event. The vertical dashed
lines mark the 20 min interval that is used for generating Figure 10. (a) Electron density. (b, ¢) Dynamic power spectra of
the electric field E,ygse and Eygsg components in the MGSE coordinates. (d-f) Dynamic spectra of the magnetic field
components in the model field aligned coordinates. (g) Cross phase between £y ygse and B,,.
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We can estimate E,qe Using the E-B = 0 assumption when the background magnetic field makes a large
angle from the spin plane, but this condition was not satisfied during the wave event. The magnetic field is
given in a local coordinate system in which e, is along the T89c model magnetic field [Tsyganenko, 1989], e,
is perpendicular to e, and directed eastward, and the outward component e, completes the right-handed
orthogonal system v — ¢ — . B, is essentially the field magnitude, and a perturbation in this component
means magnetic field compression. RBSP A was located within 1 h of midnight when the compressional Pc3
waves were most intense. At this location, —E,cse is approximately equal to the eastward component (E,) in
the v — ¢ — u coordinates and represents poloidal-mode waves. Meanwhile, E,,cs¢ is close to the component

parallel to the background magnetic field (E,,).

The magnetic field spectra exhibit broadband 20 to 40 mHz oscillations (labeled “C,” for compressional) only in
the B, component. This implies that the oscillations are associated with fast-mode waves propagating nearly
perpendicular to the background magnetic field. The B, spectra exhibit discrete spectral lines labeled “T3,”
“T4,” and “T5.” These are most likely caused by the coupling of the compressional Pc3 waves with the third
through fifth harmonics of toroidal-mode standing Alfvén waves through the field line resonance mechanism,
a process that commonly occurs on the dayside [Takahashi et al., 1984].

The Eyy6se Spectra, with power confined in the 20 to 40 mHz band, are very similar to the B, spectra, which
indicates that compressional Pc3 waves accompany an electric field. Spectral power in the E,j;cse cOmponent
is low, which is expected because this component is nearly parallel to the ambient magnetic field and MHD
waves do not produce parallel electric field perturbations. As mentioned above, we do not have measure-
ments of E, s (nearly equal to —E,), which would show oscillations if there were toroidal-mode standing
Alfvén waves or fast-mode waves propagating perpendicular to the ambient magnetic field with a wave
normal that has a finite azimuthal component.

Figure 99 shows E ycse — B, cross-phase values at frequencies with coherence higher than 0.7. In the band
occupied by the compressional Pc3 waves, the coherence is high and the pixel color is mostly dark blue, which
means that B, leads the E,yc<e by one quarter to one third of a wave period if we neglect a 2nz ambiguity.
High coherence and stable cross-phase is seen continuously from 1200 UT (~23 h MLT) to 1620 UT (~2 h MLT)
with the exception of a gap at 1520 UT. This long duration suggests that there was a continuous transmission
of wave energy from an external source region.

The relationship between E e and B, can be examined more quantitatively in Figure 10, which shows
20 min time series and spectrum snapshots of the components. The selected time segment is 1255-1315 UT,
which is marked in Figure 9 by vertical dashed lines. The temporal variations (Figures 10a and 10b) and the
corresponding power spectra (Figure 10c) are very similar between E s and B,,. The spectra are enhanced
between 20 and 40 mHz, and in this band, the £, to B, power ratio is ~0.05 ((mV/m)/nT)? (Figure 10d) and
the coherence exceeds 0.6 (Figure 10e). The cross phase changes with frequency from ~ —90° at 22 mHz to
~ —150° at 35 mHz (Figure 10f). At the frequency of 30 mHz, which was our focus in section 4.3, the cross
phase is —130°. This means that the waves were neither purely propagating nor purely standing in the radial
direction. The cross phase should be 0 or 180° for a propagating wave and —90° or 90° for a standing wave
[e.g., Takahashi et al., 2003al.

The observed cross phase might be explained by radial reflection of fast-mode waves. In an inhomogeneous
plasma, incident fast-mode waves will become evanescent at turning points that depend on the frequency
and wavelength. Lee [1996] discussed this phenomenon using a box magnetosphere in which the magnetic
field is directed along the z axis, x is the radial direction, and y is the azimuthal direction. Lee introduced a
function g given by

P g, @3)
V) Y f

gx) =

For a given Alfvén velocity profile V,(x) and fixed wave numbers in the y direction, k,, and the z direction,
k,, the turning point x, such that g(x,) = 0 is a function of frequency w. In the region where a wave is radi-
ally evanescent, the amplitude decays exponentially with the radial distance from the turning point, whereas
the phase does not change with x inward of the turning point. Accordingly, the cross phase is zero between
oscillations that are measured at two radially separated locations (but at the same azimuth) within the region
of evanescence [e.g., Kim and Takahashi, 1999]. Meanwhile, the wave retains the same wave azimuthal num-

ber k, both inside and outside the turning point. Therefore, the cross phase between oscillations measured
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Figure 10. (3, b) RBSP A Egse and B,, time series for the 20 min segment marked in Figure 9. (c-f) Spectral parameters
calculated from the Eygse and B,, time series data. The cross phase is displayed only when the coherence is higher
than 0.6.

by two azimuthally separated spacecraft in the region of evanescence would indicate a nonzero value that
corresponds to k,..

Waves in the magnetosphere are not likely to be represented by a single-frequency and a single-wave vector.
Rather, waves can be envisioned as an ensemble of disturbances with a range of frequencies and a range of
wave vectors. Even at a single frequency (that is, a single Fourier component that we can obtain from a data
segment of finite length), there could be multiple k, values. Depending on the value of k,, the wave may or
may not be radially evanescent. When evanescent and radially propagating waves simultaneously exist at
a single frequency, the E, and B, components in the box magnetosphere (corresponding to the E e and
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Figure 11. (a, b) Comparison of dayside observations of B, oscillations in the magnetosphere (THEMIS D, repeated from
Figure 1f) and H oscillations on the ground at Boulder (BOU). The L value and magnetic local time of each observatory
are given at the bottom and on the right, respectively. (c—e) Comparison of nightside observations in the
magnetosphere (ETS-VIII, repeated from Figure 1j) and on the ground at Zyryanka (ZYK) and Kakioka (KAK).

B, components in the real magnetosphere) will not oscillate exactly in phase or out of phase (propagating
waves) or in quadrature (standing or evanescent waves). This mixture of wave components might explain the
cross-phase value in Figure 10f, which changes with frequency from —60° to —150°.

Although the above analysis indicates that waves are not simply propagating in the radial direction, the ampli-
tude ratio between E g5 and B, is close to what we expect for propagating fast-mode waves. In a cold
plasma, the phase velocity of fast-mode waves is equal to the Alfvén velocity V, (= B(u,p)~'/2), where Bis the
magnitude of the background magnetic field, y, is the permeability of free space, and p is the mass density. If
a fast-mode wave propagates radially perpendicular to the background magnetic field, it produces perturba-
tions in the compressional component of the magnetic field 68, and the azimuthal component of the electric
field 6E,. These are related to the phase velocity as V, = +6E,, /5B, where the positive (negative) sign means
outward (inward) propagation. During the time interval covered by Figure 10, the magnetic field magnitude
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at RBSP A was ~145 nT and the electron density was ~170 cm~3. For an all-proton plasma, which is a good
approximation in a quiet time magnetosphere [e.g., Takahashi et al., 2015a], these values give a local fast-mode
velocity of 250 km/s. In the presence of heavy ions, the velocity becomes lower. Meanwhile, we find the E yqse
to B, power ratio to be ~0.05 ((mV/m)/nT)? (Figure 10d), which is equivalent to 6E,/6B,~0.2 (mV/m)/nT) and
to a phase velocity of ~200 km/s. The good match between the velocities derived using different methods
indicates that the observed waves were indeed fast-mode waves.

4.5. Observations on the Ground

Finally, we examine whether the compressional Pc3 waves propagated to the ground. Figure 11 compares
dynamic spectra at THEMIS D and ETS-VIII and three ground stations located at Boulder (BOU, L = 2.3),
Zyryanka (ZYK, L = 3.9), and Kakioka (KAK, L = 1.3).

On the dayside (Figures 11a and 11b) there is high degree of similarity between the B, spectra in the mag-
netosphere and the H spectra on the ground, despite the fact that the observations were made with L and
MLT separations of 4.5 and 2.4 h, respectively. This indicates that the compressional waves propagated to the
ground preserving their spectral contents, as has been reported in previous studies [Clausen et al., 2009].

On the nightside, by contrast, there s little indication that the compressional waves propagated to the ground.
The Pc3 waves that are clearly present in the ETS-VIII spectra (Figure 11c) are absent in the spectra at ZYK
(Figure 11d) and KAK (Figure 11e). This is different from the cases reported by Takahashi et al. [2005] or Pono-
marenko et al. [2010]. Although the amplitude of the Pc3 waves in the magnetosphere is only of the order of
~0.1 nT, the ground magnetometers are sensitive enough to detect the waves if their ground-level amplitude
is also ~0.1 nT [Takahashi et al., 2005].

5. Discussion

A general question regarding fast-mode waves in the magnetosphere is whether they are radially propagat-
ing or standing. Concerning fast-mode waves in the Pc3-Pc4 band, some studies considered that the waves
are simply propagating [e.g., Takahashi et al., 1994], while other studies considered the possibility of radially
trapped modes [Yumoto and Saito, 1983; Kim and Takahashi, 1999]. A distinction between these wave types is
that the former preserves the frequency from the source region to the point of observation, while the latter
resonantly amplifies field perturbations at the frequencies of the cavity or waveguide eigenmodes.

The frequency of trapped (cavity) mode depends on the size of the cavity and the fast-mode velocity in it.
Usually, the cavity is considered to be formed by the whole magnetosphere [Kivelson et al., 1984] or by the
plasmasphere [McClay, 1970], and the estimated fundamental frequency is a few millihertz for the former [e.g.,
Samson et al., 1992] and 7-30 mHz for the latter [e.g., Yeoman and Orr, 1989]. From a frequency point of view,
it is unlikely that our compressional Pc3 waves (~30 mHz) are related to the whole magnetosphere cavity
mode, but we cannot exclude the possibility that the plasmaspheric cavity mode played a role in controlling
the properties of the waves.

We can estimate the fundamental frequency of the plasmaspheric cavity mode during our Pc3 wave event.
The frequency depends primarily on the size of the plasmasphere. When the geomagnetic activity is
lower, the plasmasphere will be larger and the frequency will be lower, because the fast-mode travel time
between the inner and lower boundaries is longer. As shown in Figure 3, the Dst and AE indices indicate that
the geomagnetic activity was low during the wave event. The Kp index also had low values between 1_ and
1,. Consistent with this geomagnetic condition, THEMIS D crossed the outer edge of the plasmapause at a
large distance L ~ 8, as shown in Figure 5a. The same figure shows that the inner edge of the plasmapause,
which is commonly used to define the plasmapause distance [Carpenter and Anderson, 1992; Moldwin et al.,
2002], was located somewhere between L = 5 and L = 6.5, outside the average plasmapause. With such
an expanded plasmasphere, the fundamental frequency of the plasmaspheric cavity mode is expected to be
~10 mHz [Yeoman and Orr, 1989; Takahashi et al., 2003a; Kwon et al., 2013], much lower than the frequency,
~30 mHz, of the observed compressional Pc3 waves. Therefore, it is unlikely that there was coupling between
the compressional Pc3 waves and the fundamental plasmaspheric cavity mode.

There still remains a possibility that higher harmonics of the plasmaspheric cavity mode affected the prop-
erties of the compressional Pc3 waves. Numerical simulations routinely produce the higher harmonics [Allan
et al., 1986; Lee and Lysak, 1999; Lee and Takahashi, 2006], and spacecraft observations of the second har-
monic in the 14-19 mHz range have been reported in association with Pi2 pulsations [Takahashi et al., 2003b;
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Figure 12. Comparison of magnetic field oscillations in the northward component observed on the ground at PINE
and BENN. (a) Time series plots. (b) Power spectra computed from the time series data. (c) Coherence spectrum.
(d) Cross-phase spectrum.

Luo et al., 2011]. It appears that the third or fourth harmonic of the plasmaspheric cavity mode had a fre-
quency that was close to that of the compressional Pc3 waves. Accordingly, it is possible that the Pc3 waves
were amplified within the plasmasphere via resonance with a higher harmonic of the cavity mode.

However, we argue that the plasmaspheric cavity-mode resonance did not play a major role in determining
the spectral shape of the observed Pc3 waves. The main reason is the similarity in the B, spectrum seen in
Figure 4c between THEMIS D, which was located on the dayside outside the plasmasphere, and RBSP B, which
was located near midnight in the plasmasphere. At both locations, the spectrum shows a broad peak around
35 mHz. It is difficult to explain the spectral peak at THEMIS D by the plasmaspheric cavity mode because
the higher harmonics of the mode are confined to the plasmasphere according to numerical simulations
[e.g., Lee and Takahashi, 2006]. Instead, the spectral peak can be explained by fast-mode waves propagat-
ing from the external source region. This spectral component could be enhanced inside the plasmasphere if
there is a cavity-mode frequency that matches it. However, this amplification needs not occur to explain the
observation. Our interpretation of the Pc3 waves is similar to that of Pc5 waves that are driven by periodic
variations of the solar wind dynamic pressure [Kepko and Spence, 2003].

We note that a different interpretation has been proposed for plasmaspheric Pi2 pulsations. In the
cavity-mode Pi2 model [Takahashi et al., 2003a, 2003b], the Pi2 frequency is established as a result of excita-
tion of discrete-frequency cavity-mode oscillations by an impulsive or broadband disturbance propagating
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Figure 13. Schematic summary of the observations presented in the present paper. ULF waves are generated in the
ion foreshock region. The waves enter the magnetosheath, impact the magnetopause, and propagate into the
magnetosphere as fast-mode waves and enter the plasmasphere even on the nightside. The magnetic field lines are
adapted from Figure 21 of Spreiter et al. [1966].

into the inner magnetosphere from the near-Earth magnetotail. In this case, the power spectrum differs
significantly inside and outside the resonance cavity.

The absence of ground signatures of the compressional Pc3 waves in the midnight sector is somewhat
puzzling. Takahashi et al. [2005] and Ponomarenko et al. [2010] reported ground observations of nightside
Pc3-Pc4 waves of dayside origin, although they did not examine spacecraft data. It is possible that our waves
had much lower intensity than those reported in previous studies. Our waves had amplitudes of the order of
0.1 nTin the equatorial magnetosphere, which is indeed very low. By contrast, plasmaspheric Pi2 waves, which
are also fast-mode waves, have amplitudes of the order of 1 nT and are detected with similar amplitudes at
ground stations located at L < 2 [Takahashi et al., 1992].

Another reason for the absence of ground signatures of the compressional Pc3 waves may be ionospheric
screening. With the |m| value of ~30, some degree of amplitude attenuation is expected below the iono-
sphere by the ionospheric screening effect [Nishida, 1978]. By contrast, Pi2 pulsations propagating to the inner
magnetosphere have much lower |m| values [Sutcliffe and Yumoto, 1991; Nosé et al., 2003] and will not suffer
ionospheric attenuation.

We examined magnetometer data from two ground stations close to BOU to infer the m number away from
midnight, at dawn. Figure 12a shows the horizontal northward (X) components at Pine Ridge (PINE, mag-
netic longitude = 323.6°E, L = 2.7) and Bennington (BENN, magnetic longitude = 331.29°E, L = 2.6) for
1255-1315 UT. The power spectra computed from the time series data exhibit a broad peak at 30 mHz
(Figure 12b), similar to the spectra at RBSP A shown in Figure 10 for the same time period. The coherence
is higher than 0.7 at 23-30 mHz (Figure 12c), with a cross-phase value of about —20° at 24-27 mHz where
the coherence peaks (Figure 12d). The negative cross phase indicates that the waves were propagating from
BENN to PINE (tailward or westward). Because the stations are separated in longitude by 8°, the cross phase
corresponds tom ~ —2.5. This low-m value implies that the ionospheric screening effect was low at ~06 h MLT,
where the ground observations were made.

The low m value at dawn can be explained by a model of wave generation and propagation illustrated in
Figure 13. In this model, fast-mode waves are launched inward from the magnetopause primarily between
dawn and dusk, where the impact of ULF waves generated in the foreshock region is the strongest for
the given IMF orientation. Between dawn and noon, the fast-mode waves have a wave normal nearly
perpendicular to the plasmapause (only the equatorial propagation is considered here). This propagation
geometry translates to a small m number at dawn. Away from the local time of wave entry, the wave nor-
mal will acquire a large component tangential to the plasmapause. In Figure 13, the waves propagate almost
purely azimuthally at midnight. This local time dependence can explain the large m number inferred from
multisatellite observations near midnight.

6. Conclusions

In conclusion, we have provided clear evidence that fast-mode waves of upstream origin reach the midnight
sector of the plasmasphere. The amplitude of the waves on the nightside is small, of the order of 0.1 nT,
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but their power spectra stand out from the background noise level in the 20 to 40 mHz band. Data from
multiple spacecraft located in the solar wind, dayside magnetosphere, and nightside magnetosphere indi-
cate that the frequency of the waves is consistent with their generation in the ion foreshock. In addition, the
global coherence in overall amplitude variations indicates that the waves are fast-mode waves. Propagation
in fast mode is also consistent with the relationship between electric and magnetic field perturbations and
with the phase delay between spacecraft. Compressional ULF magnetic field oscillations on the nightside are
usually attributed to waves excited on the nightside, most often in association with substorms. Our study
demonstrates that this is not always the case. More study needs to be conducted to determine the degree
that dayside sources contribute to ULF oscillations observed in the midnight sector.
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